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1 |

The shortage of P in soils limits the productivity of crops
in many parts of the world. It is estimated that the avail-
ability of P for plant roots is limited in approximately
2/3 of soils cultivated worldwide, which represents an
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Abstract

Soil conditioners, such as biochar and zeolites, may play an important role in agri-
culture if they increase nutrient use efficiency, in particular, that of phosphorus (P),
due to the depletion of phosphate rocks from which P-fertilizers are manufactured.
This study report results from a field trial, where maize was grown in summer and
oats in winter, and from a pot experiment with maize. In the field, the use of biochar
and zeolites, along with an untreated control in combination with various P rates (0,
50, 100 and 200 kg P,O5 ha™"), was tested. In the pot experiment, six treatments were
included, biochar, zeolites and a non-amended control with and without P applica-
tion. Soil conditioners did not significantly influence tissue elemental composition
or the dry matter (DM) yield of maize and oats in the field trial, nor the DM yield of
maize in the pots. In the field trial, average maize DM yields varied from 14.3 to 15.6
tha ' and 11.8 to 13.7 tha™' and average oats DM yields from 2.1 to 2.4 t ha™! and
3.0t03.2tha™", respectively, in 2018 and 2019. Biochar only significantly increased
total organic carbon (C); and zeolites the levels of potassium (K) in the soil, a result
of their initial composition. P application increased DM yield of maize in the second
year and oats in the two years of the field trial and also the DM yield of potted maize.
In the pots, P application also influenced the concentration of P and several other
nutrients in plant tissues and increased the labile soil P fraction. This study showed
that the biochar and zeolite soil conditioners applied may not be suitable for short-
term increase of crop production in soil with high agricultural potential and under
intensive irrigated farming systems.
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important constraint on crop production (Li et al., 2016).
Phosphate rock is virtually the only raw material for the
manufacture of phosphate fertilizers (Kongshaug, 2007).
The main source of P is phosphate sedimentary rocks
(phosphate produced from the seabed and bones) but also
phosphate magmatic (igneous) rocks. Phosphate rocks
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are mined in approximately 30 countries and phosphate
fertilizers manufactured in 26 countries across the world
(Kongshaug, 2007).

The use of P fertilizers in agriculture is currently viewed
with some concern, as it is estimated that the phosphate rocks
used in the manufacture of P fertilizers will become depleted
during the 21st century (Gilbert, 2009). It is therefore urgent
to learn how to manage P rationally in agriculture to preserve
this important non-renewable resource (Tian et al., 2020). In
addition, only 20% of the P used as fertilizer is taken up by
plants and recovered in crops (Havlin et al., 2014). In recent
years, several materials usually known as soil conditioners or
soil improvers, such as biochar and zeolites, have been tested
as a means of improving general soil properties and crop
yield, but also in particular soil P bioavailability by influenc-
ing soil pH and P adsorption/desorption equilibrium or alter-
ing P solubility by enhancing microbial activities (Bernardi
et al., 2010; Gao et al., 2019).

Biochar, a charcoal-like material, can be obtained from a
range of biomass feedstock by pyrolysis, hydrothermal car-
bonization and gasification, among which pyrolysis is the
most widely adopted methods due to its relative simplicity
(Wang et al., 2020). Biochar has been widely recommended
as a soil amendment due to its dual benefits of improving soil
quality and enhancing soil C sequestration (Arif et al., 2017;
Kavitha et al., 2018; Wei et al., 2020; Yu et al., 2019). In bio-
char amended plots, the availability of P to plants is enhanced
by anion exchange capacity of biochar and/or by cations that
interact with P (Shaaban et al., 2018; Si et al., 2018). Biochar
contains amorphous aromatic compounds with heteroatoms
in the aromatic rings which play a great role in making the
surface of biochar heterogeneous and reactive, which along
with the high surface and porosity increase cation and anion
exchange capacity (Shaaban et al., 2018) Biochar may also re-
duce the formation of P precipitates, either in acid or alkaline
soils, and therefore, increase availability of P to plants (Cui
etal.,2011; Zhang et al., 2016). In a meta-analysis performed
by Gao et al. (2019), based on 124 peer-reviewed published
studies, they found a fairly consistent increase in available P
in agricultural soils following treatment with biochar.

Zeolites are hydrated crystalline aluminosilicate minerals,
either of natural occurrence or synthesized from power plant
fly ash (Bernardi et al., 2010; Prawiyanto et al., 2018). It is
known that zeolites have ion-exchange and adsorption and
catalytic properties (Ryakhovskaya & Gainatulina, 2009).
When applied to soils in combination with rock phosphate,
zeolites improve P availability from phosphate rocks, with
Ca’* exchanging onto the zeolite in response to plant up-
take of nutrient cations (NH,*, K) enhancing the dissolu-
tion of rock phosphate (Pickering et al., 2002). When used
in mixtures with organic substrates, it was also found that
zeolites increase plant P nutritional status (Assimakopoulou
et al., 2020). Experimental results also indicate that N, P and

K precharged zeolites are an adequate slow-release nutrient
source for plants (Guaya et al., 2020; Liator et al., 2017).

Although beneficial effects on crops have often been ob-
served through the application of biochar or zeolites to soils,
in some studies the effect of using these soil conditioners on
crop productivity was negligible, non-existent or even nega-
tive (Gao et al., 2019; Liator et al., 2017; Wei et al., 2020). In
addition, from the farmer's perspective, these materials are
production factors with an associated cost. Their use should
generate a net income for the farmer, otherwise, it is unre-
alistic to think that their use will be widely adopted despite
potential environmental benefits, due to C sequestration in
the case of biochar, or improved soil properties that can bring
long-term benefits to the agro-system. In this study, the ef-
fect of applying biochar and zeolites in combination with P
applications in field and pot experiments was studied. The
field experiment was carried under a cropping system very
common in the region, where forage maize is grown in the
summer and oats in the winter. The pot experiment had the
objective of obtaining a better assessment of the effect of
the treatments by reducing the experimental variability and
it was carried out only with maize. The working hypothesis
was that the use of biochar and/or zeolites may result in bene-
fits in soil properties, crop nutritional status, P use efficiency
and/or crop productivity which allow these materials to be
recommended for use by farmers.

2 | MATERIALS AND METHODS

2.1 | Field trial

The field experiment was carried out in the experimental
farm of Pouldo (41°47°N; 6°46’W; 750 m a.s.l.) in Braganga,
NE Portugal. The plot where the experiment took place is
organized as an 8-year rotation, in which 4 years of a dou-
ble forage maize crop (summer)-oats (winter) is followed
by a temporary 4-year pasture. The region benefits from a
Mediterranean climate. Annual air temperature and accumu-
lated precipitation are 12.7 °C and 772.8 mm, respectively.
Local data of average monthly temperature and precipita-
tion recorded during the experimental period is presented in
Figure 1. The soil is a loamy (soil separates are 54.1% sand,
26.2% silt and 20.7% clay) Eutric Fluvisol, developed in flu-
vial deposits (WRB, 2015), with low levels of P. Other soil
properties from samples taken when the experiment started
are presented in Table 1. Table 1 also contains data on the
properties of the soil used in the pot experiment described
below.

Two experimental factors were used, soil conditioning
(three levels) and P fertilization (four levels). Soil condition-
ers were biochar, zeolites and a non-treated control (mineral
fertilization only). The P rates were 0 (P0), 50 (P50), 100
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FIGURE 1
temperature and precipitation during the

Average air monthly

experimental period and data of the climate 25 1
normal of the region

Temperature (°C)

TABLE 1

from soil samples (0-20 cm) taken just before the trials started

Selected soil properties (average + standard deviation)

Soil properties Pot experiment Field trial

'pH (H,0) 6.54 +0.11 5.54 + 0.06

IpH (KCI) 531 +0.10 4.64 +0.12

%Organic C (g kg™) 7.08 + 0.20 1271 +£0.36

*Total N (g kg ™)’ 0.81 +0.10 1.17 £ 0.03

“Extractable P (mg 16 + 2.65 26.+4.00
P,0s5kg™")

“Extractable K (mg 78 + 8.74 63 +7.21
K,0kg™)

SExtractable B (mg 0.61 +0.03 0.47 +0.04
kg™")

®Exchang. Ca (cmol, 9.08 + 0.50 10.93 +0.22
kg™

®Exchang. Mg (cmol, 445+0.13 6.03 + 0.20
kg™

®Exchang. K (cmol, 0.25 +0.02 0.20 + 0.01
kg™

®Exchang. Na (cmol, 0.77 + 0.03 0.21 +0.02
kg™")

8Exchang. acidity 0.00 + 0.00 0.23 + 0.01
(cmol, kg™")

6CTCe (cmol kg™")* 14.55 + 0.64 17.61 + 0.42

1: Potentiometry; 2Walkley—Black; 3Kjeldahl; * Ammonium lactate (Egner-
Riehm); Hot water, azomethine-H; ®Ammonium lactate; "Potassium chloride.

(P0O0) and 200 (P200) kg P,O5 ha_l, corresponding to 0.0,
21.8,43.7 and 87.3 kg P ha™'. The experiment was arranged
as a split-block since the operations involved make it diffi-
cult to handle all the factor combinations in the same man-
ner (Little & Hills, 1978). Soil conditioners were assigned to
whole plots and P rates to subplots in an experimental design
with three replicates. The size of each experimental unit was
12m? (4 m x 3 m).

The zeolite use in this experiment is a clinoptilolite-based
aluminosilicate (Fertecel®, Zeo Group) whose properties are
presented in Table 2. Biochar was obtained in a pyrolytic re-
actor from wood biomass of silver wattle (Acacia dealbata).

Prec (2018-2020)
—— Temp (2018-2020) - -+—- Temp (normal)

and Management

z===1 Prec (normal)

- 150

- 100

Precipitation (mm)

The main properties of the commercial product (Ecochar®,
Ibero Massa Florestal, S.A.) are also presented in Table 2. P
was applied as calcium superphosphate (18% P,05). Zeolite
was used in a rate of 5 t ha~' and biochar in a rate of 10 t ha™'
as recommended by vendors. All plots received also a basal
fertilization plan of 150 kg ha™" of K,O (applied as potassium
chloride, 60% K,0O) and 150 kg ha™' of N (as ammonium
nitrate, 27%N). Nitrogen was split into two applications, 50%
at pre-plant and 50% as side-dressing.

The field experiment involved two summer growing sea-
sons of forage maize and two winter growing seasons of
oats. The experiment started in the spring of 2018. The soil
was plowed to 25 cm deep, following by chiselling to level
the ground. Subsequently, the amendments and fertilizers
reported in the experimental design and those of the basal
fertilization plan were manually distributed on the grown
and incorporated with a last pass of cultivator. In 2018, soil
preparation and fertilizers and amendments application were
taken on May 15th and sowing on May 16th. A mid-season
(FAO 500) maize hybrid (Monero) was used in this experi-
ment and sowed at a density of 80,000 plants ha™', spaced at
0.70 and 0.18 m between and in the rows, respectively. Maize
received a herbicide treatment (active ingredients, isoxadifen-
ethyl [22 g L™'] and tembotrione [44 g L' applied in a
concentration of 0.5 L hI™' (2 L ha™') at the phenological
stage 14 (four unfolded leaf) (Meier, 2001), on 7th July 2018.
Sidedress N was applied thereafter in the same day. During
the summer, the maize was sprinkled irrigated with a central
pivot. The machine irrigates simultaneously a field of 9 ha
by applying 400 mm ha_lyr_l. The harvest took place on 7th
September 2018, in the growth stage 73 (early milk).

In October 2018, oats crop (cultivar Boa Fé) was sown
after a brief soil preparation with cultivator. The oats crop
was not fertilized. Sowing took place on 23rd October 2018.
The sowing rate was 130 kg seed ha™'. No other cropping
practices were carried out on oats until harvest (at full flow-
ering, growth stage 65) on 07th May 2019.

On 27th May 2019, maize was installed in a procedure
very similar to the previous year, including the application
of P of the experimental design and the basal fertilization
plan. The exceptions were the soil conditioners biochar and
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TABLE 2 Properties of the zeolite and
biochar used in this study as provided by the

Particle size (mm) 0.4-3.0 Particle size (mm) 0.1-10 manufacturers
Water holding capacity (%) 15.5 Bulk density (kg m ™) 350400
Cation exch. capacity (cmol, 157 Moisture (%) <30.0
kg™
pH 7.6 Conductivity (uS cm™) 948
Bulk density (kg m™) 980 pH <9
SiO, (%) 63.00 Total organic C (%) >90.0
TiO, (%) 0.45 Ash (%) <5.0
ALO; (%) 11.57 Volatile (%) <5.0
Fe,0; (%) 1.87 Total N (g kg™h) <5.0
FeO (%) 0.81 Cd (mg kg ™) <0.05
MgO (%) 0.92 Pb (mg kg™") 0.05
CaO (%) 5.78 Fe (mg kg™ ) 99.5
Na,O (%) 239 As (mg kg™h) <0.10
K,0 (%) 1.49 Hg (mg kg™ ") <0.10
P,05 (%) 0.09
H,0 (%) 3.44

zeolites which were only applied in the first year. The herbi-
cide was applied on 17th July 2019 (at four unfolded leaves).
Maize harvest occurred on 19th September 2019 (at early
milk stage). In the second year, oats crop was sown on 30th
October 2019 and harvested on 12th May 2020. Also as in the
first year, oats crop was not fertilized.

2.2 | Pot experiment

In the pot experiment, only maize was grown in the sum-
mer period, during two consecutive years (2018 and
2019). Six treatments, consisting of biochar, zeolites and
a non-amended treatment, fertilized with P (Biochar + P,
Zeolites + P and P) and not fertilized with P (Biochar,
Zeolites and Control) were arranged in a completely ran-
domized design with four replicates. The pots were filled
with 8 kg of dry and sieved (4 mm mesh) soil after had been
mixed with the amendments and fertilizers. There were
used 35.7 g pot_l of biochar and 17.8 g pot_l of zeolites. P
was applied at a rate of 2.0 g P,Os pot_1 (11.1 g superphos-
phate, 18% P,0s). All pot received also a basal fertilization
plan with 2.0 g N (7.4 g ammonium nitrate, 27% N) and
2.0 g K,O (3.3 g potassium chloride, 60% K,O). Biochar
and zeolites were only applied in the first growing season
and the fertilizers in both years. In 2018, maize was sown
on May 23rd and in 2019 on May 29th. Three seeds of
the hybrid Monero were sown in each pot. One week after
emergence, the seedlings were thinned to a single one (the
most vigorous) per plot. The pots were weeded as needed.
The plants were also watered manually by applying 500 ml

water in each irrigation. The number of weekly waterings
varied greatly throughout the year, depending on the en-
vironmental conditions and growth stages of maize. The
irrigation frequency was adjusted in order to avoid exceed-
ing the field capacity and to create anaerobic conditions.
Plates were placed under the pots to prevent nutrient loss
from leaching. The pots were kept outdoors during the ex-
perimental period. They were wrapped externally by white
paper to reduce the effect of solar radiation on the heating
of soil on the hottest summer days.

2.3 | Measurements in field and pot
experiments and sample collection

The portable SPAD (Soil and Plant Analysis
Development)-502 Plus chlorophyll meter (Spectrum
Technologies, Inc.) was used in maize (in the field and pot
experiments) to estimate the leaf greenness. In the field,
thirty readings for each measurement were taken from the
middle of the blade of the youngest fully expanded leaves.
In the pot experiment, five readings for each plant were
taken from the youngest fully expanded leaf. In the field,
the measurements were performed on 03rd August 2018
and 08th August 2019 and in pot experiment on 28th July
2018 and 11th July 2019.

A normalized difference vegetation index (NDVI) was es-
timated in maize crop (field and pot experiments) by using
the hand-held FieldScout CM 1,000 (Spectrum Technologies,
Inc.). The meter senses and measures the ambient light at the
wavelength of 660 nm and the reflected light (non-absorbed
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FIGURE 2 Maize dry matter (DM)
yield as a function of soil conditioner (C)
and P rate [0 (P0O), 50 (P50), 100 (P100),
200 (P200) kg P,O5 ha™']. Within soil
conditioners, P rates and years, means

24 -

20 1

followed by the same letter are not
significantly different by Tukey's HSD test
(= 0.05). Vertical bars are the standard
errors

Maize DM yield (t ha')

by leaf chlorophyll) at 840 nm wavelength. The measure-
ments were taken in the same leaf part and dates as SPAD
readings.

The OS-30p + chlorophyll meter (Opti-sciences, Inc.) was
used to estimate chlorophyll a fluorescence and OJIP tran-
sient through the dark adaptation protocols Fy/Fy,;, Fy/F, and
the advanced JIP test. Fy;, F, and Fy, are, respectively, maxi-
mum, minimum and variable fluorescence from dark-adapted
leaves. The variables Fy/Fy; and Fy/F, were estimated as Fy/
Fu = (Fy-Fo)/Fy and Fy/Fy = (Fy-F)/F,,. The JIP test gives
origin fluorescence at 20 ps (O), fluorescence at 2 ms (J), flu-
orescence at 30 ms (I) and maximum fluorescence (P, or Fy;).
Measurements were taken in the maize experiments from the
middle of the blade of the youngest fully expanded leaves,
after a period of dark adaptation longer than 35 min, in the
dates mentioned above.

In the field experiment, samples of the youngest fully
matured leaves were also taken on the same date of the use
of portable devices. These samples were carried out to the
laboratory, oven-dried at 70 °C and analysed for elemental
composition to assess crop nutritional status.

In the field experiment, maize samples of 0.7 m? (1 m lin-
ear in a central line of the plot) were cut on 07th September
2018 and 19th September 2019. The samples were weighed in
fresh in the field. Still in the field, representative sub-samples
were weighed again in fresh and carried out to the laboratory.
After drying at 70 °C, the sub-samples were weighed dry,
to allow estimating DM yield per unit area, and thereafter
ground for elemental analysis. The samples of the pot exper-
iment were cut, oven-dried at 70 °C, weighed and ground for
elemental analysis.

Oats crop samples of 0.5 m? were cut in the central part
of the experimental units on May 7th and 12th, in 2018 and
2019, respectively. The samples were oven-dried at 70 °C and
ground for elemental analysis.

In the field, the soils were sampled after maize harvest on
16th October 2018 and 30th October 2019 and after oats har-
vest on 20th May 2020. Composite samples were collected
from each experimental unit, consisting on sampling in six
random points to create each composite sample. Soil samples

Mineral  Biochar
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P, P=0.3941 P, P=0.0137
CxP, P=0.3941 CxP, P=0.9327

Zeolites PO P50 P100 P200

were also taken from pot experiment in the day after the cut
of maize. The pot soil was turned over and a 500 g sample
recovered and sent to the laboratory.

2.4 | Laboratory analyses

The soil samples were oven-dried at 40 °C and sieved in a
mesh of 2 mm. The samples were analysed for (a) pH (H,0,
KCI) (soil: solution, 1:2.5); (b) cation-exchange capacity (am-
monium acetate, pH 7.0) and exchange acidity (KCl extrac-
tion); (c) easily oxidizable C (wet digestion, Walkley-Black
method); (d) total organic C (incineration); (e) extractable P
and K (ammonium lactate); (f) extractable B (hot water ex-
traction and azomethine-H methods); (g) extractable Fe, Mn,
Zn and Cu (ammonium acetate and EDTA, determined by
atomic absorption spectrometry); (h) labile P fraction, P-res
(extraction of inorganic P with the HCOj;™ ion present in an
anion exchange resin, and then eluted in acid media) and P-
bic (inorganic P extracted by NaHCO; 0.5 M) and; (i) acid
phosphatase activity (determined from the conversion of ni-
trophenylphosphate to nitrophenolphosphate). In the initial
samples, there were also determined (j) soil separates (clay,
silt and sand fractions) (Robinson pipette method). Methods
1-4 and 7-8, and 10 are fully described by Van Reeuwijk
(2002), method 5 by Balbino (1968), method 6 by Jones
(2001) and method 9 by Alef et al. (1995).

Elemental tissue analyses were performed by Kjeldahl
(N), colorimetry (B and P), flame emission spectrometry
(K) and atomic absorption spectrophotometry (Ca, Mg, Cu,
Fe, Zn and Mn) methods after nitric digestion of the samples
(Temminghoff & Houba, 2004).

2.5 | Data analysis

The field experiment was arranged as a split-block design.
In the split-block design soil conditioning (whole plots),
N rates (subplots) and interaction (soil conditioning X N
rates) were treated as fixed and blocks as random factors in



SoilUse

ARROBAS ET AL.

and Management

5.01 @2019
151 C, P=0.0652

P, P=0.0137
4.0 CxP, P=0.9237

82020
C, P=0.1016
P, P=0.0052

Oat DM yield (t ha1)

Mineral  Biochar

the ANOVA model. One-way ANOVA was performed to
data of the pot experiment. Data of both experimental de-
signs were treated separated by year. In both experiments,
after ANOVA examination, the means with significant
differences (a < 0.05) were separated by Tukey HSD test
(o = 0.05).

3 | RESULTS

3.1 | Field experiment

Maize DM yield did not significantly vary between soil con-
ditioners in 2018 or 2019 (Figure 2). The use of higher P rates
(P200) did not increase DM yield in 2018. In 2019, signifi-
cant differences between P rates were found, and DM yields
tended to increase as the P rate increased. However, the
lower and higher average values were, respectively, found in
P50 (11.2 t ha™") and P200 (13.7 t ha™") treatments. Strictly
speaking, DM yields did not significantly varies between PO
and P200 treatment.

In the field experiment, maize leaf P concentration, in
34/35 growth stage (4 to 5 nodes detectable), did not vary
significantly with soil conditioners or with the rate of P in
any of the years (data not shown). The average values varied
between 23.4 and 25.2 g kg_1 in 2018 and between 25.8 and
28.6 g kg™ in 2019. Likewise, the levels of N and K in the
leaves also did not vary significantly with the soil condition-
ers or with the rates of P. Leaf Ca concentrations were signifi-
cantly lower in the biochar treatment in 2018, but the result
was not repeated in 2019, in which significant differences
between soil conditioners were not found. Significant differ-
ences in leaf Ca levels between P rates were also not found.
In the case of Mg, the levels in the leaves were significantly
higher and significantly lower, respectively, in the zeolites
and biochar treatments in comparison to the control. The re-
sult, however, was also not maintained in 2019, in which sig-
nificant differences between the treatments were not found.
Regarding the concentration of micronutrients B, Fe, Mn, Cu
and Zn in the leaves, significant effects were not found nor

CxP, P=0.3944

Zeolites PO P50

FIGURE 3 Oatdry matter (DM)

yield as a function of soil conditioner (C)

and P rate [0 (P0O), 50 (P50), 100 (P100),
a 200 (P200) kg P,O5 ha™']. Within soil
conditioners, P rates and years, means
followed by the same letter are not
significantly different by Tukey's HSD test
(o = 0.05). Vertical bars are the standard
errors

P100 P200

any coherent trend in the results due to the application of soil
conditioners or between P rates.

Other potential indicators of the nutritional status of
maize plants, such as SPAD-readings and NDVI, and the
photosynthetic performance of plants, such as chlorophyll a
fluorescence transient, determined in the field experiment of
maize also showed little sensitivity to the application of soil
conditioners or P rates (data not shown). The elemental com-
position of whole aboveground plant tissues at harvest also
did not provide relevant information on the effect of treat-
ments on the maize crop. Significant differences in tissue P
concentration or in the concentration of the other nutrients
analysed were not found (data not shown).

Soil conditioners did not significantly influence the DM
yield of oats in any of the years (Figure 3). P fertilization, in
turn, tended to increase oat DM yield. Significant differences
were found in both years and the higher rates of applied P
gave the higher average DM yields.

The concentration of P in oat tissues did not significantly
change with soil conditioners or P rates. However, the aver-
age values showed a consistent slight increase with P rates in
both years, with the higher values to be found in P200 treat-
ment. In May 2019 and 2020, average P tissue concentrations
increased, respectively, from 2.01 to 2.12 and 1.92 to 2.13
from PO to P200 treatments. The concentration of other nutri-
ents in oat tissue did not show any consistent trend due to the
use of soil conditioners or P rates (data not shown).

3.2 | Potexperiment
Maize DM yield in the pot experiment appeared clearly sepa-
rated into two groups of treatments, those that received and
those that did not receive P (Figure 4). Biochar and zeolites
did not show significant differences to the non-amended
treatment. In 2019, maize DM yield dropped to less than half
the values recorded in 2018.

The concentration of P in plant tissue significantly vary be-
tween treatments. In 2018, two groups were formed, the first
group by the treatments that did not receive P as a fertilizer
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which registered significantly lower tissue P concentrations
(Figure 5). The second group was formed by the treatments
that received P as a fertilizer which displayed significantly
higher tissue P levels. In 2019, the results of P tissue levels
are less easy to interpret. Zeolites treatments gave the average
higher values which were significantly different than those of
the control and biochar + P treatments. In 2019, the average
values of the different treatments were clearly higher than the
values of 2018. In 2018, average values varied from 1.24 to
1.94 g kg™ and in 2019 from 2.53 to 3.18 g kg™

The concentration of other macronutrients in the plant tis-
sues varied in a way that can still be related to the treatments
(Table 3). Zeolites significantly increased tissue K levels in
2018 in comparison with the control and in 2019 the average
value persisted the highest, although not significantly differ-
ent than those of the other treatments. In 2018, the treatments
that received P and recorded higher plant DM yields showed
tendency to display lower N values than the treatments that
did not receive P. There seems to be a similar trend for K,
although in the control treatment tissue K values were low,
at the levels of the treatments that received P. Regarding Ca
and Mg, the treatments that received P and gave higher DM
yields showed lower Ca and Mg concentrations in the tissues
in comparison to the treatments that did not receive P. All
this seemed to be the result of a dilution effect. In 2019, com-
pletely disappeared the effect of the treatments, in line with
DM yield which also varied less in 2019.

Biochar Zeolites Biochar+P  Zeolites+P

The concentration of the micronutrients analysed (B, Fe,
Mn, Cu and Zn) in the tissues did not vary significantly with
fertilizer treatments, and no relevant trends were observed,
even considering the two years of harvest (data not shown).
However, some differences between years should be men-
tioned. The levels of B doubled in 2019 (4.8 to 9.0 mg kg_1
in 2018 and 2019), and the levels of Zn also recorded a great
increase (18.1 and 26.0 mg kg™" in 2018 and 2019). The lev-
els of Fe reduced slightly from 2018 to 2019 and the concen-
trations of the other nutrients persisted at similar levels.

The treatments had a little influence on the variables de-
termined in the field by the tools used to monitor the nutri-
tional status and the general photosynthetic performance of
the plants (Table 4). SPAD-readings did not vary between
fertilizer treatments in any of the years. NDVI showed a sig-
nificant increase in 2019 in the treatments that received P.
Chlorophyll a fluorescence transient variables (JIP test, Fy/
F,, Fy/Fy) also showed little sensitivity to the effect of the
different treatments. However, the values of Fy/F,; were
lower in 2019 (the less productive year) in comparison with
those of 2018.

3.3 | Soil properties

From the field trial, soil analyses of the samples collected
in October 2018, October 2019 and May 2020 revealed no
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TABLE 3 Macronutrient concentration in maize aboveground dry mass. In columns, means followed by the same letter are not statistically
different by Tukey HSD test (x = 0.05)

2018 2019

N K Ca Mg N K Ca Mg

gkg™!
Control 91a 20.8 b 32a 1.8 ab 63a 20.5a 1.8a 1.6a
Biochar 8.4 ab 23.2 ab 3.1a 1.9a 6.7 a 21.6a 1.8a 1.7a
Zeolites 8.4 ab 27.8 a 32a 2.1a 6.4a 22.7 a 1.8a 1.6a
P 6.4b 20.6 b 1.8b 1.5b 7.0a 22.8a 1.9a 1.8a
Biochar + P 6.6 ab 18.5b 2.2b 1.5b 73a 21.0a 1.8a 15a
Zeolites + P 7.1 ab 20.6 b 1.8b 1.5b 59a 22.8 a 2.0a 1.6 a
Prob > F 0.0147 0.0034 <0.0001 0.0002 0.6483 0.1517 0.0927 0.1397

TABLE 4 li iff
2018 2019 Normalized difference

vegetation index (NDVI), SPAD-readings

NDVI SPAD FyFy NDVI SPAD Fy/Fy and ratio of variable fluorescence to
maximum fluorescence (Fy,Fy). In columns,

Control 0.66 a 26.1a 0.76 a 0.66 b 309a 0.69 a
) means followed by the same letter are not
Biochar 0.63 a 26.7 a 0.75 a 0.64 b 28.5a 0.71 a statistically different by Tukey HSD test
Zeolites 0.64 a 283 a 0.76 a 0.64b 28.6a 0.71a (o = 0.05)
P 0.66 a 279 a 0.77 a 0.69 a 37.6a 0.71 a
Biochar + P 0.68 a 289 a 0.76 a 0.68 ab 32.6a 0.70 a
Zeolites + P 0.65a 28.5a 0.77 a 0.71 a 31.8a 0.72 a
Prob > F 0.1965 0.8383 0.5471 0.0059 0.1015 0.7603
1409 5518
1201 Pres [ Pbic
- 100 - P<0.0001 P<0.0001
2 A A
o 80 A
£
o 60 1
& 401 B B B
Control Biochar Zeolites P Biochar+P  Zeolites+P
140~
2019
120+ & Pres & Pbic FIGURE 6 Soil phosphorus (P)
~ 1004 P<0.0001 P<0.0001 extracted by anion exchange resins (Pres)
e and bicarbonate (Pbic) and total easily
g’ 801 extracted P (Pres + Pbic). Means followed
o 60+ by the same letter within each extracted
E 40- procedure (lowercase) and total (uppercase),
are not significantly different by Tukey's
20+ HSD test (o« = 0.05). Vertical bars are the
0 T T T T standard errors

Control Biochar Zeolites P Biochar+P  Zeolites+P
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FIGURE 7 Acid phosphatase activity
(APA) in the soil of the pot experiment.
Means followed by the same letter within
each year, are not significantly different by
Tukey's HSD test (o = 0.05). Vertical bars
are the standard errors
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relevant differences due to the effect of soil conditioners
(data not shown). However, it should be mentioned that the
use of biochar significantly increased total organic C (incin-
eration) but did not significantly increase easily oxidizable C
(wet digestion, Walkley-Black). Soil extractable P (ammo-
nium lactate-acetic acid) also increased in the treatments that
received the higher rates of the nutrient, but a significant ef-
fect of the application of biochar and zeolites on soil extract-
able P was not found.

In general, biochar and zeolites did not significantly in-
fluence the main soil properties in the pot experiment, such
as pH, extractable P and K or the bases of the exchangeable
complex (data not shown). As in the field experiment, bio-
char increased total organic C (incineration) but did not in-
crease easily oxidizable C. The application of P significantly
increased extractable P and Ca content in the exchangeable
complex and reduced soil pH.

In the pot experiment, a partial soil P fractionation was
performed by the determination of Pres and Pbic, which to-
gether provide the so-called easily available P, or labile P
(Figure 6). The results appeared in two different treatment
groups, those that received P and those that did not receive
P. The labile P values were significantly higher in treatments
that received mineral P. Biochar and zeolites, applied alone or
combined with P, did not reveal any significant effect on the
levels of P in the soil. The values for 2019, in which there was
produced less maize DM yield, appeared higher than in 2018.

The acid phosphatase activity tended to appear lower in
the treatments that received biochar and zeolites if an overall
observation is made of the two years of results (Figure 7). In
2018, the lowest average value was recorded in the biochar
treatment and in 2019 in the Zeolites and Biochar + P treat-
ments. However, the analysis made a small contribution to
the general understanding of the results.

4 | DISCUSSION

Biochar did not increase the productivity of maize or oats
in the field trials in comparison with the untreated control.
A similar result was obtained from the pot experiment with

maize. Biochar had a much-reduced effect on tissue nutrient
concentrations, both in maize and oats grown in the field
and in maize grown in pots. Biochar did not have a signifi-
cant measurable effect on the main properties of the soil,
either in the field trial or in the pot experiment. Biochar only
significantly increased total organic C (incineration), as a
result of its application and recalcitrance. Biochars typically
have a molar H/C ratio below that of the feedstock, particu-
larly those obtained from wood biomass, which indicates
polymerization, and hence potential recalcitrance of biochar
products (Shaaban et al., 2018). From previous studies, the
effect of biochar on soil properties and crop yield has been
found to be from positive, to inconsistent or negative, and
the same is true for soil P availability and P uptake by plants
(Gao et al. 2019). Availability of P to plants is increased by
anion exchange capacity of biochar or by cations that in-
teract with P (Gul & Whalen, 2016; Shaaban et al., 2018).
At low pH, P fixation is mainly due to the reaction with Fe
and Al oxides and precipitation as AIPO, and FePO,. Above
pH 7.0, Ca precipitates with P as Ca-P minerals, decreasing
P solubility (Havlin et al. 2014). Biochar may reduce the
formation of precipitates and therefore increase the avail-
ability of P to plants (Cui et al., 2011; Shaaban et al., 2018;
Zhang et al., 2016). Biochar amendments have also proven
to influence soil enzyme composition. Also, while some
studies have shown that the use of biochar increases the
activity of acid phosphatase and alkaline phosphatase (Du
et al., 2014; Masto et al., 2013), others have found that the
activity of acid phosphatase is reduced by its application
(Luo & Gu, 2016). Most of the studies reporting increased
P availability to plants following biochar applications were
undertaken in degraded soils, such as acid or saline-sodic
soils (Liu et al., 2017; Xu et al., 2016), or studies with low
available soil P (Shaaban et al., 2018; Zhang et al., 2016).
However, in this particular soil and cropping system, no
clear benefits were obtained following the use of biochar.
However, it should also be noted that biochar properties may
depend on the feedstock material and temperature of pyroly-
sis (Gul & Whalen, 2016; Zhang et al., 2016), variables that
make it even more difficult to generalize the result of a par-
ticular experiment.
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Zeolites did not increase the productivity of maize or oats
in the field trials in comparison with the untreated control
and a similar result was obtained from the pot experiment
with maize. Zeolites are characterized by high water holding
capacity, high cation exchange capacity and high adsorption
and catalytic properties (Bernardi et al., 2010; Ryakhovskaya
& Gainatulina, 2009). It has been reported that zeolites can
improve crop productivity in saline soils (Noori et al., 2007)
or improve P use efficiency by increasing P availability from
phosphate rocks (Bernardi et al., 2010; Guaya et al., 2020).
The ability of retaining both cations and anions has allowed
the use of zeolites previously enriched in nutrients. These
nutrient-enriched zeolites may act as a slow-release nutrient
source for plants, reducing nutrient loss and increasing nutrient
uptake (Liator et al., 2017). In this study, the direct applica-
tion of zeolites to the soil did not reveal any relevant effect on
soil properties, nor on traits found in plants. There was only
observed an increase in K concentration in maize plants, prob-
ably due to the initial nutrient content on the material applied.

The application of P increased the DM produced in the
second growing season of maize and in the two cycles of oats.
In the pots, the application of P increased DM yield in the two
years of testing. P is a limiting factor over large areas of the
world. The response of plants to P application is reported in
a wide range of crops (Ferreira et al., 2018; Tiirk et al., 2007;
Wang et al., 2010; Watt & Evans, 2003). However, most of
these studies took place in soils that are inherently low in P,
often sandy or very acidic, where the limitations of P in the
soil predispose them to the results. In this study, the levels of
P in the soil were also low, which may justify the response of
the crop to applied P that was found.

In the field trial, applied P did not significantly influence
P levels in maize or oat tissues, in spite of the concentration
of P in oat tissues have shown a consistent tendency to in-
crease from PO to P200 treatments. It seems that the soil's
ability to provide P to the plants, and the increased biomass
yield, reduced the effect of applied P on tissue nutrient con-
centration. In general terms, tissue P tends to fluctuate less
than tissue concentration of many other nutrients, partly due
to the buffering effect of the root system on the distribution of
P in the shoots (Ferreira et al., 2018; Rodrigues et al., 2021).
Furthermore, the increased biomass in response to applied
P may have caused a dilution effect, a phenomenon well
documented in the literature (Arrobas et al., 2018; Jarrel &
Beverly, 1981). In the field trial, the effect of applied P on the
concentration of other nutrients in the tissues was also low.

The application of P increased P levels in the soil, mainly
the labile P fraction (Pres and Pbic). The maintenance of the
concentration of P in soil solution (intensity factor) depends on
the capacity of adsorbed P, mineral P and organic P (quantity
factor) to replace P in the solution as a response of P taken up
by plants (Havlin et al., 2014). The ratio between the intensity
and quantity factors defines the buffer power of the soil or the

relative capacity of the soil to buffer changes of P in solution.
For a given soil, P adsorption is higher in soils with low ini-
tial amounts of adsorbed P, as would be the initial situation in
this soil. However, as the P-fertilizer is added and the amount
of P adsorbed increases, the potential for further adsorption
decreases. When all the adsorption sites are saturated with in-
organic P, adsorption no longer occurs (Havlin et al., 2014).
Thus, the increase in the P labile fraction recorded in this study
was probably the effect of the progressive saturation of the P
adsorption capacity due to the application of P.

The application of P fertilizer also increased pH and cal-
cium content in the exchangeable complex, by a direct effect
of the nature and composition of the P fertilizer (18% P,05
and 16% Ca). On the other hand, the application of P did not
have a visible effect on acid phosphatase activity. Although
the activity of acid phosphatase tends to decrease with the
availability of mineral P in the soil (Zheng et al., 2015), less
obvious results are known to occur due to several environ-
mental variables such as the influence of pH or organic mat-
ter (Ferreira et al., 2018; Rodrigues et al., 2020).

5 | CONCLUSIONS

Biochar and zeolites did not increase DM yield of maize and
oats grown in the field, or DM yield of maize grown in the
pots, whereas in general, the plants responded to the applied
P. The effect of the soil conditioners on plant elemental com-
position was virtually nil, while the application of P signifi-
cantly influenced the levels of P and other nutrients in the pot
experiment. Soil conditioners did not have a measurable ef-
fect on most of the determined soil properties. In the biochar
plots, the total organic C increased, due to the recalcitrance in
the soil of the applied biochar C, but not the easily oxidizable
C. In the plots with zeolites, only the K content in the soil
increased, certainly due to the presence of the element in the
initial composition of the mineral. In spite of the short dura-
tion of the experiment (two years and four crops), in view of
these results, biochars and zeolites with similar characteris-
tics cannot be recommended for this type of soil and farming
system due to the lack of measurable benefits for the farmer.
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