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This study investigated the effects of applying anaerobically digested food waste

and dairy manure-derived biofertilizers to processing tomatoes. The biofertilizers were

produced from a pilot scale system consisting of coarse solid separation and ultrafiltration

(5,000 Da) with a capacity of approximately 3.8 m3·d−1. The coarse solids had particle

size >53µm and were not used for drip fertigation. The liquid concentrate and permeate

from the system were both delivered to tomato plants through a subsurface drip

fertigation system in a farm-scale cultivation experiment. The results showed that liquid

digestate biofertilizers could be effectively delivered to the tomato plants given that

steps to ensure suitable particle sizes were maintained prior to delivery. The ultrafiltered

dairy manure digestate biofertilizer (DMP) had the highest yield of red tomatoes (7.13

ton·ha−1) followed by the concentrated food waste digestate biofertilizer (FWC) and

mineral N fertilizer treatments with 6.26 and 5.98 ton·ha−1, respectively. The FWC

biofertilizer produced tomatoes with significantly higher total and soluble solids contents

compared to the synthetically fertilized tomatoes. Few significant differences between

the treatments were observed among the pH, color, or size of the red tomatoes. These

results indicate promise for the prospect of applying digestate biofertilizer products to

tomatoes using the industry standard subsurface drip fertigation method. Additionally,

digestate-derived biofertilizers may have potential to increase crop yields as well as

certain quality characteristics of the harvested tomato fruit. No changes in soil quality

were found among treatments but more study is required to understand long-term effects

of biofertilizer applications with regards to soil quality and environmental risks.

Keywords: anaerobic digestate, tomatoes, liquid fertilizers, biofertilizer, subsurface drip fertigation, ultrafiltration

INTRODUCTION

The need to mitigate rising global greenhouse gas emissions demands intensive development of
renewable energy sources as well as the recovery of value from historically underutilized resources.
The Food and Agriculture Organization of the United Nations estimated that 1.3 billion tons of
edible food is wasted globally each year resulting in 250 km3 of corresponding wasted water and
an addition of 3.3 billion tons of carbon dioxide (CO2e) emissions to the atmosphere (FAO, 2013).
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The organic fractions of agricultural and municipal solid wastes
pose an additional concern if disposed of in landfills where
anaerobic decomposition releases methane and other pollutant
gases to the atmosphere (Psomopoulos et al., 2009). Many
US states, including California, face environmental challenges
associated with the management of food waste and dairy manure.
Approximately a third of landfilled material in California is
organic with about 50% of that (5.5 million tons) made up of food
waste (CalRecycle, 2015). These landfilled organics currently
comprise about 2% (8.8 million tons of CO2e) of the total
greenhouse gas emissions of California (CARB, 2017).

Vast quantities of nutrients exist in organic wastes that
can potentially be utilized as fertilizers or soil amendments
to subsidize the tremendous demand for synthetic chemical
fertilizers and to reduce the economic and environmental
costs associated with fertilizer production and waste disposal.
Global greenhouse gas emissions from fertilizer production were
estimated at up to 575 million tons of CO2e in 2007, about
4% of total anthropogenic greenhouse gas emissions that year
(Vermeulen et al., 2012). Meanwhile, nitrate leaching from
fertilizer and manure applications to cropland accounts for 83%
of nitrate loading to California groundwater supplies (Harter
et al., 2012). In addition to groundwater pollution, dairy farms
account for 4.8% of California’s total greenhouse gas emissions
(CARB, 2017).

Organic materials, such as food waste and manure, are
common substrates for the anaerobic digestion process (AD) to
produce renewable energy and nutrient rich effluents. Anaerobic
digestion systems may have the capacity to reduce CH4 and N2O
emissions from dairy operations by ∼60 and 70%, respectively
(Montes et al., 2013). If the effluent from AD (digestate) is
used as fertilizer, more environmental benefits may be realized
including emission avoidance from synthetic fertilizers (Montes
et al., 2013). Digestate has been shown to have excellent fertilizer
potential with several studies showing similar or higher yields
obtained when fertilized with digestate compared to synthetic
fertilizer or undigested animal manures or slurries (reviewed
by Nkoa, 2014). Additionally, some studies have suggested that
controlled management of digestate can suppress soil borne
diseases (Cao et al., 2016), aid in the inactivation of certain
weed seeds when used in combination with soil solarization
(Fernández-Bayo et al., 2017), as well as possibly reduce nutrient
leaching whilemaintaining crop productivity (Walsh et al., 2012).

While anaerobic digestion has been shown to effectively
inactivate some potential pathogens such as Escherichia coli and
Salmonella, others such as Listeria and spore-formers have been
reported to be less affected by the anaerobic digestion process
(Goberna et al., 2011; Insam et al., 2015). Moreover, while
digestate may offer excellent fertilizer potential due to its higher
proportion of mineralized nutrients compared to undigested
materials, attentionmust be paid to avoid over-applying digestate
to land, which can cause negative environmental effects such

Abbreviations: Ø, No fertilizer (negative control); DMP, Dairy manure digestate
permeate; DMC, Dairy manure digestate concentrate; FWP, Food waste digestate
permeate; FWC, Food waste digestate concentrate; Mineral N, UAN32 synthetic
fertilizer (positive control).

as nutrient runoff or leaching, phytotoxicity, increased soil
salinity, pathogen exposure, accumulation of heavy metals,
and/or increased gaseous NH3 emissions (Alburquerque et al.,
2012; Nkoa, 2014; Insam et al., 2015). Digestate contains carbon
in the form of volatile fatty acids and complex organics from
undigested particles (Franke-Whittle et al., 2014). Digestates have
better abilities to sequester carbon in soils than pre-digested
organic waste due to the lower portion of easily degradable
substances in digestate (Maucieri et al., 2017). However, the
delivery method of digestate may influence carbon sequestration
potential and greenhouse gas emissions. It has been clearly shown
that subsurface injection of digestate is preferential to minimize
gaseous ammonia emissions from soil (Nkoa, 2014) but deeper
application is also associated with increased penetration depths of
ammonium and nitrate, which may pose a threat to groundwater
quality (Lili et al., 2016). Even less is known about nitrous
oxide and methane emissions from digestate application to
soil (Möller, 2015).

The costs or profits that may be associated with digestate
disposal or sale is highly variable and dependent on a variety
of factors such as location (Delzeit and Kellner, 2013), targeted
markets (Dahlin et al., 2015), and public and/or grower’s
perception of digestate (Dahlin et al., 2017). Processing of
digestate to reduce volume, improve transportation economics,
and recover nutrients in a more concentrated form may increase
the feasible distances that digestate can be transported and help
to prevent over-application of digestate in areas immediately
surrounding digester plants (Fuchs and Drosg, 2013; Zarebska
et al., 2014). Additionally, after large particles are removed,
digestate can be applied through drip fertigation systems, which
are used in 37% of all irrigated acreage in California and
>60% of processing tomato acreage in California (Tindula
et al., 2013; USDA FRIS, 2013). In addition to certain benefits
of subsurface drip irrigation systems such as increased water
use efficiency and the easier application of fertilizers (Camp,
1998), subsurface fertigation of digestate may also be useful in
decreasing ammonia volatilization from fields following digestate
application (Sommer and Hutchings, 2001; Lili et al., 2016).
However, investigations relating to the performance of processed
digestate as the main source of nutrients in subsurface drip
fertigated cropping systems remains an under-studied area.

The worldwide tomato production reached 182 million tons
in 2017 with regional production dominated by Asia (44.7%)
and followed by Europe (23.3%) and the Americas (20.3%)
(FAO, 2018). In 2015, tomatoes were California’s seventh largest
commodity market with $1.7 billion in sales, about 121,400
hectares of planted area throughout the state, and a total
production of 13 million tons (CDFA, 2016; USDA, 2017).
Tomato irrigation and fertilization is usually accomplished
through subsurface drip lines with small emitters (e.g., 105µm)
that delivery water and nutrients directly to the plant roots (Hartz
andHanson, 2009). The twomost important nutrients for tomato
crops are nitrogen and potassium with average total crop uptakes
of 280 kg N, 45 kg P, and 335–450 kg of K per hectare observed
throughout a season (Hartz and Hanson, 2009). Due to the high
levels of N and K normally found in digestates, it is likely that
digestate could serve as a suitable fertilizer source for tomato.
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In a review of the literature, a few studies have investigated the
use of digestate as a fertilizer for tomato in greenhouse (Qi et al.,
2005; Vaughn et al., 2015; Stoknes et al., 2016) and field (Yu
et al., 2010) experiments. The results of Yu et al. (2010) showed
that digestate application increased the organic matter, available
nutrients, and culturable microbes in the soil as well as contents
of protein, soluble sugar, Vitamin C, and β-carotene in the tomato
fruits. This experiment was performed in the field but included
relatively small plot sizes (6m × 1.8m) and was managed with
furrow irrigation, which is capable of accommodating materials
with larger particles than drip fertigation, which faces challenges
from emitter clogging in the presence of particles greater than
the emitter opening size. Therefore, the feasibility of large-scale
digestate biofertilizer application to tomato crops through drip
irrigation remains uninvestigated.

Biofertilizers have been applied through drip fertigation
before but most experiments consist of adding a supplement of a
liquid formulation of microorganisms of interest, such as N fixers
or P solubilizers (Abdelhamid et al., 2011). Although interest has
recently been observed in the marketing of liquid biofertilizers
suitable for drip-fertigation from a few companies in the US,
there have been extremely few peer-reviewed investigations into
the effects of these products on plant and soil health. Two
studies have investigated the application of diluted poultry
manure (Pibars et al., 2015) and swine lagoon wastewater
(Ponce et al., 2002) through drip lines. Pibars et al. (2015)
focused on investigating emitter clogging in response to the
manure delivery but made no effort to reduce the clogging
through filtration. Ponce et al. (2002) applied swine manure
to tomato plants in soilless culture but little discussion was
presented about the specifics of the drip system such as emitter
size or filtration system. The soilless system used was also
not representative of the industry standard for production of
processing tomatoes.

In this study, we report the development and use of a
digestate processing system that utilized solid-liquid separation
and membrane filtration, with a capacity of 3.8 m3·d−1,
for producing digestate-derived biofertilizer products. The
objectives of this study were to (1) produce liquid biofertilizer
products (concentrated and ultrafiltered) on the pilot scale
from the digestate of a mesophilic dairy manure digester and
a thermophilic food waste digester for crop production at the
farm-scale, (2) examine the feasibility of applying digestate-
derived liquid biofertilizer products through subsurface drip
fertigation for the production of processing tomatoes, and (3)
investigate the impact of biofertilizers on processing tomato
yield and quality. It was hypothesized that (1) the digestate
biofertilizer products would be suitable for delivery to tomatoes
through subsurface drip lines; (2) the biofertilizer products could
be used as the main fertilizer source for tomato plants and
produce similar yields to mineral fertilizer controls; and (3) the
biofertilizers could improve tomato quality. To our knowledge,
the present study is the first of its kind to investigate the
successful delivery of digestate biofertilizers through subsurface
drip lines and to quantify, in a field scale trial, the effects of
drip-fertigation of digestate biofertilizers on tomato crop yield
and quality.

MATERIALS AND METHODS

Digestate Collection and Processing
Digestate was collected from two separate facilities: (1) a
mesophilic digester treating scraped dairy manure, and (2) a
thermophilic digester treating mixed food waste. The digestates
were stored in 26,000 L tanks and processed through a pilot
separation and filtration system consisting of a SwecoTM

vibratory screen (1mm), a 53µm self-cleaning screen, and
a FMX antifouling ultrafiltration system (BKT Co. Ltd.
Anaheim, CA). The general processing scheme can be seen in
Figure 1. The filtration system was equipped with a 5,000 Da
polyethersulfone membrane that incorporated nine sequential
stacks of membranes with vortex-inducing rotating blades to
reduce fouling. The unit consisted of three main lines: feed,
permeate, and concentrate. The feed line was connected to a
full tank of material, the permeate line was connected to a
separate tote, and the concentrate (recycle) line was connected
to the top of the original tank to allow for concentration of
the digestates. When switching between digestate materials,
the membrane system was flushed with at least 190 L of
water and cleaned with 190 L of warm 1% Sodium hydroxide
solution to prevent cross contamination between materials.
The system was capable of processing about 3.8 m3·d−1 of
raw digestate. Each produced material was analyzed for Total
Kjeldahl Nitrogen (TKN), ammoniacal nitrogen (NH+

4 -N),
phosphorus, potassium, sodium, calcium, and magnesium by
Denele Analytical Laboratories (Woodland, CA). The material
at each step in the process was analyzed for Total Solids (TS)
and volatile solids (VS) in the Bioenvironmental Engineering
Research Laboratory at University of California, Davis (UC
Davis) using standard methods (APHA et al., 2017). The
permeate from the system was collected in totes and stored as
liquid biofertilizer while the concentrate stream was allowed to
continue until the desired concentration factor was achieved.
In the end, the permeate and concentrate were 90 and 10% of
the original volume, respectively. Both permeate and concentrate
from the processing system were applied as liquid biofertilizer
products to processing tomato plots (Figure 1).

The liquid biofertilizer storage totes were transported from
the processing system to the test plots at the Russell Ranch
Sustainable Agriculture Facility at UC Davis for application
through drip lines. The liquid products were applied by
fertigation using a high-pressure injection pump directly from
the 1,250 L totes in which they were stored (Figures 2A,B). The
liquid in the totes was hydraulically mixed prior to delivery to
the field. The volume of digestate delivered was determined by
an inline flow meter during delivery to the drip tape.

The drip tape was equipped with 105µm emitters and 300µm
filters were placed upstream of the drip tape to filter out large
particles that might clog the emitters. The biofertilizer products
that were permeate from the ultrafiltration system were applied
easily to the field but initial trials with the concentrate products
revealed that larger particles had formed during storage. This
necessitated further processing to reduce the particle size. The
problematic materials (FWC and DMC) were diluted 2x with
water and re-screened on-site with a sequential bag filtration
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FIGURE 1 | Integrated digestate processing system and biofertilizer application.

FIGURE 2 | (A) Biofertilizer delivery including the tote storing biofertilizer material, a bag filter to ensure no particles larger than the emitters passed though, and a

pump-driven injection system; (B) The tomato field before harvest; and (C) Solids collected from the 150µm bag filter.

strategy prior to application (within 60min of filtration). The bag
filter unit was equipped with 250, 200, 150, and 100µm filter
sizes and each was used individually and cleaned manually when
fouling prevented efficient pumping (Figure 2C). Representative
samples of each tote were taken after hydraulic mixing and
analyzed for TKN prior to application in order to accurately
quantify the nitrogen application rate.

Experimental Design
The experimental design for the tomato cultivation was a
completely randomized block design. The block was chosen by
region of the field to control for any lateral inconsistencies
in soil conditions, sunlight exposure, water delivery, or other
environmental factors that could influence the results of the
experiment. The soil type for all experimental plots was Rincon
silty clay loam. Five treatments of liquid digestate products were
tested in four replicate plots each, with each plot spanning
64m and 97.5 m2 (Figure S1). The experimental area did not
include the first and last 4.6m of each plot in order to avoid
any inconsistencies in growth conditions at the edges of the
plot. The treatments were: (1) no fertilizer (Ø), (2) mineral

N fertilizer (UAN32), (3) dairy manure digestate permeate
(DMP), (4) dairy manure digestate concentrate (DMC), and
(5) food waste digestate concentrate (FWC). The mineral N
fertilizer, UAN32, is a Urea-Ammonium-Nitrate product with
32% N content.

The planting, harvesting and product application schedule
as well as the total nitrogen and volume application rates
for tomatoes are presented in Table 1. Prior to transplanting,
the field received a treatment consisting of 27.6 kg N, 36.1 kg
P, 17.5 kg K, and 1.73 kg Zinc Chelate per hectare. The
tomato (Lycopersicon esculentum Mill.) was transplanted on
April 28th, 2016. The tomatoes were irrigated with 0.25 ha-
m over the course of the experiment. The liquid biofertilizer
products were delivered in four applications. Delivery pressure
during and after fertigation was monitored for increases that
could suggest obstruction of tubes or emitters but none were
observed. By the final application, nitrogen was delivered
at a rate of 202 kg N·ha−1, except for the DMC product.
Unfortunately, the DMC product was abandoned after the
first application due to sustained difficulties resulting from
rapid particle agglomeration. The fertilization rate of 200 kg
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TABLE 1 | Fertilizer application schedule of mineral N fertilizer (UAN-32), ultrafiltered dairy manure digestate (DMP), concentrated dairy manure digestate (DMC), and

concentrated food waste digestate (FWC); amount of N delivered (kg N·ha−1); and volume of liquid fertilizers applied.

Date (2016) Weeks since transplanting Event Ø Mineral N FWC DMP DMC*

April 28 0 Transplanting – – – – –

June 10 6 1st application – 38.1 38.1 40.8 –

June 14 and 15 7 2nd application – 62.8 62.8 56.2 27.6

June 22 and 23 8 3rd application – 62.8 62.8 66.6 –

July 12 11 4th application – 38.1 38.1 38.6 –

August 30 18 Harvest – – – – –

Total N applied (kg N·ha−1) 0 201.8 201.8 202.2 27.6

Total fertilizer volume applied (L·ha−1) 0 477 92,651 148,765 8,905

*Note that the DMC treatment was abandoned after the first fertigation event due to difficulties in applying it due to excessive particle flocculation.

N·ha−1 has previously been found to be sufficient for optimal
growth of drip-irrigated processing tomatoes in California
(Hartz and Bottoms, 2009). Prior to fertilizer application and
at the end of the tomato growing period, soil samples were
taken randomly from the top 30 cm of soil in all treatment
plots. Five replicated samples from each plot were mixed
together in polyethylene bags and stored at 4 ◦C prior to
analysis. The soil pH, NO3-N, NH

+

4 -N, Olsen-P, B, Zn, Fe,
Cu, Mn, and SO−

4 content of the soil samples were analyzed
by a commercial laboratory (Denele Analytical Laboratories,
Woodland CA).

Tomato Harvest
Prior to harvest, tomato leaf chlorophyll content was measured
with a portable SPAD meter. Thirteen measurements were taken
from randomly selected leaves on both sides of each treatment
plot at ∼5m intervals down the entire length of the plot. There
were therefore 104 total leaf chlorophyll content measurements
taken for each treatment category.

Tomatoes were harvested using a mechanical harvester. The
mechanical harvester operated by cutting the whole plants at the
ground and transporting the biomass up an inclined conveyor
for processing to isolate the red tomatoes from the rest of the
plant. The machine separated tomato fruit from non-fruit or
vine biomass and vines were ejected from the machine back
onto the field using a series of powerful vacuums. The fruit was
sorted colorimetrically using an automated digital sensor. Green
tomatoes were discarded by themachine while red tomatoes were
collected into a bin for weighing.

During harvesting, representative samples of tomatoes before
sorting were collected in 19 L buckets from each plot directly
from the harvesting machine. The tomato samples were sorted
into red, green, rotting, and sunburnt tomatoes. Each fraction
was weighed and the percentage of each fraction was calculated.
Additionally, about 30 red tomatoes from each plot were saved
and stored at 4◦C for further quality analysis.

Fresh red tomato yield for each plot was measured onsite. The
tractor-pulled collecting bin was tared before each trip down a
plot and traveled beside the tomato harvester during harvesting,
collecting red tomato biomass. The mass of the red tomatoes as
well as plot length was recorded for each plot. For determination

of dry red tomato yield, five of the tomatoes from each treatment
plot were randomly sampled, cut, and pureed using a food
processor. Total solids (TS) were determined by weighing 7–
10ml of puree into aluminumweigh dishes and drying overnight.
Volatile solids (VS) were determined by burning the volatile
fraction in a muffled furnace at 550◦C for 3 h. Measurements
were converted into ton·ha−1 yields by assuming a plot width
of 1.5 m.

Red Tomato Quality Analysis
Red tomatoes were randomly chosen from those collected from
each plot, washed, and wiped off using a paper towel. The
tomatoes were then analyzed in lab for color, pH, soluble solids
content (Brix), and size distribution. The color of tomato was
determined in L∗a∗b∗ color space using Minolta Chroma Meter
CR200 (Minolta Crop., Ramsey, NJ, USA). Tomato purees were
centrifuged at 4,000·g for 5min and the supernatant was filtered
through a Whatman Grade 1 filter prior to soluble solids content
measurement using a refractometer. The buckets taken from
the field containing 125–155 tomatoes each were also subject
to size classification. The tomatoes were manually sorted into
6 size groups using a PVC-plexiglass size distribution device
with opening sizes of 39.4, 42.9, 45.5, 53.0, and 54.3mm. After
sorting, samples in each group were weighed and the number of
tomatoes in each group was counted. The size distributions were
determined in triplicate.

Statistical Analysis
All data were subjected to statistical analysis using R
software. Statistically significant differences between
treatments were analyzed using analysis of variance
(ANOVA) and Tukey’s range test at 5% significance level.
Prior to ANOVA analysis, the Shapiro-Wilkes test was
performed to ensure normality of all data and Levene’s test
was performed to ensure homogeneity of variance across
samples. In the absence of normality or homogeneity of
variance in the original data, Tukey’s Ladder of Powers
Transformation was performed to improve the data for ANOVA
analysis (Tukey, 1977; Mangiafico, 2016).
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TABLE 2 | Nutrient and salt concentrations of the ultrafiltered and concentrated

digestate biofertilizer products.

Components (mg·L−1) FWP* DMP* FWC* DMC*

Total solids 8,500 6,400 42,900 68,400

Total kjeldahl nitrogen 2,680 1,253 6,865 4,228

NH+

4 -N 2,570 1,141 3,385 1,624

Phosphorus 17.9 4.9 1,210 385

Potassium 1,790 1,647 1,935 1,570

Sodium 815 398 895 354

Calcium 17.5 52.8 2,855 763

Magnesium 5.1 253 244 432

Electrical conductivity (mmho·cm−1 ) 25.0 16.8 24.7 14.6

*FWP is ultrafiltered food waste digestate, DMP is ultrafiltered dairy manure digestate,

FWC is concentrated food waste digestate, and DMC is concentrated dairy

manure digestate.

RESULTS

Chemical Properties of Liquid
Digestate Biofertilizers
The nutrient and salt contents of the permeate and concentrate
of the ultrafiltration unit used for processing the food waste
and dairy manure digestates can be seen in Table 2. The
concentrates had higher concentrations of most components
with the exception of K and Na, which were similar or slightly
lower in the concentrates compared to the permeates. The
tendency of these monovalent ions to easily pass through to the
permeate was also observed in lab-scale characterizations (Barzee
et al., 2015). A higher portion of organic nitrogen was retained
in the concentrate than the permeate with >90% of the nitrogen
in the permeates being present as ammoniacal nitrogen. The
concentrates were enriched in P, Ca, and Mg compared to the
permeates, which was also expected from lab characterization
studies (Barzee et al., 2015).

Tomato Yield
The leaf chlorophyll content was estimated using
SPAD measurements (Figure 3A). The average SPAD
measurements ranged from 22.8 to 31.1 and large
variation was observed between treatments. Differences
in leaf SPAD measurements may be due to differences
in growth stage, health, or nitrogen status of the tomato
plants (Sandoval-Villa et al., 2002).

The fresh red tomato yield was highest in the DMP treatment
(136.4 tons·ha−1) followed by the mineral N fertilizer (125.3
tons·ha−1) and FWC (116.3 tons·ha−1) treatments (Figure 3B).
The DMP treatment also had the maximum yield of dry red
tomato biomass (7.13 ton·ha−1), which was significantly higher
than the mineral N fertilizer positive control (5.98 ton·ha−1, p
= 0.029). The dry yield of the concentrated food waste digestate
(FWC) treatment was 6.26 ton·ha−1 and was statistically similar
to both the DMP and positive control treatments even though
its fresh yield was significantly lower than the DMP. The
DMC treatment yield was low (4.77 ton·ha−1) and was due

to the inadequate amount of fertilizer that was successfully
applied (Table 1). The red tomato fruit total and volatile solids
contents were highest in the unfertilized and biofertilizer treated
plants and lowest in the mineral N fertilizer control (Table 3).
The Brix yield results followed a similar trend to that of
the dry tomato yield (Figure 3C) with the DMP treatment
having the maximum yield (6.01 ton·ha−1), followed by FWC
(5.28 ton·ha−1), and UAN32 (4.87 ton·ha−1). These values
were generally in accordance with previous studies of tomatoes
grown in similar regions (Hartz et al., 2005; Johnstone et al.,
2005).

The distribution of fruits as red, green, rotten, and sunburnt
was determined (Figure 3D). All treatments had 92–93% of all
fruits made up of red tomatoes of sufficient quality for market
with no significant differences (data not shown). Significant
differences were observed in the percentage distribution of fruits
in undesirable categories. The FWC and DMP treatments had
significantly higher amounts of green tomatoes compared to
the DMC treatment, which received little fertilizer (p < 0.03).
The DMP treatment had significantly higher percentage of green
tomatoes compared to rotten and sunburnt tomatoes (p < 0.03).
The DMC treatment, on the other hand, had a significantly
higher percentage of sunburnt fruit than green fruit (p= 0.0075)
and a higher percentage of sunburnt fruit compared to the
sunburnt or rotten fruit from the DMP treatment (p < 0.04).
Generally speaking, more green tomatoes were observed on the
fertilized plants and more sunburnt fruits were observed on
unfertilized plants.

Tomato Quality
The quality of the red tomatoes was determined bymeasurements
of pH, soluble solids (◦Brix), and color (Table 4). The pH of
tomato puree from all treatments was similar (one-way ANOVA
p = 0.0788). The soluble solids in the filtered purees were also
similar with the exception of the mineral N fertilizer treatment
(UAN32) which had a slightly lower ◦Brix content. However, the
relationship was only statistically significant for the comparison
of the UAN32 and FWC treatments. The color of the red
tomatoes collected were similar with few significant differences
observed. The size distribution of red tomatoes was similar across
all treatments with >90% of total tomato fruit by count and mass
having a width <53mm (Figure 4).

Soil Quality
The field soil was homogenized before the field trial and soil
and chemical properties were consistent among treatments
at the beginning of the season (Table S1). The average soil
characteristics prior to fertilizer application were: pH of 6.7, EC
of 1.4 mmho·cm−1, soluble salts of 914 ppm, NO3-N of 3.2 ppm,
Olsen-P of 9.5 ppm, B of 0.2 ppm, Zn of 0.6 ppm, Fe of 8.1
ppm, Cu of 2.7 ppm, Mn of 8.7 ppm, and SO2−

4 of 99.9 ppm.
The average soil characteristics at the end of the tomato season
(Table 5) were: pH of 7.1, EC of 0.6 mmho·cm−1, soluble salts of
402 ppm, NO3-N of 4.1 ppm, Olsen-P of 8.1 ppm, B of 0.2 ppm,
Zn of 0.3 ppm, Fe of 6.1 ppm, Cu of 1.3 ppm, Mn of 2.1 ppm, and
SO2−

4 of 106 ppm.
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FIGURE 3 | (A**) Chlorophyll SPAD measurements of the tomato plants treated with different fertilizers (n = 26, N = 104), (B) Fresh and dry red tomato yield (N = 4),

(C) Brix yield of red tomato (N = 4), and (D) Percentage of total fruit obtained that had undesirable qualities (green, rot, sunburn) (N = 4). Letter categories represent

significance at the α = 0.05 level. *Note that the DMC treatment was abandoned after the first fertigation event due to difficulties in applying it due to excessive particle

flocculation. **Statistical analysis of leaf SPAD data is not presented as the data was highly non-normal and heteroscedastic.

TABLE 3 | Total solids (TS) and volatile solids (VS) contents of fresh red

tomatoes (N = 4).

Treatment Fresh red tomato solids

TS (% w.b.) VS (% w.b.) VS/TS (%)

Ø 5.8 ± 0.23a 5.1 ± 0.41a 87.3 ± 4.5a

UAN32 4.8 ± 0.23c 4.3 ± 0.25b 89.1 ± 1.7a

FWC 5.4 ± 0.13a,b 4.6 ± 0.22a,b 85.2 ± 3.6a

DMP 5.2 ± 0.11b,c 4.6 ± 0.14a,b 88.1 ± 2.3a

DMC* 5.4 ± 0.42a,b 4.8 ± 0.53a,b 88.7 ± 3.0a

Letter categories represent significance at the α = 0.05 level for each respective

measurement category. *Note that the DMC treatment was abandoned after the first

fertigation event due to difficulties in applying it due to excessive particle flocculation.

DISCUSSION

Tomato Yield
Tomato plants that received full fertilization with the
biofertilizers obtained similar or even higher fresh red tomato
yields compared to the mineral N fertilizer treatment. Previous

researches have indicated that the impacts of fertigated organic
fertilizers on tomato yields were not consistent. Some researchers
reported lower yields in organic fertilizer treatments compared
to mineral N fertilizer treatments (Chassy et al., 2006; Pieper
and Barrett, 2009; Yu et al., 2010; Bilalis et al., 2018) due to
nitrogen loss to the environment (Cheng et al., 2004), relatively
lower initial plant available nitrogen, and slow organic nitrogen
mineralization (Hartz et al., 2010). On the other hand, some
studies have also found similar or higher yields when digestate
was used as a fertilizer (Chantigny et al., 2008; Möller et al., 2008;
Nkoa, 2014; de Andrade Lima et al., 2018). The distinct yield
differences could be due to the variation in mineral nitrogen
contents of the organic amendments and different organic
matter mineralization rates. Most studies evaluating yields of
conventionally and organically grown tomatoes use compost
as the organic fertilizer, which may have high proportions of
organic nutrients that mineralize too slowly for the tomato
demand (Bilalis et al., 2018). The method of fertilization can also
play a large role in nutrient availability with some fertigation
systems being capable of reducing nutrient loss (Rouphael
et al., 2019). One study found a significantly lower (7–8%)
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TABLE 4 | Red tomato quality measurements of pH (N = 4), soluble solids

(N = 4), and color (n = 10, N = 40).

Treatment pH Total soluble

solids (◦Brix)

Color

L* a* b*

Ø 4.17 ± 0.04 4.53 ± 0.29a,b 42.1 ± 2.1 26.9 + 3.6 29.6 ± 3.4

UAN32 4.20 ± 0.07 3.9 ± 0.14b 42.2 ± 2.7 26.4 ± 2.9 30.0 ± 3.3

FWC 4.23 ± 0.08 4.55 ± 0.25a 42.4 ± 3.8 26.3 ± 3.6 30.8 ± 4.4

DMP 4.16 ± 0.02 4.40 ± 0.28a,b 41.6 ± 1.5 26.6 ± 3.4 29.1 ± 2.2

DMC** 4.26 ± 0.05 4.50 ± 0.42a,b 43.7 ± 3.5 26.1 ± 3.6 32.0 ± 4.7

Data are presented as means ± standard deviation. Letter categories represent

significance at the α = 0.05 level.

**Note that the DMC treatment was abandoned after the first fertigation event due to

difficulties in applying it due to excessive particle flocculation.

yield in tomatoes that received livestock digestate in furrows
compared to the synthetically fertilized control (Yu et al., 2010),
possibly owing to accelerated ammonia volatilization of surface
application of liquid organic fertilizer compared to subterranean
application or with rapid incorporation to soil (Möller et al.,
2008; Möller and Müller, 2012; Lili et al., 2016).

The dry red tomato yields for fully fertilized treatments
were similar to previous researches in the same region (Hartz
and Bottoms, 2009). Although the mean solids contents were
higher for all treatments compared to the UAN32 treatment
(Table 3), the FWC and DMP treatments could be due to
increased production of organic and mineral matter, which was
reported in a previous study of tomatoes grown on digestate
(Yu et al., 2010) and is in agreement with another study
that tested conventional vs. organic fertilization strategies with
tomatoes (Pieper and Barrett, 2009). We speculate that the
continuous application of high ionic strength biofertilizers can
result in ion accumulation in soil (Munns, 2002; Rodríguez
et al., 2019), which is associated with lower soil water potential.
The lower soil water potential in biofertilizer treatments could
have induced late-season water stress to the tomato plants and
resulted in the higher soluble solids content (Johnstone et al.,
2005). However, no significant differences were observed in the
ratio of VS to TS in the red tomato fruit (Table 3), which
may be expected to decrease if more salts were accumulated
in the fruits. Another possible explanation for the higher solids
production in the biofertilizer treatments may be from moderate
salinity stress imposed from increased electrical conductivity
of the soil from the digestate materials. Many studies have
confirmed this physiological effect in tomatoes, which results in
extended periods of starch accumulation, a reduction in root
water absorption, and decreased fruit size (Moya et al., 2017;
Rodríguez et al., 2019). However, no significant differences in
fruit size were determined in this study. The increased percentage
of premature (green) fruits in fertilized treatments (especially
digestate fertilized treatments) may suggest that higher yields of
red tomatoes may have been obtained with a longer cultivation
period (Davis and Gardner, 1994). The increased distribution
of sunburnt tomatoes in unfertilized or minimally fertilized
treatments may be due to a decrease in canopy cover that exposed
the tomatoes to sunlight more intensely.

Tomato Quality
Biofertilizers maintained or improved tomato quality parameters
compared to the mineral N fertilizer control. The tomato
fruit pH values observed in all treatments were similar to
previous research (Tigist et al., 2013). The lower soluble
solids concentration of the mineral N fertilizer treatment
is in agreement with another study that found lower total
and soluble solids contents in conventionally fertilized tomato
plants and whose mechanism of effect may be similar to
those described earlier for total solids contents (Pieper and
Barrett, 2009). It should be noted, however, that differences in
tomato age are known to influence ◦Brix content with plants
of a higher distribution of younger fruits displaying higher
soluble solids contents than older fruits (Renquist and Reid,
1998). This supports the notion that the digestate biofertilizer
treatments had a higher percentage of younger fruit compared
to the mineral N fertilizer control. Another study justified the
increased ◦Brix content of organically-fertilized tomato plants
as at least partially due to differences in physiological fruit
maturity at time of harvest with the understanding that the
actual mechanism of the increase may be dependent on many
factors (Pieper and Barrett, 2009). Increased soluble solids
concentrations observed in the unfertilized control and DMC
treatments may be due to increased water evaporation from the
fruits resulting from decreased canopy cover in these treatments
(Davies and Hobson, 1981). The higher soluble solids contents
observed in the FWC and DMP treatments were unlikely to
be caused by evaporative losses since sunburnt fruits were not
observed frequently (Figure 3D). Although a quantitative non-
fruit biomass measurement was not undertaken in this study,
visual inspection of the DMP, FWC, and synthetically fertilized
plants revealed robust canopy cover while the canopies of the
unfertilized and DMC plants were relatively less robust. For
tomato size, while the type of fertilizer used may impact yield
and other quality characteristics of the tomato plants, our data do
not support the notion that changes in tomato size distribution
are also connected to fertilizer type, which is in agreement with
literature that suggests that size is mostly genetically determined
(Pieper and Barrett, 2009; Bilalis et al., 2018). Interestingly,
the absence of size differences among the digestate treatments
contributes evidence against the notion that moderate salinity
stress was themain contributor to the increased solids contents of
these tomatoes since it is normally also associated with a decrease
in fruit size (Moya et al., 2017).

Soil Quality and Agronomic Value
No significant differences were found in any of the soil quality
measures among the treatments at the end of the growing season,
including EC and soil pH (Table 5). These data do not support
the suggestion that fertilization with digestate poses a greater
risk of salt accumulation in soil than mineral fertilizer. However,
due to the short time-scale of the study, long-term conclusions
on this topic cannot be drawn. There is a disagreement in
the literature about the effects of digestates on soil quality and
it is likely that many possible impacts are linked to specific
fertilization or irrigation systems. A 2 year greenhouse study
that studied the application of pig slurry (EC between 7.5 and
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FIGURE 4 | Size distribution of red tomatoes obtained as percentage of the total number of tomato fruits collected (Left) and the percentage of the total mass of

tomato fruits (Right) (n = 3). *Note that the DMC treatment was abandoned after the first fertigation event due to difficulties in applying it due to excessive particle

flocculation.

TABLE 5 | Soil chemical properties in different strips of the tomato field

experiment after fertilizer application and before harvest (August 22, 2016).

Component Ø Mineral N FWC DMP DMC*

(ppm)

Soil pH 7.0 ± 0.2 7.1 ± 0.1 7.2 ± 0.1 7.2 ± 0.1 7.1 ± 0.1

EC (mmho cm−1) 0.6 ± 0.3 0.7 ± 0.5 0.5 ± 0.1 0.6 ± 0.1 1.0 ± 0.9

Soluble salts 369 ± 153 425 ± 297 282 ± 43 336 ± 75.6 599 ± 590

NO3-N 5.3 ± 2.3 3.8 ± 1.0 4.0 ± 2.2 3.8 ± 2.2 3.7 ± 2.1

Olsen-P 8.0 ± 2.0 8.3 ± 3.4 7.8 ± 1.3 7.3 ± 2.2 9.0 ± 5.3

B 0.2 ± 0.2 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.0 0.2 ± 0.1

Zn 0.5 ± 0.2 0.3 ± 0.2 0.3 ± 0.1 0.2 ± 0.1 0.2 ± 0.1

Fe 7.0 ± 2.2 5.8 ± 0.8 5.6 ± 2.8 4.5 ± 1.2 7.6 ± 3.9

Cu 1.3 ± 0.1 1.2 ± 0.1 1.3 ± 0.3 1.2 ± 0.0 1.2 ± 0.0

Mn 2.3 ± 0.3 2.1 ± 0.4 2.4 ± 0.5 1.9 ± 0.1 2.0 ± 0.2

SO2−
4 102 ± 5.9 104 ± 2.8 109 ± 2.1 108 ± 3.9 105 ± 8.1

Data are presented as means ± standard deviation (n = 4).

*Note that the DMC treatment was abandoned after the first fertigation event due to

difficulties in applying it due to excessive particle flocculation.

21.1 mmho·cm−1) to calcareous soil growing green pepper,
tomato, and lettuce found increased electrical conductivity and
soluble salt concentrations in the 30 cm soil depth as a result
of the slurry additions (Bernal et al., 1992). A field scale study
growing tomatoes with digestate also found increased soil EC in
the top 10–20 cm of soil from plots fertilized with digestate and
mineral fertilizer (Yu et al., 2010). On the other hand, Odlare
et al. (2008) conducted a 4 year field study using household-
waste digestate to fertilize barley and oats and found negligible
differences in soil physical properties and elemental contents
(N, P, several metals) in digestate treatments compared to the
controls. However, neither electrical conductivity nor soluble salt
concentration were reported. Another field study in India using
digestates to fertilize wheat crops found that digestate-amended

soils had reduced bulk density and increased saturated hydraulic
conductivity andmoisture retention capacities (Garg et al., 2005).
Long-term field trails with drip irrigation systems are necessary
to understand the impact of repeated biofertilizer applications on
soil chemical properties.

The agronomic value of digestate as a fertilizer and soil
amendment has been a topic of study for years with the general
scientific consensus in agreement of the potential of digestates
as effective fertilizers and soil amendments (Nkoa, 2014).
However, there is still progress to be made in understanding
the unique characteristics of each digestate material and the
methods for optimizing each material’s nutrient use efficiency.
The digestate chemical properties, as related to nutrient content
and availability as well as salt content, depend on the anaerobic
digester’s feedstock and operation. The production of nutrient
mineralization models for different digestate materials across
different soil types and climates would allow for the targeted
application of appropriate digestate fractions or the combination
of digestate and mineral N fertilizers for an optimized delivery
of nutrients that directly coincides with crop needs (Tambone
and Adani, 2017). The uncertainty of N release dynamics of
different digestate products in soil can create a challenge for the
proper coupling of plant available N release and crop N demand.
The concentrate and permeate products in this study could
be utilized at different times of the season with the permeate
providing immediately available nutrients with the concentrate
providing a “slower-release” nutrient source with higher carbon
content and soil amendment properties. If balanced properly,
this strategy could provide sufficient nutrients for the crop
while reducing nutrient leaching (Hartz and Bottoms, 2009).
Many strategies and combinations of digestate materials are
possible and the optimal combination for a given environmental
scenario and agricultural practice will ultimately rely on a
solid understanding of the material’s agronomic properties
and economics.
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Challenges of Applying Digestate to
Drip Lines
The delivery of digestate biofertilizers to crop fields poses
a number of practical challenges for growers and fertilizer
producers. There are clear benefits of subsurface delivery of
fertilizers. Therefore, biofertilizers compatible with existing drip
fertigation infrastructure will have high potential for high-value
crops like processing tomatoes where drip fertigation is already a
common practice. However, complex biofertilizers like digestate
or manure contain biological material and nutrients that may
support biofilm formation inside drip lines and also particles that
must be removed prior to injection through the drip lines.

Although we timed the delivery of digestate biofertilizers
to the drip lines to occur approximately halfway through an
irrigation event to allow for large volumes of water to flush
the lines, we didn’t evaluate the long-term performance of the
drip tape after repeated fertigation events. Extensive fouling of
drip lines or emitters may prevent efficient delivery of nutrients
and water to the crop roots and lead to decreased crop yields
or, in extreme cases, crop losses. A main disadvantage of
subsurface drip systems is the inability to directly observe water
delivery from each emitter (Camp, 1998). These concerns may be
amplified if biofertilizer application through drip lines increases
the risk of emitter or line fouling, as has been suggested (Pibars
et al., 2015). Therefore, the potential for biofilm formation and
fouling of drip lines when using digestate biofertilizer materials
must be comprehensively investigated and best practices for
preventing the effects must be developed.

We observed rapid particle flocculation following filtration
of digestate materials to 50µm that complicated (in the case
of FWC) or prevented (in the case of DMC) the successful
delivery of the materials through the drip tape. The factors
(e.g., ionic strength, particle size distribution, particle surface
charge) contributing to the difference in the rate and/or extent
of flocculation in the food waste and dairy manure digestate
materials requires further investigation. Preventative measures to
combat this effect need to be identified and quantified. Delivery
of large particles in the FWC was avoided by injecting the
material rapidly following filtration (within 1 h) but this strategy
is not likely to be practical for commercial growers as it would
necessitate on-site filtration equipment and additional labor
costs. While it may be expected that the DMC product would
perform similarly to the FWC product to produce excellent
yields of high-quality tomatoes, it was not feasible to repeatedly
filter the material quickly enough to allow delivery. Moreover,
repeated filtration of digestate biofertilizers is undesirable as it
removes potentially beneficial elements, such as organic nitrogen,
phosphorus, magnesium, and calcium, that are commonly
associated with small particle sizes (Barzee et al., 2015). Overall,
more research is needed to optimize strategies for biofertilizer
production, storage, and preparation for drip fertigation.

Economics and Commercialization
The economics of digestate processing for the production of
biofertilizer products also deserves increased attention in order to
understand the opportunities and barriers to commercialization.
A wholistic economic analysis of the processing system used in
this study is outside of the scope of the current work but the

most significant capital and operational costs associated with
this system are expected to be from the ultrafiltration system
and transport of liquid products. A recent techno-economic
analysis of several full scale digestate processing systems found
specific capital and operational costs ranged between $6.06 and
$7.83 per m3 of digestate processed (Bolzonella et al., 2017).
The likely costs incurred for liquid hauling are measured by
the distance fixed cost and distance variable cost (DFC and
DVC, respectively). Studies of US and Canada-based markets
have estimated the DFC and DVC costs (in 2018 US dollars) of
liquid manure trucking to be 2.2–3.4 $·tonne−1 and 0.21–0.27
$·tonne−1km−1, respectively (Aillery et al., 2005; Ghafoori et al.,
2007). While the permeate liquid fertilizer (DMP) tested in this
study had the highest tomato yield and quality characteristics,
probably owing to its highly mineralized nutrient content,
it is also the most expensive material to transport due to
its relatively dilute nutrient concentrations. More extensive
processing, such as ammonia stripping or reverse osmosis
filtration, could further concentrate this stream but would
entail higher costs (Chiumenti et al., 2013; Bolzonella et al.,
2017). The similar performance of the concentrated biofertilizer
product to the permeate coupled with its higher nutrient
concentrations suggests it as the more economical fertilizer for
transport. However, it is unclear at this point what additional
processing would be required to ensure this material’s long-
term suitability for drip fertigation systems. Studies on the
economics of digestate processing technologies are available and
highly useful but are mainly focused on European markets,
where anaerobic digestion plants are more common than in
the US (ADAS UK Ltd, 2013; Chiumenti et al., 2013; Delzeit
and Kellner, 2013; Fuchs and Drosg, 2013; Drosg et al., 2015;
Plana and Noche, 2016; Vaneeckhaute et al., 2016; Bolzonella
et al., 2017). Research is needed to describe the economic
conditions, costs, and availability of processing technology in
the US case in order to understand the feasibility of increased
US adoption of anaerobic digestion and digestate processing
technologies as well as their associated biofertilizer products.

CONCLUSIONS

Digestate biofertilizers were effectively delivered to the tomato
plants through a subsurface drip irrigation system given
implementation of filtration steps to ensure suitable particle
sizes are maintained prior to delivery. The red tomato
yields from successful biofertilizer treatments were higher
or similar compared to the synthetically fertilized controls.
The concentrated food waste digestate biofertilizer produced
tomatoes with significantly higher total and soluble solids
contents compared to the synthetically fertilized tomatoes. The
biofertilizer and mineral N fertilizers generally produced a
larger proportion of green tomatoes while minimally fertilized
treatments had greater proportions of sunburnt and rotten
fruit. These results indicate promise for the prospect of
applying digestate biofertilizer products to specialty crops like
tomatoes using the industry standard subsurface drip fertigation
method. Digestate-derived biofertilizers may have potential to
increase crop yields as well as certain quality characteristics
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of the harvested tomato fruit. However, the processing and
storage requirements of different digestate materials deserves
more research in order to overcome challenges in biofertilizer
application through drip fertigation systems. The long-term
effects of digestate application on soil microbiota, nutrient
and salt accumulation, and other soil quality measures is also
needed to determine best practices for digestate application
under different irrigation, soil, and cropping systems. Additional
research should also be carried out to better understand the
economics of different digestate processing options in the US,
the agronomic properties and strategies for optimal nutrient use
efficiency, and the environmental risks and benefits that might
be associated with subsurface delivery of digestate biofertilizers
through drip lines.
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