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a b s t r a c t

Reducing fertilizer use is a priority in the quest for sustainable forestry systems. In short rotation
Eucalyptus plantations, NPK pellets are routinely added to the seedling's top soil layer at planting,
potentially leading to increased seedling mortality, nutrient loss and environmental degradation. To
address this triple challenge, the development of efficient fertilization practices is essential. In the
present work, we synthesized a crosslinked acrylic-cellulosic superabsorbent composite (SAPH-BAL)
containing small amounts of specific nutrients integrated in the polymer matrix. We analyzed the
composite's chemical and rheological properties, and assessed the viability of Eucalyptus plantations
supplied with it at planting. Physiological measurements confirmed the suitability of SAPH-BAL in
greenhouse-grown potted seedlings subjected to different growth conditions, showing that it efficiently
delivers nutrients while protecting seedlings from drought stress. Field experiments carried out at ten
South American locations covering an ample range of environmental conditions confirmed the beneficial
effect of SAPH-BAL on growth and survival in comparison to the conventional fertilization scheme
(superabsorbent þ 75 g NPK). Furthermore, it was found that plants treated with SAPH-BAL were less
affected by the differences in rainfall regimes during the experiments compared to those fertilized
conventionally. To the best of our knowledge this is the first report describing the successful use of
superabsorbents for root targeted delivery of fertilizers in forestry operations.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Due to the sustained demand for pulp and solid wood recorded
worldwide, the forest industry has seen the need to develop tools
for its expansion (Kr€oger, 2012). Silvicultural management of
Eucalyptus plantations has allowed the extension of cultivated
forests into lands that previously were not considered suitable
(Booth, 2013; Montagu et al., 2003). In this regard, South America
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registered the highest worldwide annual increase in Eucalyptus
plantations (ABRAF, 2013; FAO, 2008). There are still many chal-
lenges regarding the outplanting of greenhouse-grown seedlings to
the field, where the availability of water and nutrients in the im-
mediate vicinity of the rhizosphere determines the survival of in-
dividuals and affects the health and future performance of the
plantation (Dell et al., 2003; Grossnickle and Folk, 1993; Tng et al.,
2014).

Soil additivation at the site of final transplantation aims to
improve two key aspects: the availability of water and the nutri-
tional status (Whitehead and Beadle, 2004). In conditions where
the supply of water andmineral nutrients is optimal, Eucalyptus has
the potential of attaining fast carbon assimilation rates driven by a
high stomatal conductance and net photosynthesis, which confers
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the attractiveness of the species for wood production (Albaugh
et al., 2016; Hernandez et al., 2016). Specifically, to outcompete
the natural flora at seedling establishment it is desired: i) a rapid
increase in height and canopy volume to maximize irradiance use
efficiency and, ii) a fast development of the root system, to reach
ground water and soil nutrients (Davis and Jacobs, 2005;
Grossnickle, 2005; Jacobs et al., 2004).

In order to obtain high initial growth rates, Eucalyptus planta-
tions are mainly supplemented with granulated fertilizers con-
taining nitrogen, phosphorous and potassium (a formulation
traditionally known as NPK; Attiwil and Adams, 1996; Smethurst,
2010; Forrester, 2013). Although nitrogen (N) and potassium (K)
are known to be limiting elements for Eucalyptus development
(Christina et al., 2015; Dell et al., 2003; Herbert, 1990; Knecht and
G€oransson, 2004), phosphorous (P) supply at tropical and sub-
tropical cultivated woods has shown to strongly correlate with
performance in short and long term (Graciano et al., 2006; Herbert
and Schonau, 1989; Tng et al., 2014). Due to its lowmobility and the
high initial demand of seedlings, P enriched fertilizers need to be
applied in close proximity to the seedlings at planting so that the
solutes are steadily available to the roots (Barros et al., 1992;
Fernandez et al., 2000; Xu and Dell, 2003). Studies showed that
forests that are initially properly fertilized produce a better canopy
structure and are highly efficient in using nutrients, being poorly
responsive to further fertilization (Stape et al., 2004). However, this
initial fertilization may be inefficient if it does not adequately
contemplate the nutritional deficiencies or environmental condi-
tions of a particular location (Binkley and Fisher, 2013; Graciano
et al., 2004; Sands et al., 1992). Micronutrients and some macro-
nutrients, whose nutritional relevance is well documented, are
generally missing in commercial NPK pellet formulations (Dell
et al., 2003). Furthermore, if water supply is limited, salinity in-
creases due to fertilization can overwhelm the tolerance mecha-
nisms of the recently planted seedlings, leading to a reduction in
growth or even plant mortality (Davis and Jacobs, 2005; Jacobs
et al., 2004; Munns and Tester, 2008; Weggler et al., 2008).

In spite of the potential benefits granted by fertilization schemes
in cultivated forests and other agricultural systems, there is
growing concern about their long-term sustainability and their
undesired environmental effects. From the total fertilizer mass that
is applied onto the field, only a small proportion is effectively used
by the crop (Good and Beatty, 2011; Zhang et al., 2015), while the
unused part generally contributes to soil and ground water pollu-
tion (Sitthaphanit et al., 2009; Sharma et al., 2016) or fertilizes
competing natural flora. In this context, and also from an economic
perspective (FAO, 2015), there is a clear need to develop alternative
fertilization practices to increase the nutrient use efficiency of
agricultural and forests plantations (Abreu-Junior et al., 2017;
Madej�on et al., 2016; Shen et al., 2013; Zhang et al., 2015). For such
task, proper management of the root/rhizosphere interface appears
as an interesting possibility (Chapman et al., 2012).

Several strategies are being studied to improve delivery and
mobilization of nutrients into plants rhizospheres. A group of hy-
drophilic polymers collectively named hydrogels have been shown
to be very efficient at delivering molecules such a drugs and nu-
trients in many biological systems (Hoare and Kohane, 2008).
Hydrogels have a great capacity of retaining water within the
polymer matrix, which makes them suitable to use in water man-
agement tasks (Ullah et al., 2015). Compared to other materials,
hydrogels are also highly biocompatible, given their high water
content and physicochemical similarity to the native extracellular
matrix (Calo and Khutoryanskiy, 2015).

Since the 1970's superabsorbent hydrogels (SAPs) have been
used to manage moisture within the rhizosphere of many plant
species (Landis and Haase, 2012). Due to the high cost of raising tree
seedlings and the watering demands of their outplanting process,
SAPs have been adopted widely in forestry for water management
during tree seedling establishment, far compensating the expenses
and technical difficulties generated by their utilization (producers
have even developed tailor-made machinery to apply them; see
Erazo,1987; Hüttermann et al., 1999; Viero et al., 2000). The routine
use of SAP in water management opens the possibility of an addi-
tional role for these polymers in nutrient delivery. Although pre-
vious studies have pointed to hydrophilic polymers for delivering
fertilizers into the root systems of trees, food crops or other plants
(Bohlenius and Overgaard, 2014; Davidson et al., 2013; Mikkelsen,
1994; Smith and Harrison, 1991) most of the published work
focused on polymer preparation or polymer testing with poor
evaluation of the compound's behavior in real plantations or in
varying environmental conditions (Guo et al., 2004; Liang and Liu,
2006; Liu et al., 2006; Rabat et al., 2016). As the availability of
acrylic acid (AA) monomer has dramatically increased due to
extension of production by major chemical companies (Research
and Markets, 2015), AA-based SAPs have become inexpensive
enough to explore their potential use for root targeted delivery of
fertilizers in large scale operations.

In the present work, we propose that applying a combination of
minimum amounts of macro- and micronutrients structurally in-
tegrated within a cross-linked SAP polymer would constitute an
environmentally friendly alternative to dispense nutrients into
Eucalyptus root systems. We show that a relatively low input of
specific nutrients is sufficient to produce a strong impact on growth
if properly delivered to the root/rhizosphere interface. Strategies as
the one we propose here could contribute to address the novel
challenges of sustainability in forestry systems (Diaz-Balteiro et al.,
2016).

2. Materials and methods

2.1. Reagents

All the materials used for polymer synthesis were industrial
grade and obtained from commercial sources (see below for sour-
ces and specifications). The fertilizer salts utilized were also in-
dustrial grade (see sources and origins in Table 1a).

2.2. Preparation of the superabsorbent polymer composites

For polymerizing acrylic acid (AA), we utilized the dry bulk
radical polymerization method (Mikita et al., 1987) because it re-
quires less solvent (water) compared to solution polymerization,
simultaneously allowing for the use of simple equipment (no
agitation, atmospheric or temperature control devices are required)
and for the fast drying of the polymer crystals. This allows additives
(such as salts and stabilizers) to be readily included in the synthesis.
For synthesis of the SAPH superabsorbent polymer, 500 g AA (99%
purity, Dow Chemical, USA) were first dispensed into a large
polyethylene flask. Then, 1.5 ml of the cross-linker agent (Trime-
thylolpropanol trimethacrylate, Sartomer, USA) and 2 ml of
ammonium persulphate (APS-5F, United Initiators GmbH, Ger-
many; 100mg.l�1, in distilled water) were added into the container,
carefully blending in all the ingredients. Separately, 20 g of
hydroxyethyl cellulose (HEC; Cellozise QP 52000H, BASF) were
added to 680 g of a solution made of 50% (w/w) potassium hy-
droxide -KOH-(99% purity; Jinyuan, Tianjin, China) in deionized
water until complete solubilization. This KOH-HEC solution was
poured into the acrylic acid container. As the neutralization begun,
temperature rose to 90 �C, which was enough to trigger the radical
polymerization reaction. Given the working quantities of AA and
KOH, 67% of the AA was neutralized and 33% remained as acid



Table 1
Composition of the BAL and NPK nutrientmixes. A. Chemical composition. B. Macro andmicronutrient content along with themain nutrient ratios of the BAL and NPKmixes
at the dose of use, compared also to those of a commercial loamy soil and the widely used Hoagland's nutrient solution (Hoagland and Arnon, 1950). The chemical source and
origin are referenced below the table.

a. General composition (w %)

NH4H2PO4
a KNO3

b Ca(NO3)2 4H2Ob MgSO4 7H2Oc Fe (EDTA)d H3BO3
d MnSO4 H2Od CuSO4 5H2Od MoO4Na2 2H2Od ZnSO4 7H2Od TOTAL (w %)

BAL 33.00 33.00 21.84 10.00 2.00 0.12 0.01 0.01 0.01 0.01 100.00
NPK 87.00 13.00 e e e e e e e e 100.00

b. Nutrient content at dose of use (ppm)

N P K Ca S Mg Fe B Mo Mn Cu Zn N:P Ca:Mg K:P

BAL 219.00 175.00 250.00 72.00 25.48 19.60 2.74 0.35 0.07 0.07 0.06 0.05 1.25 3.67 1.43
NPK 242.00 418.00 120.12 e e e e e e e e e 0.58 e 0.29
Hoagland 210.00 31.00 235.00 200.00 64.00 48.00 5.00 0.50 0.01 0.05 0.02 0.05 6.77 4.17 7.58
Loam 341.00 6.50 938.00 22.00 N/A 37.00 N/A N/A N/A N/A N/A N/A 52.46 0.59 144.3

Chemical sources and origins: a: Emerger S.A., Agentina; b: Monband, Hebei, China; c: Dahua, China; d: Biopack S.A., Argentina.
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groups. After completion of the reaction, the polymer obtained was
dried at 90 �C for 48 h and finally ground to reach desired
granulometry.

For the polymers containing nutrient ions, the same procedure
was followed, except that right after the addition of the KOH-HEC
solution to the AA, a fertilizer solution was incorporated into the
reaction flask, thoroughly mixing it in (salts -137 g-had been dis-
solved in 150 ml of deionized water and maintained at 90 �C until
utilization). For the SAPH-BAL composite, the fertilizer salts were
selected after analyzing available data on nutrient ratios for
improving the growth of Eucalyptus seedlings (Dell et al., 1995,
2003; Herbert, 1983, 1990; Knecht and G€oransson, 2004). We
named this nutrient mix ‘BAL', and the components as well as the
chemical sources are listed in Table 1a. The amount of BAL salts
accounted for 14% (w/w) of the SAPH-BAL polymer. For the SAPH-
2BAL we doubled the amount of BAL salts added to the polymer.
The compounds obtained were dried at 90 �C for 48 h and ground
to reach the desired granulometry.

Finally, as controls for the experiments aimed at analyzing the
effect of HEC on the polymer's physical properties, we prepared the
SAP and SAP-BAL compounds. These were produced in the same
manner as the SAPH and SAPH-BAL compounds but without the
addition of HEC.

2.3. Characterization of polymers

2.3.1. IR spectroscopy
The composites were characterized by a Fourier-transform

infrared (FTIR) spectrophotometer (Thermo iS50 FT-IR, Thermo
Fisher Scientific, USA). The dry samples were comminuted and
ground with dried KBr powder. The KBr disc was dried again and
subjected to the FTIR spectrophotometer.

2.3.2. Scanning electron microscopy (SEM) and energy disperse X-
ray (EDS) spectrum analysis

Scanning electron microscopy (SEM) observations were carried
out using a Philips XL 30 ESEM scanning electron microscope
(Netherlands) at intermediate vacuum, IGP: 1 � E�5 Pa. This
equipment was fitted with an EDAX energy dispersive x-ray de-
tector (Super UltraThinWindow -detection from Boron- resolution:
130 eV F$W$H.M by MnKa for 50 msec) through which the EDS
spectra of the composites were obtained. This equipment
permitted the study of dry as well as hydrated polymer samples.

2.3.3. Water sorption
The swelling capacity (SC) values were obtained as described by

Bowman et al. (1990). Briefly, 1 g of the polymer crystals was
weighted after 24 h of swelling in 1000 ml deionized water or in
NaCl solutions of increasing osmolality (20e200 mM NaCl). The
hydrated gels were collected on a fine-mesh (0.25 mm) screen. The
SC values were the ratio of the hydrated polymer weight and its
corresponding dry weight.

To determine the doses of use of the produced polymers (i.e.
SAPH, SAPH-BAL, SAPH-2BAL) we added increasing quantities of
the composites (0, 4, 8, 12, 16, 20 g) in beakers containing 1000 ml
of tap water, and measured the amount of water that the polymers
could absorb by weighting the swollen crystals. The selected dose
of use was such that each composite was able to retain ~95% of the
water in the beaker. SAPH was therefore used at concentration of
6 g.l�1, whereas SAPH-BAL was used at a concentration of 14 g.l�1

and SAPH-2BAL at 18 g.l�1. Osmolalities of the obtained composites
at these doses were measured using a vapor pressure osmometer
(Wescor, model Vapro 5600, UT, USA) 24 h after polymer addition
and were 29.0 ± 8.5 mOsm.kg�1 (SAPH), 79.7 ± 8.1 mOsm.kg�1

(SAPH-BAL) and 127.4 ± 10.8 mOsm.kg�1 (SAPH-2BAL).
Reversibility of salt inhibition of SC was measured adding a 6 g

sample of SAPH-BAL into 1000 ml of deionized water. After 24 h,
the crystals were collected and weighed as above. Bach sample was
then transferred to 1000 ml of deionized water for 24 h, then
collected and reweighed. The transfer and reweighingwas repeated
on a daily basis for 6 more days.
2.3.4. Rheological properties
Rheological properties were measured with an oscillatory

rheometer (Physica MCR301, Anton Paar GmbH, Germany) having a
cone-plate geometry of 50 mm diameter at 25 �C. Viscosity curves
were obtained over a shear rate range of 0.1e500 s�1. Amplitude
sweep tests were made at constant angular frequency of 10 s�1 and
a strain range of 0.01e100%. Frequency sweep tests were carried
out at an angular velocity range of 0.01e100 s�1 and 0.5% of strain
(under the linear viscoelastic region). All tests were repeated three
times for each sample in order to obtain a representative value and
average values were reported.
2.3.5. Nutrient release behavior of SAPH-BAL
Dry SAPH-BAL (0.5 g) was seal-packed in a tea-bag formed using

two layers of polypropylene nonwoven fabric (30 g.m�2; Softbond,
Argentina) sealed with a hand thermosealer (size: 5 � 5 cm) and
placed in a tapered bottle filled with 500 ml distilled water. The
nonwoven fabric retains the polymer crystals, but is permeable to
water and ions, so the ion concentrations can be measured. Nitrate
and phosphate release tests were conducted in triplicate. Four ml of
the soaking solution samples were withdrawn at predetermined
intervals (0, 15, 30, 60, 120, 720, 1440 and 2280min) and the bottles
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were refilled with the same volume of deionized water. Samples
were treated with HCl and the nitrate and phosphate concentra-
tions were determined spectrophotometrically (UV-Mini-1240,
SHIMADZU, Australia) at 220 nm and 297 nm, respectively. The
percentage release was calculated dividing the measured absor-
bance at each particular time (abst) by the maximum absorbance
after 2280 min (absmax).

2.4. Experiments in semi-controlled conditions

2.4.1. Plant material and growth conditions
For all greenhouse experiments, we employed three-months-

old Eucalyptus grandis seedlings grown from seed obtained from a
single producer located in Misiones Province, Argentina.

Seedlings were transplanted (one per pot) into 15 cm diameter
and 25 cm height perforated plastic pots containing a thoroughly
mixed substrate composed of 50% silica sand (medium grade,
Arenera Pueyrredon, Argentina) and 50% vermiculite (Intersum,
Argentina) forming a central hole. When employed, the dry poly-
mer granules were previously soaked in deionized water (SAPH:
6 g.l�1, SAPH-BAL: 14 g.l�1, and SAPH-2BAL: 18 g.l�1) for 60min and
500 ml of this mixture were placed in the central hole before
transferring the seedling. After inserting the seedling, all pots
received an upper layer of substrate, carefully covering the roots.
Immediately after planting, plants were well watered by adding
500 ml of tap water.

The pots were arranged in a randomized block design with 4e8
replicates per experiment. All experiments took place at the uni-
versity campus greenhouse located in Buenos Aires, Argentina
(midday irradiance was circa 1300 mmol.m�2.s�1). Pots were
rotated twice a week to avoid any possible effect of position on
growth. The experiments were carried out during the spring and
summer seasons (from September to March) to guarantee optimal
light intensity and temperature for E. grandis growth. Daytime
temperatures ranged from 20 to 40� C during experiments. Relative
humidity ranged from 40% to 70%.

Different irrigation schemes were then used as indicated. For
continuous irrigation experiments, seedlings were watered daily
using 500 ml of tap water. Pots were allowed to drain and the
excess water was collected in trays in order to maintain a well-
watered condition. In some experiments, watering was inter-
rupted at the indicated times to simulate natural rain cycles. For no-
irrigation treatments, no further water was added after the initial
watering. After 70 days, the seedlings were harvested to determine
their biomass and/or leaf area. Greenhouse experiments were
independently repeated three times.

2.4.2. Nutrient/polymer combinations
The following planting conditions were tested:

i) Control: substrate without nutrients or polymers
ii) BAL: substrate mixed directly with 1.06 g of the BAL

powdered nutrient mix
iii) SAPH: 500 ml added to the substrate
iv) SAPH-BAL: 500 ml added to the substrate
v) SAPH-2BAL: 500 ml added to the substrate
vi) SAPH-NPK: 500 ml added to the substrate

The SAPH-NPK composite was equivalent to SAPH-BAL except
that we replaced the BAL nutrient mix for an NPK nutrient mix
featuring a higher P input (Table 1a). This emulates the nutrient
proportions of the conventional fertilizer used in Eucalyptus plan-
tations but delivered via the hydrogel. The dose of use of SAPH-NPK
was equal to that of SAPH-BAL (14 g.l�1), having also an equivalent
osmolality at that dose (~80 mOsm.kg�1). The differences in
nutrient concentration between both mixes at the dose of use in
their respective polymers are shown in Table 1b.
2.4.3. Plant growth parameters
Height (h) measurements were obtained weekly using a

metallic tape measure, which was positioned in direct contact with
the substrate. Immediately after harvesting, plants were divided
into root and aerial parts. To determine the leaf area, fresh leaf
blades were excised and photographed with a digital camera. Im-
ages were processed with the ImageJ 1.48v software (http://rsb.
info.nih.gov/ij/). To determine dry weight (DW), samples were
dried at 60 �C during 48 h (constant weight) and weighted. For
survival assessment, seedlings were considered 'dead' once the
apical leaves had wilted permanently, although occasionally new
leaves could be initiated at the apex, or new shoots could form at
the base.
2.4.4. Stomatal conductance
Stomatal conductance (gs) was measured with plants main-

tained under natural radiation between 11:30 a.m. and 12:30 p.m.,
under ambient CO2 concentration, using a portable steady state
diffusion leaf porometer (model SC-1, Decagon Devices, Pullman,
WA, USA). Before the first measurement, the youngest fully
expanded leaf was marked. The gs was measured thereafter always
at the marked leaf. We verified that the upper and lower layers of
leaves had similar gs, as previously reported (Mielke et al., 1999).
2.5. Field experiments

2.5.1. Plant material
For all field trials, we used three-month-old seedlings available

at each location. E. grandis seedlings were used in 9 out of 11 trials.
In the other two trials, we used E. dunnii (assay E1) and E. globulus
(assay E10, Table 2) as these were the species regularly grown at
each respective location, where climate incompatibilities prevent
the use of E. grandis.
2.5.2. Field conditions and site description
All field trials were performed at active production sites

covering a range of different environmental conditions (Fig. 7A).
The mean annual precipitation (CMAP database; Xie and Arkin,
1997) shows a west-east gradient and a maximum in north-
eastern Argentina and southern Brazil of above 4.4 mm day�1

(Fig. 7B). The mean annual surface temperature for the region of
study (not shown) reveals a maximum to the northwest, withmean
annual temperatures of over 23 �C, and decreasing to the southeast,
with mean annual temperatures between 19 and 17 �C in southern
Brazil, Uruguay and central Argentina. Detailed information on
rainfall, temperature and soil types for each trial is shown in
Table 2. Cumulative precipitation for the trials is shown in Supp.
Fig. 6B. Weather stations located near the assay sites were
selected to analyze the rainfall conditions during each assay
compared to the climatology (long-term average conditions; see
Table 2). Historical daily rainfall between 1980 and 2014 was taken
from the weather stations selected for each assay (Suppl. Table 1).
The central and northern part of the area of study comprises clay
soils (oxisol and alfisol), while loamy clay soils can be found to the
south of the region (Supp. Fig. 6A). Information about the soil
texturewithin the region of study was retrieved from the Land Data
Assimilation Systems (LDAS) of the National Aeronautics and Space
Administration (NASA), which was derived from the dataset of
Reynolds et al. (2000) based on the Food and Agriculture Organi-
zation (FAO) soil map of the world.
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2.5.3. Treatment design and preparation
The design adopted at all field trials was one of randomized

complete blocks with 3e8 replicates and 4 to 100 seedlings for each
treatment per block, depending on the trial (Table 2), with a
spacing of 4 m � 2 m (1250 seedlings ha�1). For the polymer
treatments, we used a bulldozer tank equipped with hoses to pump
the polymer preparation, in hydrated form, into previously made
30 cm deep x 20 cmwide holes. The tree seedlings were afterwards
deposited in the holes and covered with soil. Height was measured
every 30 or 60 days. Duration of each field experiment ranged from
36 to 239 days, as indicated (Table 2).

The planting conditions tested in the field weremostly the same
as for the greenhouse experiments:

i) SAPH: 500 ml in the plant hole
ii) SAPH-BAL: 500 ml in the plant hole
iii) SAPH-2BAL 500 ml in the plant hole
iv) SAPH þ NPKpellets:500 ml SAPH in the plant hole plus con-

ventional NPK pellets on top soil

This last treatment consisted of 500 ml hydrated SAPH in the
plant hole and 75 g of granulated NPK fertilizer added on the sur-
face of the soil surrounding each seedling after transplantation.
Although all NPK pellet fertilizers featured a high P input, the actual
compounds used in each trial were those used routinely at each
production site.

2.5.4. Statistical analysis
One-way analysis of variance (ANOVA) was used to analyze the

effects of treatments on seedling growth responses in greenhouse
experiments, while two-way ANOVAwas utilized in the case of the
field trials. Post-hoc Tukey tests were employed for mean com-
parisons (P � 0.05). Variable normality and homogeneity of vari-
ances were previously verified in order to satisfy ANOVA's
assumptions using the BrowneForsythe test. All statistical analyses
were performed with the GraphPad Prism 6 package. Results are
presented as mean ± SEM. Each sample size (n) is indicated in the
figure legends. Different upper-case letters or asterisks indicate
significant differences (P � 0.05) between means.

3. Results

3.1. Characterization of SAPH-BAL composite

To investigate whether a superabsorbent polymer could effec-
tively carry mineral nutrient ions into tree seedling rhizospheres,
we prepared, via dry bulk radical polymerization, a partially
neutralized potassium polyacrylate additivated with a fertilizer
mix, balanced for the proper growth of Eucalyptus seedlings (BAL
nutrient mix, Table 1). Additionally, we included in this polymer, 2%
hydroxyethyl cellulose (HEC) -an ether colloidal thickener-as it has
been reported to act as a stabilizer in polyacrylic acid (PAA)
hydrogel systems by reacting with the hydroxyl groups in PAA
(Mabrouk et al., 2015) and also due to its nonionic thickener
property. The resulting compound was named SAPH-BAL. To
chemically characterize this compound, we compared its FT-IR
spectrum with that of pure potassium polyacrylate (SAP; Fig. 1A).
The characteristic peaks of polyacrylate (2930, 1557 and 618 cm�1)
were observed in both samples. However, the SAPH-BAL composite
also presented a broad band with a peak at 3337 cm�1 attributable
to HEC (Mabrouk et al., 2015) and peaks compatible with those of
the main fertilizer molecules: NO3

� (1305 and 813 cm�1), NH4
þ

(1449 cm�1) and PO4
3� (1167 and 947 cm�1). The SAPH-BAL com-

posite was, therefore, the admixture of cross-linked polyacrylate,
HEC and the included fertilizer salts, which existed as themselves.



Fig. 1. Chemical characterization of the synthesized SAP composites. A. FT-IR spectrum of SAPH-BAL (SAPH-BAL) and potassium polyacrylate SAP (SAP). B. Scanning electron
microscope images of the SAPH composite (left panels) and SAPH-BAL composite (right panels). The arrow indicates the salt crystal deposition that was analyzed by EDS (shown in
Suppl. Fig. 1). The insert on the lower left panel shows the porosity of the SAPH compound. The insert on the lower right panel shows the salt particles integrated in the SAPH-BAL
polymer.
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To evaluate the morphology of the synthesized composite and
to investigate how HEC and the fertilizer salts were integrated
within the polymer network, scanning electron microscope im-
ages were obtained. We compared the SAPH-BAL polymer with a
SAPH compound (containing only polyacrylate and HEC). We
found that HEC was well integrated within the polyacrylate, both
in SAPH and SAPH-BAL, forming a homogenous porous matrix
(Fig. 1B). Differently from the SAPH polymer, the SAPH-BAL com-
posite presented salt crystal depositions of variable sizes (ranging
from 10 to 200 mm) that were dispersed in the smooth-surfaced
framework (Fig. 1B, right panels). Complementary EDS analysis
of the SAPH-BAL composite indicated high proportions of C
(37.27%), O (35.81%) and K (22.29%) and comparatively lower
proportions of N (2.54%) and P (1.84%) (Suppl. Fig. 1A). The salt
depositions were enriched in P and K (Suppl. Fig. 1B). Analysis of
partially swollen SAPH-BAL showed that many salt microparticles
remained in the polymer after 15 min of hydration but fewer
particles remained after 30 min of hydration in excess deionized
water (Suppl. Fig. 2).
3.2. Water sorption and rheological properties of SAPH-BAL

As water sorption is a key feature for any hydrogel, we analyzed
the swelling behavior of the SAPH and SAPH-BAL composites. The
SAPH composite had similar swelling capacity (SC) in deionized
water (1 g SAPH absorbs ca. 250 g H2O) compared to a commer-
cially acquired acrylamide/potassium acrylate copolymer (Stock-
osorb 500 XL, Evonik Industries, Germany), which is a regularly
used polymer for agricultural applications (Fig. 2A). Indeed, SAPH
showed good water retention capability when we tested it in
Eucalyptus seedlings under water stress (Suppl. Fig. 3). As expected,
the SC of SAPH decreased in response to increasing osmolality of
the soaking solution (NaCl; Fig. 2A). In the case of the SAPH-BAL
composite, the water retention was considerably reduced (40% of
SAPH retention) due to the presence of the fertilizer salts, which
increased the osmolality of the soaking solution. While the dose of



Fig. 2. Swelling capacity, rheological properties and nutrient release behavior of the SAP composites. A. Swelling capacity of SAPH and of a commercial acrylamide/potassium
acrylate copolymer in solutions of increasing osmolality. B. Percentage of retained water (1000 ml tap water) by increasing doses of SAPH or SAPH-BAL. C, D. Viscosity and storage
modulus values (G0 and G00) of the polyacrylate compounds that feature HEC (SAPH and SAPH-BAL) and of those that do not include it (SAP and SAP-BAL), respectively; color coding
is maintained in both figures. E, F. Nitrate and phosphate release curves of the SAPH-BAL composite and of SAPH plus the equivalent BAL powdered nutrients added separately. The
release % at each time corresponds to the corrected absorbance (abst) divided by the maximum absorbance overall (absmax). Error bars indicate SEM (n ¼ 3).
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SAPH for obtaining a sufficiently viscous hydrogel (without free
water) was 6 g l�1 in tap water, the SAPH-BAL dose required was
14 g l�1 (Fig. 2B).

Chemical additivation (i.e. with fertilizer salts) at synthesis of
the composite might contribute to distortion in the hydrogel's
strength and viscosity. Since the polymer must withstand the
pressure imposed by the soil's upper layer, we analyzed the com-
pound's rheological properties using an oscillatory rheometer. We
measured these properties for the polymers that included HEC
(SAPH and SAPH-BAL) as well as for those without HEC (SAP and
SAP-BAL). As seen in Fig. 2C, the addition of HEC markedly
increased polymer viscosity. Furthermore, the increase of storage
modulus values (G0) indicates higher cohesive strength in the case
of SAPH and SAPH-BAL, probably due to the formation of a three-
dimensional network that grants rigidity to these hydrogels.
Moreover, the flow points of SAPH and SAPH-BAL are shifted to
higher shear stress values, indicating that they have higher resis-
tance to flow and behave as a viscous liquid (Fig. 2D). The addition
of HEC therefore overcame the negative effect of salt additivation,
producing a hydrogel more fitted for agronomic use.
3.3. Nutrient release behavior of SAPH-BAL

The rate at which ions are released by the polymer to the sur-
rounding solution could potentially be a relevant factor affecting
plant survival and development. To analyze the rate of ion release
from the SAPH-BAL composite we quantified spectrophotometri-
cally the nitrate and phosphate concentrations as a function of time
after placing the polymer in deionized water. Fig. 2E and F shows
that the speed of release of both nitrate and phosphatewas reduced
in the case of the SAPH-BAL composite compared to the pure SAPH
polymer and the equivalent fertilizer salts (BAL nutrient mix)
separately. Furthermore, in experiments where SAPH-BAL crystals
were soaked in deionized water and repeatedly washed (also with
deionized water), a complete recovery of the swelling capacity
(compared to that of the pure SAPH) was observed. (Suppl. Fig. 4).

3.4. Nutrient delivery mediated by SAPH-BAL in Eucalyptus grandis
seedlings

With the aim of designing an alternative method to
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conventional pellet fertilization, we tested the ability of SAPH-BAL
to deliver mineral nutrients into the seedling's root system. The
effect of nutrient delivery mediated by the composite was evalu-
ated bymeasuring physiological parameters as a function of time in
well-watered seedlings. We chose to monitor stomatal conduc-
tance (gs), as a parameter that positively correlates with both the
plant water status and photosynthetic performance (Hernandez
et al., 2016; Wong et al., 1985).

A group of seedlings was planted into substrate containing
SAPH-BAL while another group was planted into substrate mixed
with an equivalent amount of the BAL nutrient mix in powdered
form (BAL). These two groups were compared with their counter-
parts which received substrate plus SAPH (SAPH) or substrate only
(Control). Our results are summarized in Fig. 3. Nutrient supple-
mentation produced a two-fold increase in gs values compared to
the plants that did not receive nutrients, and the extent and vari-
ation with time after transplantation were similar, with a peak
around 20 days after transplant (DAT) among the nutrient-treated
plants regardless of nutrient source (directly in the substrate or
delivered via the SAPH-BAL, Fig. 3A). By 40 DAT, gs values were low
and similar in all four groups, probably reflecting the exhaustion of
nutrients. Plant height (h) values increased approximately two-fold
in SAPH-BAL-treated plants compared to plants that only received
BAL (Fig. 3B). Furthermore, both root and shoot dry matter alloca-
tion (DW) were also doubled among the SAPH-BAL-treated plants
compared to the BAL-treated group (Fig. 3C and D).

To compare the effect on growth of seedlings supplied with
SAPH-BAL to those supplied with a fertilizer similar to the
employed at forestry production fields, we prepared an equivalent
polymer composite (SAPH-NPK) replacing, in the polymer synthe-
sis, the BAL nutrient mix for a conventional NPK fertilizer mix (NPK
Fig. 3. Effect of mineral nutrients and polymer on stomatal conductance and growth un
as a function of time. Control conditions: no SAPH, no BAL, other additions as indicated. C.
after transplantation (DAT). D. Plant phenotypes as visualized 70 DAT for each treatment and
nutrient mix) with higher P content but lacking other macro- and
all micronutrients (details for this nutrient formulation are given in
Table 1a -chemical composition- and Table 1b -nutrient concen-
trations-). The polymerization procedure was equivalent to that of
the SAPH-BAL composite (See Materials and Methods, section
2.4.2). We compared the growth parameters obtained for well-
watered seedlings treated with SAPH-NPK to those of plants
treated with SAPH-BAL or only with SAPH for a period of 60 days
(Fig. 4). Results showed that, whereas the SAPH-NPK composite
enhanced biomass (DW) and total leaf area compared to SAPH
controls (>50%), the SAPH-BAL-treated group showed a substantial
improvement (~40% increase) in those parameters compared to
SAPH-NPK-treated plants, suggesting that a balanced nutrient
formulation such as BAL, in which part of the P mass is replaced
with other nutrients, enhances the efficacy of the polymer fertilizer
composite (Fig. 4).

3.5. Effect of nutrient concentration on gs and growth parameters

While a larger initial amount of nutrients available to the roots
could accelerate the growth rate of the seedlings, an increased
initial osmolality of the soil solution can impair their performance
and survival, due to salt stress or ion toxicity (Jacobs et al., 2004;
Morabito et al., 1994). To elucidate the effect of increasing the
initial nutrient concentration in our superabsorbent compound, we
measured gs and h as a function of time on seedlings subjected to a)
SAPH-BAL (the composite used so far, osmolality24h z 80
mOsm.kg�1), b) SAPH-2BAL (osmolality24hs z 130 mOsm.kg-1) and
c) only SAPH (osmolality24hs z 30 mOsm.kg-1). All these experi-
ments were carried out inwell-watered conditions. Results showed
a marked negative effect of the SAPH-2BAL on gs, h and DW.
der normal watering. A, B. Stomatal conductance (gs) and height increment (D Height)
Shoot and root dry weight of plants treated with BAL or SAPH-BAL, data taken 70 days
control (Ctrl) conditions. Error bars indicate SEM (n ¼ 7); * ¼ p < 0.05; ** ¼ p < 0.005.



Fig. 4. Effect of two different SAP composites synthetized with different nutrient formulations (SAPH-NPK and SAPH-BAL) on E. grandis growth and biomass. A, B. Dry
weight of the aerial part and total leaf area, respectively, at 60 DAT. C. Plant phenotypes as visualized 60 DAT. Error bars indicate SEM (n ¼ 8). Different letters indicate significant
differences among treatments.

E. Tubert et al. / Journal of Environmental Management 210 (2018) 239e254 247
Specifically, it was observed that seedlings subjected to SAPH-2BAL
underwent a lag period in which gs as well as growth (h) remained
very low. Only 30 DAT seedlings resumed transpiration and growth,
reaching, by 45 DAT, values even greater than those of SAPH-BAL-
treated plants (Fig. 5).
Fig. 5. Effect of SAP mineral nutrient concentration on stomatal conductance and seed
weight, respectively, of plants treated with only SAPH, SAPH-BAL or SAPH-2BAL (n ¼ 6). For
after transplantation. Error bars indicate SEM (n ¼ 6). **** ¼ p < 0.0001.
3.6. Performance of SAPH-BAL in the greenhouse under water
deficit

As already shown, when water availability is not restricted,
SAPH-BAL accelerates seedling development. Under extreme water
restriction conditions (plants only watered initially) the presence of
ling height. A, B, C. Stomatal conductance (gs), plant height increment and shoot dry
panel C, plants were harvested 70 DAT. D. Photographs of representative plants 42 days
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fertilizers markedly reduced gs and increased the mortality rate,
both in the seedlings treated with SAPH-BAL and in the seedlings
that only received the BAL nutrient mix in the substrate (Fig. 6A).
However, the presence of SAPH-BAL did allow for an increased gs
and an extension of lifespan (ca. 8 days) compared to seedlings that
only received the BAL nutrient mix. Height measurements showed
no significant differences among groups, possibly because plant
growth is interrupted under water restriction (data not shown).

To evaluate how the SAPH-BAL composite affects seedling per-
formance under conditions more similar to a field environment, we
also subjected our plants to a discontinuous irrigation regime to
simulate rain and drought episodes. This was achieved by main-
taining daily watering for 20 days, followed by a period of another
20 days in which watering was suspended, and finally resuming
daily watering at 40 DAT. gs showed a considerable reduction
Fig. 6. Effect of water restrictions on stomatal conductance and height of seed-
lings grown in the presence of mineral nutrients. A. Stomatal conductance (gs) of
plants treated with BAL (open symbols) and SAPH-BAL (closed symbols). One set of
plants were watered daily (continuous line) and another set of plants were only
watered at the time of transplantation. B, C. Stomatal conductance and height incre-
ment, respectively, of plants watered daily for the first 20 days after transplantation
and then subjected to watering interruption for a period of another 20 days, followed
by a recovery period of daily watering. Error bars indicate SEM (n ¼ 7).
during the water starvation period (Fig. 6B) and, as expected,
growth (measured as Dh) was halted (Fig. 6C). After water avail-
ability was restored, gs recovered to the initial values and growth
resumed with a rate similar to that of well-watered plants.

To analyze if the drought protective effect of SAPH-BAL
remained during later growing stages of the plantation, we main-
tained irrigation for 50 days in plants treated with SAPH-BAL and in
plants that only received the BAL nutrient mix. At 50 DAT, we
interrupted watering to both groups. Seven days later, the group of
SAPH-BAL -treated plants still remained turgid while the group that
only received the BAL nutrient mix, developed visible water stress
symptoms, confirming that SAPH-BAL is able to still protect from
water deficit in this temporal window (Suppl. Fig. 5).

3.7. Performance of SAPH-BAL under field conditions

So far, we have shown that SAPH-BAL is adequate for delivering
nutrients efficiently under semi-controlled greenhouse conditions.
To evaluate whether these observations could be replicated under
field conditions, we set 11 trials at South American production sites
(Fig. 7A). Detailed information on the 11 field trials performed,
together with their corresponding precipitation and temperature
data are presented in Table 2. Also, Suppl. Fig. 6 shows the cumu-
lative precipitation recorded at each location during the trials. The
first objective was to analyze if the SAPH-BAL composite had
indeed a beneficial effect when used under different environmental
conditions and, if so, to compare it with the traditional fertilization
method (superabsorbent plus 75 g of NPK pellets added on the soil
surface besides each seedling). The collected treatments included
SAPH only, SAPH-BAL, SAPH-2BAL and SAPH þ NPKpellets.

3.8. Plant mortality assessment

As initial seedling fertilization of plantations often can cause
plant mortality, we tallied the number of wilted plants at 30 DAT.
Results showed that the absence of added nutrients favored sur-
vival, as judged by the fact that the SAPH treatment -in which
exogenous mineral nutrients were absent-presented the lowest
mortality range overall (0e14%; Fig. 7C). The next best performance
was shown by SAPH-BAL, with mortality rates ranging from 0 to
20%. In the case of the SAPH þ NPKpellets treatment, mortality rates
increased and ranged from 5 to 32%. Finally, the SAPH-2BAL treat-
ment presented the highest mortality rates overall, ranging from 16
to 42% (Fig. 7C). As expected, and in agreement with our green-
house results, these observations suggest that the initial osmolality
of the rhizosphere is critical and has a strong effect on growth and
survival under field conditions.

3.9. SAPH-BAL enhances the early development of seedlings

To analyze the effect of our treatments on seedling growth,
height data from the field trials were pooled into three categories
depending on the measurement times: 30e60 DAT, 90e120 DAT
and 150e240 DAT. Fig. 7D shows plant height relative to the SAPH
control treatment within each assay as a function of time. As
observed, the beneficial effect of SAPH-BAL can be detected earlier
than that of the conventional method (SAP þ NPKpellets). Specif-
ically, at early stages of the plantation (30e60 DAT), the SAPH-BAL
treatment produced taller plants than the SAPH control in all the
trials (12e36% taller than the control). Interestingly, at these early
stages, the SAPH þ NPKpellets treatment produced more variation in
height among assays and reduced, consistently in half of the in-
dependent trials, the height of the seedlings relative to the SAPH
control. At later stages (90-120 DAT), both treatments performed
similarly, enhancing plant height by up to 40% relative to the SAPH



Fig. 7. Effect of SAPH-BAL in field trials at South American sites. A, B. Localization of each trial site in the area of study and annual average precipitation for the region
(mm.day�1), respectively. C. Mortality rates of the different treatments tested in the field. Horizontal boxes show the minimum to maximum mortality values (spread), bars show
the median mortality rate for each condition, n indicates the number of trials included in the calculations. D. Plant height relative to SAPH as a result of the imposed treatments.
Data points indicate the mean height of each treatment (SAPH-BAL or SAP þ NPKpellets) relative to the effect of SAPH alone for each particular assay.
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control. Finally, at even later stages (150e240 DAT), the
SAPH þ NPKpellets treatment produced very variable results
compared to SAPH-BAL, clearly enhancing height in several of the
trials (which could indicate a long-term effect on height), but also
producing a negative effect in others.
3.10. Effect of precipitation variation on SAPH-BAL performance

As water availability is directly linked to the efficacy of Euca-
lyptus fertilization programs (Jacobs et al., 2004; Weggler et al.,
2008), we analyzed to which extent contrasting precipitation re-
gimes (abundant to poor) affected the performance of the treat-
ments. In general, the average precipitation during the field trials
(Table 2) followed the expected by the annual climatology (Fig. 7B;
Berbery and Barros, 2002), with maximum values in northeastern
Argentina and southern Brazil and decreasing to the southwest.
Additionally, some assays showed a higher average rainfall during
the trials than the annual climatology.

Among the assays in which SAPH-BAL and SAPH-NPKpellets
treatments were tested jointly (assays E1-E7 and E11; Table 3), in
most of the assays with high precipitation and high proportion of
days with rain (assays E4-E7 and E11; Suppl. Fig. 6B, Table 2), the
SAPH-BAL alternative outperformed the SAPH control at one or
more measurement times, confirming the positive effect of SAPH-
BAL on plant height in the absence of water restriction (Table 3).
Whereas the conventional scheme (SAPHþ NPKpellets) worked well



Table 3
Effect of SAPH, SAPH-BAL and SAPHþ NPKpellets on plant height in the assays where the three treatments were tested jointly. Assays E1, E2 and E3 presented low rainfall
(pp) values (<4 mm.day�1) while assays E4, E5, E6, E7 and E11 showed high rainfall values (>5 mm.day�1). Errors calculated were SEM. Asterisks indicates significant dif-
ferences compared to SAPH-treated plants. * ¼ p < 0.05; ** ¼ p < 0.005, *** ¼ p < 0.001.

ASSAY E1 E2 E3 E4 E5 E6 E7 E11

pp (mm.day�1) 1.5 1.5 3.5 6.5 7.5 7.5 5.5 5.2
DAT Treatment Mean Height (cm)
30e60 SAPH 36.2 ± 0.7 27.6 ± 1.2 25.3 ± 1.1 34.5 ± 1.0 33.8 ± 1.2 47.0 ± 2.2 e 27.0 ± 0.7

SAPH þ NPK 35.8 ± 1.3 25.9 ± 1.2 21.7 ± 1.5 35.0 ± 0.9 38.9 ± 3.7 59.8 ± 3.0** e 29.1 ± 0.8
SAPH-BAL 46.3 ± 1.1*** 31.5 ± 3.7* 34.4 ± 1.4** 42.8 ± 0.9*** 44.1 ± 2.9* 52.5 ± 2.5 e 32.4 ± 0.9**

90e120 SAPH 69.2 ± 3.3 e e e 67.2 ± 4.1 99.6 ± 6.5 38.41 ± 3.5 44.9 ± 1.2
SAPH þ NPK 59.5 ± 3.6 e e e 78.5 ± 10.3 141.2 ± 7.3*** 48.92 ± 3.0* 50 ± 1.2*
SAPH-BAL 81.7 ± 3.2* e e e 92.4 ± 8.5* 123.7 ± 7.8* 43.63 ± 3.6 46.2 ± 1.3

150e240 SAPH 140.8 ± 4.8 e e 152.7 ± 5.6 135.9 ± 9.2 189.3 ± 11.5 e 70.8 ± 3.0
SAPH þ NPK 129.6 ± 5.7 e e 155.6 ± 5.3 154.7 ± 17.0 248.9 ± 9.6** e 78.8 ± 1.5*
SAPH-BAL 143.4 ± 4.7 e e 185.6*** 171.5 ± 16.1 221.5 ± 12.4 e 72.4 ± 3.1
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at certain high rainfall assays enhancing height considerably (i.e.
E6; Fig. 8A, lower panels), at other assays with high precipitation
the SAPH-BAL treatment produced taller plants compared to the
SAPH þ NPKpellets scheme, mostly at the beginning of the planta-
tion. For example, in a trial performed at the site with the highest
Fig. 8. Effect of the fertilization method on plant growth in field trials with contrasting
and SAPH alone at the location with the lowest precipitation (E1, Los Arboles; n ¼ 50). Lowe
performed at the site with the highest precipitation (E5 and E6, Garruchos; n ¼ 32). Diffe
monthly cumulative precipitation corresponding to each site during the months of the assay
height of the treatments (relative to SAPH) plotted against the cumulative precipitation rec
precipitation and highest percentage of days with rain (E5; 7.5 mm.
day�1 on average, 71.0%, respectively; Table 2) the SAPH-BAL-
treated plants were taller than the SAPH-treated group (30%,
37.5% and 26% taller compared to SAPH-treated plants at 60, 120
and 225 DAT respectively), while there were no significant
precipitation regimes. A. Top panel: Effect of SAPH-BAL compared to SAP þ NPKpellets

r panels: Effect of SAPH-BAL compared to SAP þ NPKpellets and SAPH alone in two trials
rent letters indicate significant differences among treatments. Right panels show the
and the long term mean precipitation for the same months. B. Correlation graph: mean
orded for each trial at 60 DAT. Error bars indicate SEM.
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differences in height among the SAPH-BAL and SAPH þ NPKpellets-
treated groups (p < 0.05; Fig. 8A, middle panels). Similar results
were obtained at other high rainfall locations (i.e. assay E4, Table 3).
Conversely, on the sites with lower precipitation and low propor-
tion of days with rain (assays E1-E3; Suppl. Fig. 6B, Table 2), the
SAPH-BAL treatment outperformed both the SAPH and the
SAPH þ NPKpellets treatments (Table 3). Indeed, at the site with the
lowest precipitation overall (assay E1, 1.5 mm. day�1 on average,
Table 2) and a low proportion of days with rain (13,8%), the SAPH-
BAL treatment produced taller plants compared to both the SAPH
and the SAPH þ NPKpellets treatments throughout most of the trial,
with a marked difference at 60 DAT (SAPH-BAL ¼ 46.25 cm,
SAPHþNPKpellets¼ 35.75 cm, SAPH¼ 36.15 cm, p < 0.0001; Fig. 8A,
top panels). Similar results were obtained at other locations with
diminished rainfall (i.e. assay E2, E3; Table 3).

To evaluate if there was in fact a relationship between precipi-
tation and treatment performance during the first stages of the
plantation, a correlation analysis was carried out between precip-
itation and height in the different assays, computing rain and
height data for the first 60 DAT. The data showed a positive cor-
relation of the conventional SAPH þ NPKpellets treatment to pre-
cipitation (slope different to zero, p < 0.05: R2 ¼ 0.82), whereas no
such correlation was found in the case of the SAPH-BAL treatment
(slope not different to zero, p > 0.05: R2 ¼ 0.0001), suggesting a
higher degree of independence from the weather conditions in this
latter treatment (Fig. 8B).

4. Discussion

The aim of this work was to design, synthetize and evaluate the
efficacy of a composite superabsorbent polymer for nutrient de-
livery during tree seedling transplantation to the field. By utilizing
the dry bulk radical polymerizationmethod (Mikita et al., 1987), we
were able to polymerize AA monomers in the presence of nutrient
elements to obtain the SAPH-BAL composite. Differently from other
polymerization techniques, such as solution polymerization (Liu
et al., 2006), this synthesis method is simple and inexpensive,
while producing a good quality superabsorbent product. The
addition of 2% HEC during polymerization overcame the distortions
produced by the addition of the fertilizers and produced a hydrogel
with increased viscosity and strength, more suitable for soil
improvement applications. The enhancement on these rheological
properties was likely due to physical entangling caused by the HEC
molecules with PAA residues so that a three-dimensional structure
could be properly formed (Mabrouk et al., 2015). This stabilization
effect of HEC is consistent with previous reports concerning other
modified natural polymers such as carboxymethyl starch in acrylic
based hydrogel systems (Gottlieb and Copelle, 2005; Soleimani and
Sadeghi, 2012).

Eucalyptus is a very successful wood crop because it is highly
efficient in using water and mineral nutrients (Whitehead and
Beadle, 2004). However, the use at outplanting of traditional
granulated fertilizers with high phosphate content is routine in
Eucalyptus commercial forests (Attiwil and Adams, 1996). The high
nutrient uptake efficiency of Eucalyptus led us to question whether,
by synthetizing a hydrogel additivated with balanced amounts of
specific nutrients, the reliance on solid NPK fertilizers could be
decreased. To fulfill the mineral nutritional requirements of Euca-
lyptus seedlings, we developed a balanced nutrient formulation
(BAL, Table 1) that was incorporated into the superabsorbent
composite during synthesis. The nutrients were chosen so that the
main element ratios were compatible with Eucalyptus seedlings
needs (Herbert, 1990; Sch€onau and Herbert, 1983) during the two-
month settling process into the final terrain. We also included all
the other essential macro and micronutrients (Dell et al., 2003,
Table 1).
Greenhouse-grown, well-watered plants that received the

SAPH-BAL composite increased their stomatal conductance by up
to 350% by 20 DAT reaching a peak of similar magnitude to the
maximum gs reported for E. grandis (Whitehead and Beadle, 2004).
After 30 DAT, gs started to decrease, and by 45 DAT values were not
different from the controls, probably due to nutrient exhaustion.
This suggests that the nutritional condition of the Eucalyptus
seedlings is a factor that strongly impacts gs, in accordance with
previous reports (Battie-Laclau et al., 2013; Franks et al., 2009).
Interestingly, in our experimental conditions the increased gs was
obtained regardless of whether the nutrients were delivered
through the SAPH-BAL composite or were simply mixed with the
substrate without adding hydrogels (BAL treatment). However,
seedling height as well as root and shoot biomass were significantly
increased among the SAPH-BAL-treated group compared to plants
that only received the nutrients (BAL), suggesting an additional role
of the composite in relation to efficient nutrient use. The fact that gs
behavior could not explain the increased growth rates observed in
SAPH-BAL-treated plants suggests that these differences were not
due to an increased photosynthesis per unit leaf area but were the
result of an enhanced capacity to form new leaves (Fig. 3). To
explain the beneficial effect of SAPH-BAL, one possibility is that the
polymer helped maintain a proper local concentration of nutrient
molecules in the root surroundings over an extended period. The
finding that SAPH-BAL releases nutrients slower compared to
placing the fertilizers and hydrogel separately, is compatible with
that idea and it agrees with published results that show that
hydrogels can significantly diminish the nutrient release rate (Guo
et al., 2004; Smith and Harrison, 1991). It has been reported that,
besides improving nutrient retention, the hydrogel could also
enhance the diffusion of low mobility molecules present in low
concentration within the rhizosphere (Bres and Weston, 1993;
Ghebru and Steyn, 2007; Henderson and Hensley, 1985;
Mikkelsen, 1995). Several superabsorbent polymers have been
used in different species to deliver nutrients with favorable results,
in agreement with our observations. For example Chen et al. (2004)
observed in a study performed in Populus that polyacrylamide fa-
vors absorption of Ca2þ, significantly enhancing growth.

Due to the elevated initial P demand (Barros et al., 1992;
Fernandez et al., 2000), traditional NPK fertilizers used to
improve Eucalyptus outplanting performance are generally rich in P,
having a N:P ratio close to 0.5, aimed at compensating the soil's P
deficiency. The BAL nutrient mix provides a lower amount of P
(N:P ¼ 1.25) in comparison to these NPK fertilizers but still it is
higher than nutrient compositions such as the Hoagland's solution
(N:P ¼ 6.8; Hoagland and Arnon, 1950). We found that the SAPH-
BAL composite outperformed the SAPH-NPK composite on
growth parameters (45% average biomass increase). We concluded
that reducing P to include other nutrients is beneficial for seedling
establishment, in agreement with published results showing that
higher N:P and K:P ratios favor Eucalyptus growth (Battie-Laclau
et al., 2013; Christina et al., 2015; Herbert, 1983, 1990; Knecht
and G€oransson, 2004). The presence of other nutrients could
contribute, as well, to the improved growth that we observed, and
in the field, this could help the seedling to outcompete the natural
flora, which is critical for success at outplanting. It was reported, in
fact, that small amounts of macronutrients such as Ca, S, and Fe, as
well as certain micronutrients like B, Cu, Zn, Mn and even Na, can
dramatically benefit Eucalyptus throughout its field establishment
(Battie-Laclau et al., 2013; Dell et al., 2003; Merino et al., 2003; Xu
and Dell, 2003). Moreover, adding micronutrients to the initial
fertilizer mix could become particularly beneficial, in view of the
fact that heavy fertilization with macronutrients has been linked
with deficiencies in the uptake of micronutrients (Xu and Dell,
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2003).
Similarly to our greenhouse observations, we found that in the

field, compared to using only SAPH, the SAPH-BAL composite
improved growth in most of the trials, confirming the suitability of
this polymer as a nutrient deliverer for field utilization. When
comparing the SAPH-BAL to the traditional fertilization scheme
(superabsorbent plus 75 g NPK pellets, our SAPH þ NPKpellets
treatment), we found that both methods increased growth in
general terms, despite substantial differences in the amount of
nutrients applied (75 g of NPK pellets per seedling vs. 1.06 g of
fertilizers if SAPH-BAL is used). Furthermore, compared to SAPH
controls or to SAPH-BAL, the traditional fertilization scheme
increased the seedling mortality rate and significantly reduced
growth in several trials. The fact that SAPH-BAL outperformed the
SAPHþ NPKpellets on these field trials was likely due to NPK pellets-
derived inhibition of root system development and of drought
avoidance mechanisms as previously observed (Jacobs et al., 2004;
Weggler et al., 2008).

The variability recorded for the treatments at different trials can
be explained based on the interaction of genetic, weather and
edaphological parameters on each assay (Dell et al., 2003;
Goncalves et al., 1997; Laclau, 2003; Merino et al., 2003; Morabito
et al., 1994). The SAPH-BAL treatment presented less variation be-
tween locations compared to using SAPH þ NPKpellets. Among the
performed trials, rainfall was particularly uneven, covering a wide
range (from 1.5 mm. day�1 to 7.5 mm. day�1 on average). Inter-
estingly, several of the assays in which the SAPH þ NPKpellets

treatment showed diminished growth or increased mortality pre-
sented low rainfall values at the early stages of the plantation.
Abundant water seems to be essential to guarantee the correct
functionality of P rich fertilizers (Graciano et al., 2006; Weggler
et al., 2008) whose excess leads to nutrient toxicity. It has been
proposed that this impairs further nutrient uptake as a conse-
quence of regulatory responses, e.g. decreasing the expression of
root specific transporters (Shen et al., 2011). Reduced rainfall could
also decrease gs, diminishing nutrient uptake through mass flow
(Cernusak et al., 2011; Mielke et al., 1999). Notably, in our assays
where rainfall was low (i.e. trials E1, E2 and E3), the SAPH-BAL
alternative not only did not cause growth retardation or seedling
mortality, but it enhanced growth compared to SAPH alone, guar-
anteeing elevated survival rates in a lowwater availability scenario.
Furthermore, a correlation analysis suggested that the growth
supported by the SAPH þ NPKpellets method was highly dependent
on accumulated rainfall during the first 60 DAT, while the SAPH-
BAL method was found to be less dependent on rainfall. This is
compatible with reports showing that the addition of solid fertil-
izers can lead to reduced ability of E. globulus seedlings to manage
water stress (see, for example, Wang et al., 1988).

Contrary to the granulated NPKmethod, the nutrients present in
the hydrated SAPH-BAL are available to the roots as soon as plants
are transferred to the soil and allow for a homogeneous distribution
of nutrients throughout the soil profile. In this regard, the identity,
quantity and bioavailability of elements granted by SAPH-BAL were
sufficient to hasten growth during outplanting and showed a
benefit even in fertile terrains. In this respect, the SAP's nutrient
concentration and osmolality were detrimental to seedling estab-
lishment if excessive, and therefore should be tightly controlled to
avoid growth retardation and early mortality (this was the case for
SAPH-2BAL-treated plants). Increased osmolality of the soil solu-
tionwas likely the cause of failed attempts to use SAP as a vehicle of
fertilizers in previous work, where Eucalyptus treated with a
superabsorbent mixed with a fertilizer formulation showed poorer
growth compared to using only the polymer or granulated NPK
pellets (Viero and Little, 2006). The fact that only limited amounts
of ions can be incorporated into the polymer would be
compensated by improved SAP-mediated nutrient mobilization/
delivery and also by the nature of the molecules supplied (i.e. key
micronutrients) that could complement the nutritional status of
the soil. The low amounts of nutrients and the slower release rate
observed for the SAPH-BAL composite bring the additional benefit
of reducing fertilizer derived ground pollution and virtually elimi-
nate the risk of undesired fertilization of natural flora.

5. Conclusion

In conclusion, we propose a virtuous cycle, in which a polymer
composite like SAPH-BAL could sustain early high stomatal con-
ductances and carbon assimilation rates to produce fast growth and
enable seedlings to reach ground water and soil nutrients more
rapidly. Moreover, in highly weathered soils, where the fertilization
schemes aimed at incorporating large volumes of P are funda-
mental, such a compound could enhance the efficiency of the
granulated fertilizers, reducing the amounts needed and allowing
for increased independence from rain events. Due to the low
planting densities utilized in silviculture, this method of supplying
nutrients is compatible with current forestry practices and takes
advantage on the already established SAP applications techniques.
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