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Abstract

Biochar has been reported to improve soil fertility and growing medium performance. However, the role that biochar plays
in plant nutrition is not completely understood, especially in plants grown under nutritional stress. Recent research indi-
cates that the addition of biochar increases produce yield of tomato grown under salinity stress and drought; however, little
information is available about the effects of biochar on fruit quality parameters. The use of biochar as a growth substrate in
an intensive greenhouse cropping system may have the capacity of replacing non-renewable and less sustainable growing
media like peat and in addition being a strategy to optimize chemical fertilisation. This work aimed to investigate the effects
of biochar, as a potential candidate to replace peat, on tomato growing in soilless conditions under nutritional stress. Plant
biomass accumulation, leaf fluorescence and chlorophyll, fruit yield and fruit quality parameters were measured as perfor-
mance indicators. Biochar increased the green biomass, but it did not significantly affect yield or most quality parameters,
apart from potassium content in ripe fruits. These results suggest that biochar has great potential as a peat alternative material
and plant growth promoter, but no ability to improve tomato yield, under nutritional stress.
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1 Introduction

Tomato is one of the most cultivated and consumed vegeta-
bles in the world, and its rate of cultivation and consumption
has been continuously increasing over the last past decades
(FAOSTAT 2019). The high annual per capita consumption
of tomato is considerably higher than that of other vegeta-
bles, and the reason mainly lies in its beneficial effects on
human health (Frusciante et al. 2007; Marti et al. 2016).
Tomato fruits are important sources of vitamins, minerals,
and natural antioxidants, including ascorbic acid, carot-
enoids and, particularly, lycopene and phenolic compounds
(Bahonar et al. 2017). The content of these bioactive com-
pounds depends on genetic, agronomic and environmental
factors, such as cultivar, harvest time and method, fertili-
sation, cropping system, soil/growing medium characteris-
tics and climate (Ciaccheri et al. 2018; Dumas et al. 2003;
Rouphael et al. 2018; Toor et al. 2006).

Tomato grows optimally in both the field and green-
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house, achieving maximum production levels in soilless
culture. In intensive cultivation systems, the supply of
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inorganic nutrients at high rates is one of the most effec-
tive and common practices to achieve high produce yield
(De Pascale et al. 2018; Lao and Jiménez 2004). Many
strategies have been developed in recent years to opti-
mize chemical fertiliser application and management
within tomato production systems (Le Bot et al. 2001;
Massa et al. 2010). Some works showed that the use of
organic amendments—such as manure, compost and
green manures, and organic fertilisers—in soil and potting
media can improve soil physical properties and biological
characteristics (Celik et al. 2004; Marinari et al. 2000).

The use of biochar as growing medium has been pro-
posed as a possible strategy to support a more sustain-
able production of different greenhouse crops (Dunlop
et al. 2015; Fascella et al. 2018). Biochar is a carbon-
rich material obtained from thermochemical conversion
of biomass in an oxygen-limited environment. Biochar
is a material with high porous structure, large surface
area and high ion-exchange and water holding capacities
(Atkinson et al. 2010; Sohi et al. 2010) that can change
with time due to degradation phenomena (Liu et al.
2013). Although many previous studies have highlighted
the effects of biochar on crop yield and soil fertility, the
results are currently not conclusive under greenhouse or
field environments. The reports are variable, showing no
significant differences in crop yield or quality, or soil
quality (Jeffery et al. 2011; Mukherjee and Lal 2014;
Subedi et al. 2017). The heterogeneity of “biochar-crop
system” responses depends on several factors, such as: (1)
type of raw organic materials and temperature conditions
in the pyrolysis process that the final biochar properties
and characteristics depend on; (2) soil characteristics; (3)
environmental conditions; (4) strategy of biochar applica-
tion; (5) cultivated species.

Interestingly, the use of biochar as a growth medium
for soilless cultivation appears to offer a concrete oppor-
tunity to increase the economic and environmental sus-
tainability of these intensive cropping systems through
the replacement of non-renewable materials like peat
moss. In soilless culture, in fact, the root zone can be
precisely controlled in terms of physico-chemical com-
position and nutrient and irrigation management, thus
limiting the many interactions that occur in the root zone
of open-field soil cultivation. Indeed, the use of biochar
is a strategy worth pursuing for the valorisation of waste
from the perspective of circular horticulture (Dunlop
et al. 2015).

The main objectives of this work were to evaluate bio-
char produced from poplar as a growing medium for soil-
less tomato production and to study the effects of biochar
on produce yield and the quality of plants grown under
normal and limiting nutrient conditions.
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2 Materials and methods

2.1 Growing media, nutrient solutions
and treatments

The experimental treatments consisted of two substrate
mixtures tested with two different nutrient solutions. Plants
were grown in the P (peat) substrate composed of brown
peat (H 4-5) and pumice (peat:pumice, 50:50 v/v) or in
the PB (peat and biochar) substrate composed of brown
peat (H 4-5) pumice and biochar (peat:pumice:biochar,
40:40:20 v/v).

Biochar was obtained from poplar (Populus spp.) wood
chips cultivated in a short-rotation forest in northern Italy
(Po Valley, Gadesco Pieve Delmona (CR), Lombardy,
458100 1300 N, 108060 0100E). The forestry harvest
age was 5 years. The AGT (Advanced Gasification Tech-
nology, Arosio, Italy) gasification process was applied.
Briefly, feedstock thermal conversion into syngas and
biochar (10% initial biomass) was obtained at 1200 °C
and atmospheric pressure after a period of 30-40 min of
permanence in the reactor. Routine analyses for poplar
biochar characterization are reported in Table 1.

In both P and PB substrates, plants were fed with a
standard nutrient solution (i.e., close to nutrient concen-
trations commonly adopted for the cultivation of soilless
tomato), or a nutrient solution with reduced concentration
of macronutrients. The first nutrient solution for the stand-
ard fertilisation (SF) was: N-NO; 12.5 mmol L~!, N-NH,
0.5 mmol L™, P-PO, 1.0 mmol L~!, K 7.5 mmol L™/,
Ca 4.5 mmol L™!, Mg 1.5 mmol L™}, Na 0.9 mmol L},
S-S0, 2.9 mmol L™!, C1~ 0.8 mmol L™}, Fe 15 umol L™/,
B 20 mol L™!, Cu 1 mol L™, Zn 5 mol L™!, Mn 10 mol
L~!, Mo 1 mol L™!. The second nutrient solution for the
low fertilisation (LF) was calculated with the intent of
inducing a nutritional stress and obtained by adding 1/3
the quantity of salts (only for macronutrients) as that used
for the SF solution to irrigation water. Therefore, the nom-
inal nutrient concentration of the LF solution was: N-NO,
4.3 mmol L™!, N-NH, 0.2 mmol L~!, P-PO, 0.3 mmol
L™', K 2.6 mmol L™, Ca 1.8 mmol L', Mg 0.6 mmol L,
S-S0, 1.0 mmol L™, with no variation regarding saline
ions (i.e., Na and CI) or micronutrients. Nominal electri-
cal conductivity (EC) was 2.18 dS m~! for SF and 1.00 dS
m~! for LF. In both nutrient solutions, bicarbonates were
neutralized using sulphuric acid with the aim of preserv-
ing 1 mol m™3 of HCOg; this allowed for the maintenance
of stable pH with a target value of 5.6. Under operational
conditions, mean EC values —calculated by measurements
collected twice per week at the dripper— averaged 2.17
dS m~! for SF and 0.97 dS m~! for LF with coefficients
of variation of 6.0% and 6.5%, respectively. The same
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Table 1. Physico—chcrpical Parameter Units Value Methods
properties of poplar biochar
used in the experiment Particle size (%) EN 15428-2008
< 1.0 mm mm 78
<2.0 mm mm 91
<5.0 mm mm 100
<10.0 mm mm 100
CBD gem™ 0.252 EN 13040-2007
Moisture % 233 EN 13040-2008
pH (1:5 water extraction) 10.6 EN 13037-2002
EC (1:5 water extraction) @dSm™ 0.12 EN 13038-2012
Water-soluble elements (1:5 EN 13652-2001
extraction)
NO,-N mg kg™! DW 26
NH,-N mg kg~! DW 139
K mg kg™! DW 10605
P mg kg™! DW 554
Ca mg kg™! DW 155
Mg mg kg™! DW 54
Na mg kg™! DW 271
Total C gkg™! DW 673 EN 13654-2:2001
Total N gkg™! DW 16.0 EN 13654-2:2001
C:N ratio 42.1
Total P gkg™! DW 2.0 EN 13650-2002
Total K gkg™! DW 18 EN 13650-2002
Ash 550 °C gkg™! DW 158 EN 13039-2002
H:C ratio 0.5
Heavy hydrocarbons mg kg~! DW 45 ISO 16703-2004
PAHs mg kg™! DW <0.1 EN 15527-2008

Values represent the mean of three replications

DW dry weight, CBD compacted bulk density, EC electric conductivity, PAHs polycyclic aromatic hydro-

carbons

criterion was used for monitoring pH that averaged 5.79
for SF and 5.72 for LF with coefficients of variation of
7.1% and 7.6%, respectively.

The different substrate mixtures and nutrient solutions
were then combined to obtain the following treatments: (1)
SFP, in which plants were fed with standard fertilisation (SF)
and grown in the P substrate; (2) SFPB, in which plants
were fed with standard fertilisation (SF) and grown in the
PB substrate; (3) LFP, in which plants were fed with low
fertilisation (LF) and grown in the P substrate; (4) LFPB, in
which plants were fed with low fertilisation (LF) and grown
in the PB substrate.

2.2 Greenhouse experiment and growing
conditions

The experiment took place at the CREA Research Centre
for Vegetable and Ornamental Crops, Council for Agricul-
tural Research and Economics, Pescia (PT), Tuscany, Italy

(lat. 43° 54’ N, long. 10° 42" E) during the summer—autumn
period of 2014. Plants were grown in a typical Mediter-
ranean plastic greenhouse where a minimum air tempera-
ture of 9 °C was maintained by the internal heating system.
Radiation, relative humidity, and air temperature were moni-
tored over the whole experimental period by a portable data
logger (Decagon Em50; Decagon Devices Inc., USA). Mean
daily-averaged photosynthetic active radiation and accumu-
lated daily global radiation were 136.7 pmol m~2 s~! and
651.9 MJ m~2, respectively. Minimum, mean and maximum
daily air temperature was 9.1, 20.2 and 41.5 °C, respectively.
Air mean daily relative humidity averaged 80.2%.

Tomato plants (Solanum lycopersicum L., cv. Bodar F1)
were transplanted on 11 August 2014 at the 5-6 true-leaf
stage into plastic pots (24 @, 9.5 L) filled with the different
substrate mixtures. Ten pots per replicate were arranged in
arandomized complete block design with three replications
per treatment for a total of 30 plants per treatment and a crop
density of 3.3 plants/m>.
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Nutrient solution treatments initiated 7 days after trans-
planting (DAT). The following expedients were adopted to
prevent salt accumulation in SF or excessive depletion in LF
treatments and to keep root zone conditions as close to the
nutrient treatments as possible: (1) high irrigation frequency
was imposed using FDR sensors (SM200; Delta-T Device,
Cambridge, UK), which triggered irrigation automatically
when roughly 1/3 of the easily available water (0.4 over 1.2
L/pot) was evapotranspirated from the pot; (2) high leaching
fraction for each irrigation event (i.e. 25-30%); (3) highly
homogeneous water distribution along the root zone profile
using three drippers per pot.

Pots were placed on the ground and plants grown verti-
cally (single stem). During the cultivation, auxiliary shoots
were removed and weighed separately for each replicate.
Each truss was pruned with the aim of having a target num-
ber of five fruits per truss. Flower pollination was facilitated
using an electronic bee. The number of trusses was limited
to five after top cutting at 65 DAT. All leaves below the first
truss were removed after harvesting at 70 DAT and the same
procedure was adopted for the second truss at 101 DAT. The
greenhouse experiment lasted 126 DAT and concluded with
a final destructive analysis.

2.3 Plant biomass analyses

All plant material removed from the cultivation systems was
weighed (fresh and dry weight) and considered for the cal-
culation of total (aboveground) biomass. During the cultiva-
tion, the following biometric parameters were measured: (1)
plant height and node number on three plants per replicate
twice per week; (2) leaf area index (LAI) by Accupar LP-80
ceptometer (Decagon Devices Inc., USA) for seven different
periods (roughly once every 2 weeks). The latter measure-
ments were carried out reading 10 different points per rep-
licate, below the canopy, beside each plant and behind two
plants for a total of 30 measurements per treatment.

Fruits were harvested twice per week at commercial
maturity following the criteria proposed by the United States
Department of Agriculture (2°-3° USDA colour class) and
weighed for yield determination. Number and weight of mar-
ketable and unmarketable (i.e., small fruits <60 g and fruits
with cracking or blossom-end rot) fruit yield were deter-
mined for each truss. A sub-sample of five fruits, separated
by truss and replicate, were dried (in a forced-air oven at
75 °C to constant weight) to determine dry biomass accu-
mulated with fruits.

At the end of the experiment, the total biomass of each
plant was determined while a destructive plant analysis was
carried out on three plants per replicate to determine tis-
sue partitioning. Each plant was then divided into stems,
rachides and leaves; the latter were also used to determine
leaf area using a leaf area meter (WinDIAS Image Analysis
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System, Delta-T Devices, UK). Finally, each organ was
weighed and dried in a forced-air oven at 75 °C to a constant
weight to determine the dry matter percentage.

2.4 Phenological and physiological analyses

Plant phenology was monitored twice per week by recording
the following parameters of each truss of three plants per
replicate: (1) first and last (fifth) flower opening; (2) first
and last (fifth) fruit set.

Leaf chlorophyll was indirectly evaluated using a port-
able SPAD meter (SPAD-502, Konica Minolta, Chiyoda,
Japan) at 30, 45, 60, 75, 90, 105 and 120 DAT; nine healthy
leaves from the bottom to the top of the plant were meas-
ured on five plants per replicate for a total of 135 measure-
ments per treatment. At 120 DAT, chlorophyll fluorescence
was measured with a Handy-PEA (Hansatech, King’s Lynn,
United Kingdom). A fixed area of each leaf was illuminated
with continuous light (650 nm peak wavelength, 3500 pmol
photons m~2 5! light intensity) provided by LEDs. Each
chlorophyll fluorescence induction curve was analysed using
BiolyzerHP3 software in accordance with the so-called JIP-
test (Strasser and Strasser 1995). The following parameters
were calculated from the fluorescence measurements: (1)
minimum fluorescence yield (F; at 50 ps); (2) maximum
fluorescence yield (F,); (3) initial slope at the beginning of
the variable fluorescence (Mo =4-(F300 ps — Fy)/(F, —F));
(4) net rate of the reaction centre closure; and (5) variable
fluorescence at phase J (VI = (F;-F)/(F,-F,)), considered
a good indicator of the PQ-pool redox state. The following
flux ratios and parameters were calculated: (1) maximum
quantum yield of PSII for primary photochemistry (F,/F,,);
(2) probability that a trapped photon, which triggers the
reduction of Q, to Q,-, could move an electron further than
Q,—into the electron transport chain (w,=1-VJ); and (3)
the quantum yield of electron transport (pgy=F,/F-y,).

2.5 Fruit quality analyses

Trusses 1-2 and 3—4 were harvested, sub-samples of fruits
at the full maturity stage (6° USDA colour class of maturity)
were collected to determine fruit chemical characteristics.
One fruit per truss of five plants per replicate was collected
and slices from different fruits were put in a mixer. Part of
the fruit was analysed immediately. In this case, the col-
lected samples were centrifuged (10 min at 5000 rpm) and
the supernatant solution analysed for pH, EC, total soluble
solids (°Brix, by a portable refractometer), K concentration
(by a Shimadzu AAA7000 atomic absorption spectroscope,
Kyoto, Japan) and NO; concentration according to Cataldo
et al. (1975); finally, total acidity (g 100 mL™~" of citric acid)
was determined through titration with NaOH 0.1 N in the
presence of phenolphthalein.
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The remaining part of the collected fruits was lyophilised
(ALPHA 1-4 LD freeze dryer; Martin Christ, Osterode am
Harz, Germany), homogenised and frozen at 80 °C prior to
subsequent analyses. Total phenolics (TP) were extracted
according to Petruccelli et al. (2015). The TP assay was per-
formed using the Folin—Ciocalteu reagent as described by
Luthria et al. (2006). Results were expressed as mg gallic
acid equivalent (GAE) 100 g~! Iyophilized tomato powder.
Standards of gallic acid and all reagents used were from
Sigma (St. Louis, MO, USA). Flavonoids were extracted
according to Dinelli et al. (2006). The content of total flavo-
noids was determined according to Lung et al. (2013) using
rutin as the reference compound.

Total carotenoids were extracted from lyophilized
tomato powder in a hexane:ethanol:acetone (2:1:1 v/v)
mixture according to Olives Barba et al. (2006). Extracts
were suspended in 2 mL of methanol and injected directly
into a high-performance liquid chromatograph (HPLC) for
analysis. The concentrations of individual carotenoids were
assessed using a reversed-phase Beckman System Gold
HPLC (module 125 solvent) equipped with a diode-array
detector, model 168 Nouveau (Beckman Coulter Inc.), with
a Luna C8 column (Phenomenex, Torrance, CA, USA),
according to Van Heukelem and Thomas (2001). The peak
identification and subsequent quantification of p-carotene,
lycopene and lutein was achieved using the standard curve
for each compound and their molar absorptivity coefficient.
The carotenoid content was reported as mg per 100 g sample
on a dry-weight basis. HPLC-grade extraction solvents were
purchased from Sigma.

The free radical scavenging activity, measured using the
1,1 diphenyl-2-picryl-hydrazil (DPPH), was determined
for tomato samples using the method proposed by Brand-
Williams et al. (1995). Radical scavenging activity was
calculated by the percentage of DPPH that was scavenged
using the following formula: percent reduction=[(Ag — Ag)/
Ag]x 100, where Ay is the absorbance of the blank sample
and Ag is the absorbance of the fruit extracts. The ECs,
(effective concentration) values, defined as the amount of
antioxidant required to scavenge a DPPH radical by 50%,
were calculated from the results.

Each analysis was performed in triplicate. Only reagents
from Sigma Aldrich were used for fruit analyses.

2.6 Statistics

The experiment was carried out in a randomized complete
block design. Collected data were analysed by one-way
ANOVA, using the GLM univariate procedure, to assess sig-
nificant (p <0.05, 0.01 and 0.001) differences among treat-
ments. Mean values were then separated by LSD multiple-
range test (p =0.05). Statistics and graphics were supported
by the programs Statgraphics Centurion XV (Stat Point, Inc.,

Herndon, VA, USA) and Prism 5 (GraphPad Software, Inc.,
La Jolla, California USA).

3 Results
3.1 Plant growth and biomass accumulation

Table 2 reports data collected on plant growth and develop-
ment as determined during the cultivation cycle, through
non-destructive methods, or in the final destructive analysis.
Plant height and number of nodes measured at 65 DAT did
not show any effect related to the presence of biochar in
the growing medium, while both the above parameters were
negatively affected by the reduced nutrient concentration
in the nutrient solution (— 12.5% plant height and — 10.0%
number of nodes). After 65 DAT, plants were trimmed to
standardize the production at 5 trusses. Plant phenological
monitoring, which consisted of recording the first and last
(fifth) flower opening and first and last (fifth) fruit set, did
not show any difference among treatments (data not shown).

All other parameters reported in Table 2 were enhanced
by the presence of biochar in the potting mixtures except
for the specific leaf area that was reduced in LFPB plants
compared with the other treatments (— 13.8%). Measure-
ments performed on tomato leaf area index (LAI) (Fig. 1)
at successive growth stages revealed that LAI increased
at a higher rate in plants grown with high nutrient

Table 2 Biometric parameters determined in tomato plants grown
with standard fertilization in combination with the peat-pumice sub-
strate (SFP) or in presence of biochar (SFPB), and low fertilization in
combination with the peat-pumice substrate (LFP) or in presence of
biochar (LFPB)

Parameter” SFP SFPB  LFP LFPB  Significance”

Hgs (cm/plant) 158.4a 161.6a 137.3b 1429b **

Nodesgs (n/plant)  32.7ab 33.9a  29.3c  30.6bc *
LAlyg(m*m™)  247b 276a  1.79d  2.10c ***
LAlygr (m>m™)  5.08a 5252  3.87b 4.89a **

SLA (cm? g_l)
DWoor (2 m—z)

306.2a 276.4ab 287.4a 2509b *
460.2b 515.5a 351.0c 474.9ab ***

* Rk kRxSignificant at p<0.05, 0.01 and 0.001, respectively; dif-
ferent letters for the same parameter indicate significant differences
according to LSD test (p=0.05)

“Plant height and number of nodes measured at 65 days after trans-
planting (Hgs and Nodesgs, respectively) before top cutting (done to
limit plant development at five trusses), leaf area index calculated as
the average of data collected during the experiment and reported in
Fig. 1 (LAl,yg) or measured at the final destructive analysis includ-
ing plant defoliations (LAlgy), specific leaf area (SLA), and total
(aboveground) plant dry weight (DWqp); each value reported in the
table is the mean of three replicates

YStatistical analysis for comparison of values in the row was per-
formed through one-way ANOVA
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Fig.1 Leaf area index (LAI) measured during the cultivation cycle in
tomato plants grown with standard fertilization in combination with
the peat-pumice substrate (SFP) or in presence of biochar (SFPB),
and low fertilization in combination with the peat-pumice substrate
(LFP) or in presence of biochar (LFPB). Measurements are from non-
destructive analysis carried out by Accupar LP-80 ceptometer, except
for the first and last points determined through destructive analysis
(see materials and methods for details). The first and second arrow
show plant defoliation below the first and second truss, respectively,
after harvesting. Points represent the average of replicates; mean
standard deviation of measurements is reported in the top right side
of the figure to avoid line overlapping

concentration and biochar in the root zone compared
with those grown with low fertilisation and peat control
mixtures. The trends of data reported in Fig. 1 were sup-
ported by the estimation of LAI averaged over the whole
crop cycle (Table 2); LF treatments reduced LAI by an
average of 26.0% with respect to SF treatments, while PB
treatments led to values 12.3% higher than P treatments.
Tomato plants grown in the substrates containing biochar
showed the highest LAI and total accumulated (i.e., above-
ground) dry weight at the end of the experiment (Table 2).
In particular, the LFPB treatment performed at the same
level (not significantly different) as tomato grown with
standard nutrient solution in SFP and SFPB treatments.

In summary, the total (aboveground) dry weight of
tomatoes ranged from 351 to 516 g m~2 (Table 2). How-
ever, the addition of biochar only had positive effects on
the vegetative organs of the plants, but not on fruit dry
weight accumulation (Fig. 2). Figure 2 shows the plant dry
weight partitioning of tomatoes as determined at the final
destructive analysis. Leaf and stem biomass were greater
in plants grown in the substrate containing biochar and
significantly reduced only in plants fed with low nutri-
ent concentration and grown in the peat control substrate
(LFP). Total fruit dry weight was instead affected by nutri-
ent solution concentration but not by the presence of the
biochar (Fig. 2).

@ Springer

Fig.2 Biomass production determined in tomato plants grown with
standard fertilization in combination with the peat-pumice sub-
strate (SFP) or in presence of biochar (SFPB), and low fertilization
in combination with the peat-pumice substrate (LFP) or in presence
of biochar (LFPB). Biomass partitioning is reported in terms of dry
weight of stems (dark grey), leaves removed by defoliation below the
first and second truss (light grey), leaves at the end of the experiment
(white), and total fruit (dotted white). Values are means of three rep-
licates. Error bars represent the standard deviation for the total above-
ground biomass accumulated at the end of the experiment. Statistical
analysis was performed through one-way ANOVA; different letters
within columns indicate significant differences for the same param-
eter according to LSD test (p=0.05)

Table 3 Physiological parameters determined in tomato plants grown
with standard fertilization in combination with the peat-pumice sub-
strate (SFP) or in presence of biochar (SFPB), and low fertilization in
combination with the peat-pumice substrate (LFP) or in presence of
biochar (LFPB)

Parameter”  SFP SFPB LFP LFPB Significance”
SPAD v 54.2a  53.6ab  51.8bc  50.1c *ok

SPAD, 442a 44.4a 41.0b 39.9b *ok

Mo 1.01 1.12 1.08 1.04 n.s.

A\ 0.46 0.49 0.51 0.50 n.s.

F/F, 0.78 0.77 0.77 0.77 n.s.

v, 0.54 0.50 0.48 0.50 n.s.

Pro 0.42 0.39 0.38 0.38 n.s.

* Rk kkxSignificant at p<0.05, 0.01 and 0.001, respectively; dif-
ferent letters for the same parameter indicate significant differences
according to LSD test (p=0.05)

“SPAD index calculated as the average over the whole cultivation
cycle (SPAD,yg) or at 120 DAT before the final destructive analy-
sis (SPADg), and fluorescence parameters measured at 120 DAT (see
materials and methods for details); each value reported in the table is
the mean of three replicates

YStatistical analysis for comparison of values in the row was per-
formed through one-way ANOVA

3.2 SPAD chlorophyll and leaf fluorescence

The experimental data collected for leaf chlorophyll and
chlorophyll fluorescence are reported in Table 3. Low
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fertilisation rates (LFP and LFPB) significantly reduced
SPAD chlorophyll compared with plants receiving the stand-
ard nutrient solution (SFP and SFPB). Neither the presence
of biochar in the root zone nor different nutritional regimes
had effects on the photosystem. In fact, none of the fluo-
rescence parameters reported in Table 3 were significantly
influenced by the different treatments, suggesting no damage
to the photosynthetic apparatus.

3.3 Fruit yield and quality

Table 4 reports tomato yield accumulated at end of the culti-
vation period. The impact of biochar on harvested fruit was
not significant. Total and marketable fruit yield were greater
within standard fertilisation (SF) treatments compared with
the low-fertilised plants with or without biochar addition.
Low fertilisation led to a significant reduction of 16.1%, on
average, in terms of total fresh weight, but not number of
fruits compared with SF treatments. Mean fruit weight of
LF plants was lower compared with fruits from the standard
fertilisation but only in the LFP treatment (— 10.7%, on aver-
age), while the presence of biochar in the LFPB treatment
led to yields no different from those of well-fertilised plants.
Unmarketable yield was not significantly different among
treatments and was composed of roughly 70% small fruits
(i.e., <60 g) and 30% fruits with cracking or blossom-end
rot (data not shown).

Table 5 reports the quality parameters of ripe fruit col-
lected from trusses 1-2 and 3—4 at harvest. The results did

Table 4 Yield parameters determined in tomato plants grown with
standard fertilization in combination with the peat-pumice substrate
(SFP) or in presence of biochar (SFPB), and low fertilization in com-
bination with the peat-pumice substrate (LFP) or in presence of bio-
char (LFPB)

Parameter” SFP SFPB LFP LFPB Significance”
Total yield

FW (kgm™2) 10.5a 104a 8.6b 9.1b  **

N (/m?) 715 79.8 767 726  ns.

FW (g/fruit)  136.0a 129.7ab 112.4b 124.9ab *
Marketable yield

FW (kg m™2) 9.57a 947a 7.58b  821b **

N (n/m?) 56.4 60.2 53.6 53.6 n.s.

FW (g/fruit)  170.1a 157.4ab 141.6b 153.5ab *

* kkkkxSignificant at p<0.05, 0.01 and 0.001, respectively; dif-
ferent letters for the same parameter indicate significant differences
according to LSD test (p=0.05)

“Fresh weight (FW), number (N), and mean fruit weight of total and
marketable yield, accumulated at the end of the harvesting period;
each value reported in the table is the mean of three replicates

YStatistical analysis for comparison of values in the row was per-
formed through one-way ANOVA

Table 5 Fruit quality parameters determined in tomato plants grown
with standard fertilization in combination with the peat-pumice sub-
strate (SFP) or in presence of biochar (SFPB), and low fertilization in
combination with the peat-pumice substrate (LFP) or in presence of
biochar (LFPB)

Parameter” SFP SFPB LFP  LFPB Significance’
DM (g 100 ¢y 4572 46la 428> 4.40b

EC (dS m™") 518 558 474 525  ns.

°Brix 3.40 343 3.30 3.27 n.s.

pH 4.04 4.10 4.02 4.02 n.s.

TA (g100mL™") 0.53a 0.53a 0.46b 047b *

K(gL™h 1.88b 2.26a 1.69c 197b  ***

NO, (g L™ 011 014 010 007 ns.

* %k FEESionificant at p<0.05, 0.01 and 0.001, respectively; dif-
ferent letters for the same parameter indicate significant differences
according to LSD test (p=0.05)

“Percentage of fruit dry matter (DMg), and electrical conductivity
(EC), total soluble solids (°Brix), pH, titratable acidity (TA), potas-
sium (K) and nitrate concentration (NO3) measured in the fruit juice.
Values represent the average of measurements carried out on fruits
from the 1-2 and 3—4 trusses, separately; each value reported in the
table is the mean of three replicates

YStatistical analysis for comparison of values in the row was per-
formed through one-way ANOVA

not show any difference in juice electrical conductivity, solu-
ble solids (°Brix), pH, or nitrate concentration. The higher
nutrient concentration in the root zone led to an increase
in fruit dry matter percentage (5.8%) and total acidity
(14.0%), but no effect was observed due to the presence of
biochar in the growing medium. The taste index, calculated
by combining °Brix and total acidity, did not significantly
differ among the different treatments and ranged 0.82—0.85
(data not shown). The presence of biochar in the root zone
enhanced K accumulation in tomato fruits compared with
the peat control substrates; therefore, SFPB ranked first for
K concentration, followed by LFPB and SFP, which per-
formed at the same level.

The impact of the different treatments on secondary
metabolites is summarized in Table 6. The higher nutri-
ent concentration in the root zone led to a significant
increase in total phenols, flavonoids, and lycopene, while
B-carotene and lutein in tomato fruits did not vary among
the different treatments. Total phenols values ranged
from 3.51 mg GAE g~! DW to 3.24 mg GAE g~! DW,
and lycopene contents were 20.8 mg 100 g~! DW and
17.1 mg 100 g~! DW in SFP and LFPB, respectively; the
highest data variability was, however, observed for total
flavonoids in the range of 0.79-1.85 mg RE d~' DW. In
general, the presence of biochar in the substrate had no
effect on the accumulation of the compounds reported in
Table 6 except for lycopene, which was reduced in the
LFPB treatment.
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Table 6 Fruit quality parameters determined in tomato plants grown combination with the peat-pumice substrate (LFP) or in presence of

with standard fertilization in combination with the peat-pumice sub- biochar (LFPB)

strate (SFP) or in presence of biochar (SFPB), and low fertilization in

Parameter” SFP SFPB LFP LFPB Significance”
Total phenols (mg GAE g~! DW) 3.51a 3.45a 3.32ab 3.24b Hokk

Total flavonoids (mg RE g~! DW) 1.85a 1.77a 1.19b 0.79b Hokk
Lycopene (mg 100 g~! DW) 20.7a 20.5a 19.0b 18.4b Hokk

B carotene (mg 100 g~! DW) 5.06 5.03 5.08 5.04 n.s.

Lutein (mg 100 g~! DW) 1.29 1.30 1.21 1.28 n.s.

¥, x% wxESignificant at p<0.05, 0.01 and 0.001, respectively; different letters for the same parameter indicate significant differences according
to LSD test (p=0.05)

“Content of total polyphenols, carotenoids, lycopene, B-carotene and lutein of tomato fruits grown under biochar and different fertilisation treat-

ments; each value reported in the table is the mean of three replicates

YStatistical analysis for comparison of values in the row was performed through one-way ANOVA

4 Discussion

The growing conditions imposed on tomato plants in soil-
less culture induced a significant nutritional stress in plants
fertirrigated with low concentrations of nutrients. Plants
grown in the control substrate thus showed reduced biomass
accumulation, plant development rate and yield when fed
with nutrient solution containing a limited concentration of
essential nutrients in the LFP treatment. In the present work,
the above result supported the hypothesis that LF treatments
caused a reduction in nutrient concentration in the root zone,
which was apt to induce nutrient deficiency and, there-
fore, subnormal growing conditions. The negative effects
of reduced fertiliser supply on agricultural crops are well
known since mineral nutrients are essential for most bio-
metabolic and physiological functions in plants (Marschner
2011). Symptoms like reduced LAI, plant height, biomass
accumulation, tissues nutrient content, leaf chlorophyll con-
tent (namely SPAD index in the present work), and produce
yield and quality were found relating to tomato crops with
limited nutrient availability (Le Bot et al. 2001; Papadopou-
los 1991; Passam et al. 2007; Tabatabaie et al. 2004). Most
of the above effects were consistent with the results collected
in the present work that compared SFP with LFP treatments.
Although a severe stress was induced, no permanent damage
to the leaf photosystem were observed, which revealed that
the low nutrient concentration in the root zone limited plant
performance without having permanent detrimental effects
on the photosynthesis machinery.

Notwithstanding the reduced fertiliser supply, plants
grown in the presence of biochar in the LFPB treatment
showed increased biomass accumulation capacity, thereby
performing at the same levels as well-fertilised plants. The
better performance in terms of total (i.e., aboveground) bio-
mass accumulation was also confirmed in the SFPB that
ranked first compared with SFP. The above results agreed
with Hossain et al. (2010)—the authors observed better

@ Springer

performance (maximum plant height and dry weight) of
tomato plants grown in soil when biochar was applied in
combination with the fertiliser. The same biomass increase
was observed for tomato plants when pine bark was replaced
by biochar up to 40% in the growing medium (Choi et al.
2018). In the present work, biochar was tested in soilless
conditions. Considering the chemical characteristics of the
tested biochar (Petruccelli et al. 2015), its addition to the
root zone led to more nutrients potentially available to the
crop than in the peat control treatments. The amount of total
nutrients delivered to the crop by fertirrigation was com-
pared in this work with the possible nutrient contribution
given by biochar addition. The above calculation led to the
conclusion that the presence of biochar could nominally
increase the availability of nutrients by 1.2 folds in SF treat-
ments and 1.5 folds in LF treatments with minimal or no
variation in total mineral N (N-NO; +N-NH,), Ca and Mg,
and larger variations in P and K. This extra budget of nutri-
ents could be, at least partially, used in strategies to reduce
the input of mineral fertilisers in container-grown plants.
Further reasons for the better tomato performance, in
terms of biomass accumulation, likely lie in the positive
interaction between biochar and plant nutrition, based on
what was proposed in previous works with vegetable and
ornamental crops (Chan et al. 2007; Graber et al. 2010;
Agegnehu et al. 2017). In previous researches, the amelio-
rative action of biochar was found to be a consequence of a
potential extra nutrient budget (Hossain et al. 2010; Vaccari
et al. 2015) and/or indirect consequence of the improved
physico-chemical (Liang et al. 2006; Chan et al. 2007; Ron-
don et al. 2007) and microbiological (Graber et al. 2010)
characteristics of the root zone (Agegnehu et al. 2017).
Although remarkable, the higher biomass accumulation
found in biochar-grown plants did not lead to enhanced
yield. In fact, plants grown in biochar media showed a dif-
ferent organ partitioning trend compared with the peat con-
trol treatments that favoured the development of vegetative
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organs instead of fruit biomass accumulation. Similar results
were previously reported for processing tomato grown in
open field (Vaccari et al. 2015) and greenhouse (Graber et al.
2010) conditions with the addition of biochar in the root
zone. It has been demonstrated that the increase in excess
vegetative organs in tomato plants does not necessarily
lead to higher yield (Heuvelink 1999). In fact, an unbal-
anced source/sink ratio can occur between vegetative and
reproductive organs when the development of the former is
stimulated. To this purpose, Kim et al. (2014) showed how
the adoption of specific strategies for leaf removal can lead
to higher yields in tomato crop.

The trends observed for produce yield were comparable
to those observed for fruit quality. Most of the analysed
parameters were in fact enhanced by the greater nutrient
concentration in the root zone, while no effect was induced
by the presence of biochar. Tomato plants generally react to
environmental stress by accumulating protective molecules
such as antioxidant compounds. In this case, the main driv-
ing variable behind the effects was likely the higher EC in
the SF (2.17 dS m™!) with respect to LF treatments (0.97
dS m™"). Higher dry matter percentage, acidity, and content
of antioxidant compounds in fruits are all well documented
effects in tomatoes grown at increasing EC levels (Cuartero
and Fernandez-Muiioz 1999; Dorais et al. 2001; Dumas et al.
2003). However, the content of antioxidant compounds in
tomato fruits was also found to increase when there was
higher nutrient availability in the root zone (Montagu and
Goh 1990). The only parameter that was positively related
to both biochar application and nutrient concentration in
the supplied nutrients was K content in tomato fruit. Potas-
sium is a key element in human nutrition, and the role of
vegetable crops for the assumption of this mineral is of pri-
mary importance in the diets of human beings and animals
(Romheld and Kirkby 2010). Nonetheless, K nutrition is
also fundamental for any plant species due to its key role in
many metabolism processes; thus, the increased availability
of this element in the root zone can be positively related to
higher photosynthetic rate, leaf expansion, plant growth, and
biomass accumulation (Romheld and Kirkby 2010), all of
which were observed in this work for biochar-treated plants.

In previous studies, biochar application was found to
improve the yield of vegetable crops (Chan et al. 2007;
Hossain et al. 2010; Carter et al. 2013; Dunlop et al. 2015),
including tomato (Nzanza et al. 2012; Vaccari et al. 2015).
However, heterogenous scenarios—both increases and
decreases, as well as no significant change—in produce
yield and quality are also reported in the literature (Chan
et al. 2007; Deenik et al. 2010; Mukherjee and Lal 2014;
Dunlop et al. 2015; Subedi et al. 2017). Several mecha-
nisms have been suggested to explain the positive and
negative effects of biochar on crop growth and production,

varying from chemical fertility (Vaccari et al. 2015; Li
et al. 2018) to macro- and micro-nutrient immobilization
(Subedi et al. 2017). The variability in the results is due
to differences in cropping systems, climate conditions
and biochar type that can differ heavily depending on raw
material and processing (Keiluweit et al. 2010). Petruc-
celli et al. (2015), using biochar obtained from different
feedstock (i.e., poplar wood chips, solid olive residues and
wheat straw), observed that only poplar biochar was effec-
tive in improving fruit development of processing-type
tomatoes while wheat straw biochar and olive residues bio-
char yielded negative effects on plant growth. Suthar et al.
(2018) showed that the pyrolysis temperature induced
changes in biochar properties that, in turn, could improve
tomato growth and fruit quality. The authors highlighted
that tomatoes grown in substrate amended with biochar
produced at lower temperature had the largest growth
index and potentially higher nutritional value. Based on
what was observed in this work for tomato plants, the use
of biochar indeed appears to be a valuable strategy for
improving crop yield of leafy more than fruit vegetables,
as is also highlighted by previous authors (Carter et al.
2013; Awad et al. 2017).

To the best of our knowledge, there are no previous
works reporting the effects of biochar on the yield of fresh-
market tomato grown in a soilless culture under limiting
nutrient conditions. For soilless cultures, the choice of
the correct growing medium is fundamental to reducing
environmental impact since the spent substrates must be
disposed of after use. Moreover, the production of many
growing media highly impacts non-renewable (in the
short-medium period) ecosystems, as in the case for peat-
lands. Biochar, however, is an industrial refuse that could
be exploited as growing media and then landfilled after
use. Replacing peat or other growing media with biochar
appears to be a sustainable practice, in accordance with
the concept of circular production chains in horticultural
production.
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