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Abstract: The principal goal of the organic farming system (OFS) is to develop enterprises that are
sustainable and harmonious with the environment. Unfortunately, the OFS yields fewer products per
land than the non-organic farming system in many agricultural products. The objective of our study
was to assess the effects of digestate and biochar fertilizers on yield and fruit quality of processing
tomato produced under the OFS. The experiment was carried out in Po Valley, during the 2017
and 2018 growing seasons. Liquid digestate (LD), LD + biochar (LD + BC) and pelleted digestate
(PD) were evaluated and compared to biochar (BC) application and unfertilized control. The results
showed that plants fertilized with LD + BC recorded the maximum marketable yield (72 t ha™!),
followed by BC (67 t ha™1), PD (64 tha™!) and LD (59 t ha™!); while the lowest production (47 t ha™1)
was recorded in unfertilized plants. Over the two cropping seasons, LD + BC, BC, PD, and LD,
increased fruit number per plant (+15%), fruit weight (+24%), Brix t ha! (+41%) and reduced Bostwick
index (—16%), if compared to the untreated control. Considering the overall agronomic performances,
digestate and biochar can be useful options for increasing yield and quality of processing tomato
production in the OFS. Hence, these fertilizers can be assessed in future research both on other crops
and farming systems.

Keywords: organic farming system; yield; pH; soluble solid content; Bostwick viscosity

1. Introduction

Processing tomato (Solanum lycopersicum L.) is a globally important cash crop, grown under
different environments and input regimes. In 2019, worldwide production was estimated at ~37 million
tones [1].

In the last 20 years, agriculture challenge is to provide enough and nutritious food for the growing
population, minimizing its environmental impact in order to meet the sustainable development
goals [2]. The organic farming system (OFS) can be an alternative approach to improve agricultural
sustainability compared to the conventional one. OFS emphasizes rotating crops, adopts animal and
green manure or compost to fertilize the crops, managing abiotic and biotic stress naturally, and
improving biodiversity, soil and water conservations [3].
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Reviews and meta-analyses revealed that the OFS has greater soil carbon content and less soil
erosion compared with conventional systems [4—6]. Different works also reported that the agrosystem
biodiversity is improved in the OFS [5,7,8]. In addition, synthetic pesticides and fertilizers are not
allowed, and there is a reduction of nitrate leaching and greenhouse gas emissions in comparison
with the conventional farming system [3,8,9]. However, since the OFS has lower land-use efficiency
than the conventional system, these positive effects are less pronounced and in sometime reversed
when expressed per unit product [9,10]. Seufert et al. [11] found wheat and vegetables to be the lowest,
yielding organic crops, 37% and 33% less than conventional systems, respectively. In addition, when
crop production depends only on green manure crops, the crop yield might be further reduced [12].
Among vegetables processing tomato when cultivated in the OFS showed marketable yield reduction
of ~50% compared to conventional systems [13-17].

Cavigelli et al. [18] reported that nitrogen availability and weed control are the two main factors
influencing crop yield in the OFS. Particularly, nitrogen is one of the main essential nutrients for tomato
growth [19]. Scholberg et al. [20] reported that nitrogen deficiency can reduce tomato leaf area index,
biomass production and fruit yield within a range from 60% to 70%.

Digestate is a by-product of the anaerobic digestion coming from the biogas plant production.
Digestate mainly derives from the digestion of different biomasses such as energy crops (e.g., corn
silage, triticale silage, etc.), vegetable by-products and manure. The solid fraction of the digestate is
rich in minerals (like nitrogen and phosphorus) and organic matter [21,22]. Therefore, digestate could
be interesting as a sustainable fertilizer for crop production. Ronga et al. [23-25] suggested the use of
digestate as innovative fertilizer and growing media for the production of basil, peppermint, baby leaf
lettuce and grapevine in soilless cropping systems. Other researches highlighted improving in quality
and yield of digestate-fertilized crops. In fact, Barzee et al. [19] reported that tomatoes fertilized with
digestate had higher soluble solids contents then synthetically fertilized one, and Simon et al. [26]
reported increases in grain yield in Triticum aestivum L. to respect the untreated control.

Biochar (BC) is considered an inorganic carbon-rich matrix obtained from organic material in
the total or partial absence of oxygen at temperatures below 700 °C [27]. Biochar may enhance the
growth performance and yield of crops, modifying the chemical properties of soil [28]. Changes in soil
properties can make available some mineral nutrients and improve microbial activity [28]. Xu et al. [29]
stated that nitrogen leaching was reduced after the application of biochar. Contradictory reports on
the effectiveness of biochar on crop production are found in the literature. Indeed, squash yield was
increased by biochar applications in the OFS [30], while Gonzaga et al. [31] reported that maize biomass
and its nutrient uptake was not improved by the application of pinewood chip biochar. Moreover,
the same authors highlighted that the increase in soil pH may result in potentially greater nitrogen
losses than unfertilized control. Finally, Hol et al. [32] suggested that biota from biochar-amended soil
was less beneficial for legume plant growth and flowering was delayed.

Few pieces of research are focused on the use of digestate and biochar in the OFS and no one
has yet assessed the effectiveness of these two products applied together in the OFS. In light of the
revision of the European organic regulation (CE 889/2008) that in addition to the recent inclusion
of the digestate could allow also the use of biochar as fertilizers, is fundamental to provide useful
information both to farmers and policymakers. Hence, the objective of the present study was to assess
the effectiveness of different digestate fertilizers, biochar, and digestate + biochar on yield and fruit
technological characteristics (pH, soluble solid contents, Bostwick viscosity) of processing tomato
under the OFS.

2. Materials and Methods

2.1. Field Experiments

The trial was carried out, during a two-year period (2017-2018), in an organic farm located in Po
Valley (44°4117.9” N; 10°34’00.2” E and altitude of 65 m a.s.l., Reggio Emilia, Italy), however on two
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different fields to follow the traditional crop rotation used by the farmer. The well-drained soil was
classified as Alfisoil, according to the American classification of Soil Taxonomy [33]. Sampling up to 30
cm depth was done one month before the transplanting and were immediately analyzed for the main
physical and chemical properties, reported in Table 1.

Table 1. Physical and chemical soil properties of two-year experiment. EC = electrical conductivity;
TN = total nitrogen; CEC = cation exchange capacity.

Soil Characteristics 2017 2018
Sand (%) 5.8 11.2
Silt (%) 54.1 67.5
Clay (%) 40.1 21.3
pH ()
(Soil water suspension) 72 78
EC (dSm™1)
(1:5 soil-to-water) 0.1 0.2
CaCOs3 eq (%) 2.8 94
Exchangeable K;O (mg kg‘l)
(Ammonium acetate method) 226.1 1799
Available P,05 (mg kg‘l)
(Olsen method) 344 55.0
TN (%o0)
(Kjeldahl method) 15 13
Organic matter (%) 2.3 1.8
CEC (meq 100 g™1) 27.0 17.9

The climate is typical continental with cold winter and dry and warm summer. The mean
maximum and minimum air temperatures and total rainfall recorded during the cropping cycles (May
to September) were 29.6 °C, 18.1°C and 191.4 mm in 2017, and 28.8 °C, 18.7 °C and 279.2 mm, in 2018,
respectively (Figure 1).
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Figure 1. The mean maximum and minimum air temperatures and total rainfall recorded during the
cropping cycles (May to September) in the two growing seasons (2017 and 2018).

The OFS comprising the two-year experiment provided for the following crop rotation: alfalfa
(four years)—bread wheat (one crop cycle)—autumn—cover crop of Vicia faba L. and Sinapis arvensis
(half and half mixture, one crop cycle)—processing tomato. The cover crop was used as green manure
for the processing tomato production.

2.2. Growth Condition

In both years, tomato seedlings (Barone Rosso cultivar with blocky-shaped fruits provided by
Tomato Colors, Bologna, Italy) were transplanted into the open field within the first week of May at 2.8
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plants m~2 in a single row with a spacing of 1.60 m between each row and 0.22 m between plants in the

row. This plant density and row spacing were typical for processing tomato cultivation in Northern
Italy and were suitable for mechanical harvesting.

Three digestate fertilizers [liquid digestate (LD), liquid digestate + biochar (LD + BC) and pelleted
digestate (PD)] were assessed in comparison with biochar (BC) application and unfertilized plants
(null control). For treatment LD + BC, LD and BC were applied together using half rates of the dose
adopted for LD and BC treatment, respectively.

A randomized complete block design with three replications was adopted and each plot measured
32m~2 (6.4 m x 5.0 m).

The amounts of different fertilizers [LD, (LD + BC), BC and PD] applied were calculated considering
a total of 150 kg ha™! of N to supply for a tomato crop cycle. The control (CTRL) was untreated. All
the tested fertilizers were manually applied (on the row afterward used to transplant seedlings) and
buried using a disc harrow (one week before the manual transplant).

For irrigation scheduling, evapotranspiration of the crop (ETc) was calculated as ETc = ETo X Kc,
where ETo (reference evapotranspiration) was determined according to Hargreaves and Samani [34],
and Kc (crop coefficient) for tomato crop was adjusted for the environmental conditions and crop
growth stage [35]. In each plot, 100% ETc was restored when 40% of the total available water was
depleted, according to the evapotranspiration method of Doorenbos and Pruitt [36]. A total of 351.0
mm and 224.4 mm of irrigation water were applied in 2017 and 2018, respectively, by drip irrigation.

Weeds control and plant protection were done according to the OFS cultivation guidelines of the
Emilia-Romagna Region (Italy). A single harvest was carried out at the end of the growing seasons in
each year, i.e., within the first ten days of September 2017 and 2018, when the ripe fruits accounting for
approximately 85% of the total.

2.3. Digestate Fertilizers and Biochar Productions

Digestate and pellets were produced in an anaerobic digester (AD) plant owned by
CAT-Cooperativa Agroenergetica Territoriale (Correggio, Reggio Emilia, Italy) as described by
Pulvirenti et al. [21]. The raw materials (ingestates) used in AD were maize (Zea mais L.) silage
(43%), triticale (X Triticosecale Wittmack) silage (22%), cow slurry (27%), and grape stalks (of Vitis
vinifera L.) (8%). Ingestate proportions were calculated according to their fresh weight [21]. After
solid/liquid separation (using a dewatering machine) of the fresh digestate, the chemical parameters
(on fresh weight basis) of the liquid phase were the following: total carbon (TC, 4.45%), total organic
carbon (TOC, 3.74%), total nitrogen (TN, 0.34%), potassium (K,O, 0.95%), (phosphorous as P,Os,
was completely absent). Electrical conductivity (EC = 1.07 dS m~!) and pH (8.03) were measured on
wet material (1:5 ratio), using a pH-conductivity meter (FiveEasy™model, Mettler Toledo, Giessen,
Germany). Conversely, solid-phase digestate was dried and pelleted accordingly to the description of
Pulvirenti and collaborators [21]. This pellet (PD) was also analyzed and the results (expressed on a
fresh weight basis) were here reported (TC 17.19%, TOC 16.32%, TN 1.5%, P,Os5 2.5%, K,O 2.0%, EC
417 dSm™!, and pH 8.28).

The BC used, in our work, was produced as described by Ronga et al. [25], except that pine wood
chips were used as feedstock in the gasifier (PP20 gasifier, manufactured by ALL Power Labs, Berkeley,
CA, USA). The obtained BC displayed the following chemical characteristics: total inorganic carbon
(TIC, 73.4%), TN 0.37%, K0 3.75%, EC 2.57 dSm~!, and pH 10.1.

2.4. Recorded Parameters on Tomato Crops

Atharvest time, five plants were sampled, and plant height was measured. Moreover, physiological
parameters were detected on the youngest fully expanded leaf, using the portable Dualex 4 Scientific
(FORCEA, Orsay, France) instrument: chlorophyll (CHL), flavonoid (FLAV), and anthocyanin (ANTH)
contents were estimated. Finally, the nitrogen balance index (NBI) was calculated as the ratio between
CHL and FLAV parameters.
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At canopy level, Normalized Difference Vegetation Index (NDVI) was measured by SRS-NDVI
(Decagon Device, Pullman, WA, USA), while, the photochemical reflectance index (PRI) were detected
using Decagon SRS-PRI (Decagon Device, Pullman, WA, USA) instrument. The measurements of this
physiological index were taken at a distance of 1 m above the canopy. Ten average spectra, each a
mean of 10 spectra, were recorded per plot.

In order to compare N use across the treatments, the nitrogen applied efficiency (NAE) index was
calculated, which was derived from the marketable fruit yield (t ha=') and the amount of N applied
(kg ha™!) and expressed as t yield kg~! N [37].

Fruit water productivity (FWP) was also calculated as the ratio between the marketable yield (kg)
and the total water used by plants (mm) during the growing season [38].

For destructive measurements, five plants were measured for the main stem length and then
harvested dividing the fruits in ripe, unripe and affected by blossom-end rot (BER). Collected berries
were counted and weighed, so total and marketable yield, and mean fruit weight were calculated. The
above ground biomass was weighed, recorded and oven-dried at 65 °C until constant weight and total
biomass dry weight was obtained.

For fruit quality, ~35 collected fruits per each harvest plot were ground and homogenized (under
cold break preparation) and different parameters were then assessed. The pH was measured with a
Basic 20 pH-meter (Crison, Instrument, Barcelona, Spain), while °Brix was determined using a digital
refractometer (HI 96814, Hanna Instruments, Villafranca Padovana, Italy). Brix t ha~! was calculated
by multiplying the marketable yield (t ha=!) by °Brix and dividing the result by 100. Finally, Bostwick
test was carried out according to that described by Ranganna [39] and viscosity was expressed as
distance (cm) a sample flows in each time interval (1 min). The experiment was performed at room
temperature and repeated three times.

2.5. Data Analysis

Agronomic and physiological data were subjected to analysis of variance (one-way ANOVA)
separately per each growing season due to unpredictable weather conditions under the Mediterranean
basin [40]. Means were separated, when the ‘F’ test of ANOVA for treatment was significant at least at
the 0.05 probability level. For statistical analysis GENSTAT 17th software package (VSN International,
Hemel Hempstead, UK) was used.

3. Results

Three digestate fertilizers (LD, LD + BC and PD) were assessed and compared with biochar
application and unfertilized plants (CTRL). In both years of the trial all fertilizers increased marketable
yield respect to CTRL; moreover, the highest values resulted under LD + BC applications (+54% and
+51%, respect to the CTRL, in 2017 and 2018, respectively) (Table 2). A similar trend was also recorded
for total yield in both years, with LD + BC treatment that also displayed the highest values (+36% and
+47%, respect to the CTRL, in 2017 and 2018, respectively). In addition, our results revealed that LD
+ BC, BC, PD and LD, significantly increased fruit number per plant compared to unfertilized plots
in both the investigated years. Among treatments LD + BC displayed the highest values, and across
years an average increment of +16% compared to the unfertilized plant was found. In addition, LD
and BC when separately applied, resulted in a significantly lower number of fruits per plant than LD +
BC combination.

The fertilizers assessed in the present study also affected plant morphological parameters in both
cropping seasons. Significant lower values of plant height were found for LD + BC thesis in both years
(34 cm and 31 cm, in 2017 and 2018, respectively). However, in the second year, plant height under
untreated control did not differ from LD + BC.
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Table 2. Effect of different digestate and biochar fertilizers on yield and its components. CTRL = unfertilized plants; BC = biochar; LD = liquid digestate; LD + BC =
liquid digestate + biochar; PD = pelleted digestate. Different letters within each column and year indicate significant differences according to Duncan’s test (p < 0.05).

. Fruit . Aboveground Aboveground
TREATMENT Total Xlle 1d MT;ketﬁblf Number (no. H .Pll?tn (t ) ]iVI anLtS:em) Fresh Weight Dry Weight
(tha™1) Yield (t ha™1) plant-1) eight tcm enght icm (g plant™1) (g plant™1)
YEAR 2017
CTRL 52.1 d 45.2 e 24.7 d 43.0 b 69.0 e 667.0 d 22.6 c
BC 66.2 c 64.2 b 27.8 b 51.0 a 75.0 d 1114.0 bc 25.8 b
LD 71.1 b 57.0 d 26.1 C 50.0 a 86.0 b 994.0 C 23.3 C
LD + BC 77.6 a 69.6 a 28.8 a 34.0 c 95.0 a 1294.0 a 29.8 a
PD 70.7 b 61.4 c 27.7 b 51.0 a 80.0 c 1234.0 ab 23.1 c
YEAR 2018
CTRL 54.6 c 49.5 e 25.3 d 32.0 c 70.0 bc 538.0 c 222 c
BC 71.0 b 69.6 b 28.4 b 40.0 b 69.0 c 914.0 ab 19.7 e
LD 71.7 b 61.2 d 25.9 C 39.0 b 72.0 b 821.0 b 215 d
LD + BC 80.1 a 74.5 a 29.2 a 31.0 c 94.0 a 1034.0 a 25.5 a
PD 73.1 b 66.8 c 28.2 b 50.0 a 70.0 bc 991.0 a 23.2 b




Agronomy 2020, 10, 138 7 of 14

More consistent differences for the main stem length as effect of different treatments were noticed
in the first year of the experiment than the second one. However, the LD + BC application always
resulted in the highest values of main stem length (95 cm and 94 cm, in the 2017 and 2018, respectively)
that significantly differed by unfertilized and fertilized thesis.

For the aboveground biomass fresh weight, the highest values were found for LD + BC treatment
that did not significantly differ from PD (1294 and 1234 g per plant, respectively) in 2017 and from PD
and BC fertilizers (1034, 991 and 914 g per plant, respectively) in 2018.

LD + BC fertilization also increased the aboveground biomass dry weight respect to the control
both in 2017 (29.8 and 22.6 g per plant, respectively) and in 2018 (25.5 and 22.2 g per plant, respectively).

Considering the parameters related to tomato crop physiology (Table 3), all of them were
statistically affected by fertilizer treatments. For the leaf measurements, our research highlighted that
LD displayed the highest values of leaf chlorophyll content (CHL) (+19% and +9%, respect to the
CTRL, in 2017 and 2018, respectively). Flavonoid contents measured in 2017 ranged from the lowest
value of 2.22 for LD to the highest one of 2.83 for CTRL, and the same trend was observed in 2018 with
the lowest value detected in LD-fertilized plants (2.27), while CTRL confirmed the highest flavonoid
contents (3.29). For leaf anthocyanin content (ANTH), PD fertilizer resulted in the highest amounts
of these metabolites in both years, without significant differences from BC treatment in 2017. For
the nitrogen balance index (NBI) values, as ratio between CHL and FLAYV, the highest values were
recorded by LD treatment in both years (19.1 and 15.8, for 2017 and 2018 respectively); moreover, for
this parameter increases of +52% and +56% (in 2017 and 2018, respectively) were detected comparing
LD fertilizer with CTRL. Regarding measurements on the canopy, in both years the lowest values of
NDVI were noticed, when LD + BC fertilizer was applied (0.54 and 0.53 in 2017 and 2018, respectively).
Conversely, LD treatment and CTRL showed the highest values of NDVI, in the first and second years
of the experiment, respectively. Considering the photochemical reflectance index (PRI), the highest
values were displayed by BC treatment (+16% and +49% than the CTRL, in 2017 and 2018, respectively),
while the lowest values resulted adopting LD + BC combination in both cropping seasons.

For fruit water productivity (FWP) and nitrogen applied efficiency (NAE), LD + BC displayed
higher values than the other treatments, with average values of +25% and +13% (across treatments
and years), respectively.

Regarding the effect of treatments on tomato fruit quality all the fertilizers significantly increased
mean fruit weight (+24% across treatments and years) and the number of fruits affected by blossom-end
rot (BER) per plant compared to the unfertilized plants (CTRL) (Table 4).

In both investigated years, LD induced the highest °Brix values (+11% and +13%, respect to the
CTRL, in 2017 and 2018, respectively), while Brix t ha~! was positively affected by LD + BC application
in both years (+52% and +48%, respect to the CTRL, in 2017 and 2018, respectively). However, no
significant differences were found between LD + BC combination and BC fertilizer in 2017. Other
technological parameters of fresh fruit were also affected by fertilizers in comparison to untreated
plants (CTRL). Indeed, LD + BC significantly increased pH (+10% and 7%, respect to the CTRL, in 2017
and 2018, respectively), and, on average, all fertilizers decreased the Bostwick index (~ —16% respect to
the CTRL, across treatments and years), hence increasing the juice consistency.
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Table 3. Effect of different digestate and biochar fertilizers on physiological parameters. CTRL = unfertilized plants; BC = biochar; LD = liquid digestate; LD + BC =
liquid digestate + biochar; PT = pelleted digestate; CHL = leaf chlorophyll content index; FLAV = leaf flavonoid contents index; ANTH = leaf anthocyanin contents
index; NBI = nitrogen balance index (CHL/FLAV ratio); NDVI = normalized difference vegetation index; PRI = photochemical reflectance index; FWP = fruit water
productivity; NAE = nitrogen applied efficiency; x = measured using Dualex 4 Scientific; y = using instrument SRS-NDVT; , = using instrument SRS-PRI. Different
letters within each column and year indicate significant differences according to Duncan’s test (p < 0.05).

TREATMENT CHLx () FLAV () ANTH, () NBI, (-) NDVIy () PRI, (-) FWP (kg mm~1) NAE (tkg™1)
YEAR 2017
CTRL 35.64 b 2.83 a 0.272 c 12.6 b 0.74 b -0.005 b 0.0029 d -
BC 24.13 d 2.47 c 0.406 a 9.8 d 0.73 c 0.001 a 0.0042 b 0.428 b
LD 42.36 a 222 d 0.203 d 19.1 a 0.80 a —-0.041 d 0.0038 c 0.380 d
LD+BC 30.61 c 2.71 b 0.382 b 11.3 c 0.54 e —-0.289 e 0.0046 a 0.464 a
PD 23.01 e 2.75 b 0.408 a 8.4 e 0.68 d -0.036 c 0.0040 b 0.410 c
YEAR 2018
CTRL 32.80 b 3.29 a 0.334 d 10.1 b 0.79 a -0.067 d 0.0035 d -
BC 22.41 d 3.04 b 0.254 e 74 d 0.68 d -0.033 a 0.0049 b 0.464 b
LD 35.74 a 227 e 0.479 b 15.8 a 0.73 b -0.036 b 0.0043 c 0.408 d
LD+BC 29.80 c 2.69 c 0.372 c 11.1 c 0.53 e —-0.288 e 0.0053 a 0.497 a
PD 15.66 e 2.34 d 0.488 a 6.7 d 0.71 c —0.048 c 0.0047 b 0.445 c

Table 4. Effect of different digestate and biochar fertilizers on fruit quality parameters. CTRL = unfertilized plants; BC = biochar; LD = liquid digestate used as
fertilizer; LD + BC = liquid digestate + biochar; PD = pelleted digestate; BER = blossom-end rot. Different letters within each column indicate significant differences
according to Duncan’s test (p < 0.05).

Mean Fruit Fruit Affected by Brix Yield (t Bostwick (cm

TREATMENT  yveight (g) BER (no. plant-1) Brix ha1) pH 3057

YEAR 2017

CTRL 65.33 d 70 d 6.1 ¢ 275 d 432 d 55 a

BC 82.67 b 10.0 ¢ 65 b 418 a 451 b 5.0 b

LD 78.00 ¢ 43.0 a 6.8 a 3.87 b 430 d 45 ¢

LD + BC 86.30 a 15.0 b 6.0 ¢ 418 a 474 a 40 d

PD 79.33 ¢ 110 ¢ 57 d 351 ¢ 445 ¢ 5.0 b
YEAR 2018

CTRL 70.00 d 8.0 e 6.0 be 2.97 d 427 ¢ 55 a

BC 87.50 b 20.0 b 6.1 b 424 b 446 b 45 ¢

LD 84.30 ¢ 39.0 a 6.8 a 4.16 b 429 ¢ 45 ¢

LD + BC 91.10 a 13.0 ¢ 59 od 4.40 a 455 a 45 ¢

PD 84.70 ¢ 110 d 5.8 d 3.87 ¢ 441 b 5.0 b
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4. Discussion

High marketable yield is the most important goal in processing tomato production [41]; however,
a large amount of external inputs is required [42]. Processing tomato sustainability may be increased
by adopting the OFS [43] and recently consumers are increasing the purchase of organic farming
products [44]. However, as reported by Ronga et al. [13], lower marketable yields have been reported
in tomato crops cultivated in Southern Italy under the OFS in comparison to conventional farming
systems. Hence, it is of paramount importance for the OFS, that innovative agronomic strategy can
be identified to reduce the current gap with the conventional farming system. In our work digestate
coming from biogas plant and pinewood chip biochar were assessed as alternative fertilizers studying
their effects on processing tomato physiology, yield and fruit quality.

In our study marketable yield was positively affected by different fertilizations showing an average
of 66 t ha™! across the thesis—furthermore, LD + BC combination resulted in the highest productivity
in both years (2017-2018).

Comparisons with other studies on processing tomato produced under the OFS seems not to
be easy in relation to the different environments, cultivars, and agronomic management adopted in
other studies. Nonetheless, the marketable yield recorded in our research falls into the range reported
by Ronga et al. [45,46], showing an average of 45 t ha™! and 86 t ha™! in Italian and Californian
experiments, respectively.

Considering that the average marketable yield recorded under a conventional farming system in
Italy in the last two years was ~50 t ha™! [47], our results demonstrated that it is possible to reduce
the production gap between the OFS and traditional management in processing tomato production.
However, the average yield reported under conventional systems, considered both specialized and
not specialized farms in processing tomato production, but also fields irrigated with different water
distribution systems. Indeed, in the same area, where the present study was carried out and especially in
specialized farms, processing tomato crops grown under the conventional system reached productions
of ~100 t ha™! [48].

The highest marketable yield displayed by LD + BC fertilization can be related to seven main
parameters: fruit number per plant, fruit weight, plant height, main stem length, aboveground biomass
production, FWP and NAE, according to the results showed by Barrios-Masias and Jackson [49] and,
Ronga et al. [48], which investigated the main morphological and physiological parameter involved in
increasing marketable yield under different environments (California and Italy, respectively).

Fruit number per plant and fruit weight are the two most important parameters contributing in
tomato yield. Gains achieved in marketable yield for processing tomatoes were mainly ascribed to
an increase in fruit number per plant [50], nevertheless, Hihashide and Heuvelink [51] reported the
importance of fruit weight in increasing gains in fresh tomatoes for greenhouse productions. The
highest values of fruit number per plant and fruit weight found using LD + BC fertilizer can be due to
an increase in water (rainfall and irrigation) and nutrient (carrying by LD) retentions in the soil as effect
of biochar administration, as already reported by Laird et al. [52] and Sun and Lu [53]. Furthermore,
Scaglia et al. [54] reported that digestates, coming from the biogas plants, can contain phytohormones
as well as other bioactive compounds able to improve plant growth. Nitrogen availability, different
potassium, phosphorous and bioactive compounds contents of fertilizers investigated in our study, as
well as the capacity of biochar to increase the nutrient retentions supplied by LD fertilization represent
critical aspects to be investigated in a future study in order to explain the results obtained here.

Barrios-Masias et al. [49] reported a positive correlation between tomato yield and leaf
photosynthetic activity and the same physiological behavior was also reported for other crops
like wheat [55]. NBI, calculated as the ratio between chlorophyll and polyphenols leaf contents, is an
index of the crop nitrogen status [56]. The highest values of NBI and leaf chlorophyll content showed
by LD-fertilized plants, in both growing seasons, can suggest a low nitrogen utilization for increasing
fruit production. This hypothesis was also confirmed by the lowest value of NAE for the same thesis.
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NDVI and PRI, as physiological indexes linked to yield [57], highlighted the lowest values in
tomatoes treated with LD + BC, suggesting a better utilization of the readily available nitrogen forms
by plants [58], during the crop growth cycle, than the other fertilizers and the untreated control,
putatively with a lower impact on nitrate leaching and nitrogen volatilization. However, further
studies investigating these physiological and agronomic parameters in different growth stages and
under environmental conditions seem to be necessary to corroborate this hypothesis.

While considering the importance of climatic conditions, genotype, soil properties on crop
performances, water and nitrogen availability are the main factor affecting yield [59,60] and hence the
profitability of the processing tomato production [61,62].

The highest values of FWP and NAE as resulted in LD + BC administration indicated a maximized
use of water and nitrogen, in both the trial years. These findings agreed with previous investigations,
indicating the positive correlation between marketable yield and water and nutrient use efficiencies in
processing tomato production [49,63].

Regarding fruit quality, °Brix, a measure of total soluble solids, is a very impacting parameter
for tomato canning companies [64] and is often negatively correlated to fruit yield [65,66]. Indeed, as
shown in the present study, the highest yield as the effect of LD + BC application resulted in lower °Brix
respect to BC and LD fertilizers separately applied to the plants. Conversely, for the last treatments,
lower fruit yield and a higher °Brix than LD + BC administration were noticed. Nonetheless, the highest
yield recorded for LD + BC treatments allowed to achieve the highest values of Brix t ha~1, in both
assessed years, resulting in the high profitability of processing tomato production. Indeed, tomato
paste is produced and sold based on its total soluble solids content, thus, the total soluble solids dictate
the factory yield [63].

BER and Bostwick viscosity are other two important quality parameters in processing tomatoes.
The highest values of BER found in LD-fertilized plants, both 2017 and 2018, can be due to the high
concentration of the ammonia and ammonium nitrogen forms contained in the LD [67,68]. According
to this hypothesis, recently Hagassou et al. [69], reported an increment of BER incidences on tomato
fruits when fertilizers containing ammonium nitrogen were applied. Among the fertilizers studied in
this research, PD displayed the lowest values of fruit affected by BER, and LD + BC combination was
also interesting because it did not increase this fruit physiological disorder. With regards to BER, more
studies are necessary to clarify the effects of the investigated fertilizers on soil calcium availability
as well as plant calcium uptake and its translocation to fruit. Finally, as expected high values of
°Brix resulted in low values of Bostwick viscosity, as also suggested by May and Gonzales [70]. For
fruit quality attributes, a usefully improved of Bostwick viscosity was found applying LD fertilizer
alone or in combination with BC and these results can be related to better plant nutrition during fruit
ripening. On the other hand, no information is available about the effect of the adopted fertilizers on
the Bostwick index.

The highest yield of LD + BC thesis also resulted in a worsening of the pH of tomato juice. An
inverse correlation between yield and pH was already reported by Parisi et al. [71] studying nitrogen
fertilization in processing tomato grown in Southern Italy.

Our results demonstrated that the organic fertilizers assessed in our work improved different
fruit quality attributes of processing tomato in agreement with the results reported by Asami et al. [72],
on strawberry grown under the OFS.

Finally, an assessment of the carbon footprint and the economic impact of the fertilizers should be
investigated in the next studies.

5. Conclusions

Fertilizers assessed in our work improved marketable yield and fruit quality of processing tomato
cultivated in Northern Italy under the OFS. The highest values of total and marketable yields were
obtained with LD + BC combination and these results were related to the highest plant growth and
fertility in terms of fruit number per plant, fruit weight, main stem length, aboveground biomass, FWP
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and NAE. Moreover, LD + BC improved two important fruit quality parameters like Brix t ha=! and
Bostwick viscosity thus ensuring an improved fruit quality for tomato canning companies. Furthermore,
LD + BC fertilization showed the lowest values of NDVI and PRI, suggesting more rapid nitrogen
assimilation during the crop growth cycle and early plant senescence at fruit maturity, ultimately
resulting in facilitated mechanical harvesting. Hence, our results can be considered in future research
aiming to improve fruit yield and quality in other crops grown under the OFS, as well as for new
precision agronomic strategies and facing the environmental uncertainties of climate change. However,
further studies are needed to study the effects of the available macro- and micronutrients of the
fertilizers assessed in the present study, as well as the presence of substances and microorganisms able
to stimulate plant growth.
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