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Abstract

Background. Sixty percent of global crop production depends on inorganic
fertiliser, supporting nearly half of the world’s population. However, this pro-
duction accounts for 1.6% of global CO2 emissions and is based on increasingly
unreliable, finite resources. Thus, there is an urgent need to find sustainable al-
ternatives. Digestate, a by-product of anaerobic digestion, can be used whole as a
fertiliser, or separated into solid and liquid fractions. Liquid digestate is far more
voluminous than solid digestate, making it difficult to store. While digestate has
been used in broadacre agriculture for decades, its use as in horticulture is not
widely studied. 1Up Natural, a British biogas company, produce separated diges-
tate fertilisers from a plant-based feedstock, for retail in domestic horticulture.
On account of liquid digestate’s high volume, it is pertinent to evaluate it as a
replacement to synthetic fertilisers in horticulture.

Methods & Results. To assess liquid digestate’s application as a fertiliser,
a series of progressive pot-based trials were designed. Firstly, liquid digestate was
compared to industry-leading synthetic fertilisers at half and full manufacturer’s
recommended concentration. Synthetic fertiliser outperformed liquid digestate at
the recommended concentration, which was attributed to differing nutrient levels.
Secondly, liquid digestate was matched for nitrogen against a synthetic fertiliser.
Again, synthetic fertiliser increased plant growth relative to liquid digestate, likely
due to limiting influence of non-matched nutrients. Finally, liquid digestate was
applied at different concentrations in a sand-culture experiment, to establish its
suitability as a sole nutrient source. Liquid digestate induced NH4+ toxicity and
deficiency in other nutrients.

Conclusions. Based on these experiments, it is apparent that liquid di-
gestate must be altered to be suitable as a sole nutrient source or alternative
to synthetic fertilisers in low-nutrient mediums. However, liquid digestate may
be suitable for application in high-phosphorus soils to prevent excess phosphorus
application.
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Chapter 1

Introduction

1.1 Food Supply and the Green Revolution

Throughout human history, adequate nourishment through a balanced diet has re-
mained a significant challenge for most civilisations and populations (Wiener, 2018).
Food supply is one of the most important limiting factors of population and can be
subdivided into three major sources: cropland, grassland, and fisheries (Gilland, 1983).
Of this, cropland provides 80% of humanity’s primary food needs (Gilland, 1983), and
thus the productivity of cropland is intrinsically linked to the size of a population. The
control food supply exerts on population size has been causally demonstrated through
the development and uptake of new technologies, which have facilitated greater yields
and increased nutrient content (Smil, 1999b).

The Green Revolution, first termed by William Gaud of the United States of Amer-
ica International Development (USAID) programme, spanned the 20th century, and
facilitated a rapid increase in agricultural production (Jain, 2010). These changes were
driven by the development of new crop varieties, extensive application of nitrogen (N)
fertilisers, and irrigation infrastructure (Jain, 2010; Zeng et al., 2014). A seminal ex-
ample of the paradigm shift in commercial agricultural practices can be found in the
breeding programmes of the Office of Special Studies (OSS), a collaboration between the
Mexican government and the Rockefeller Foundation, under the supervision of William
Borlaug in the 1940s (Perkins, 1998). Through the application of Mendel’s Laws of
Inheritance, which marked an enhanced understanding of plant genealogy borne out of
hybridisation experiments on pea plants, researchers created high-yielding semi-dwarf
varieties of maize and wheat to improve disease tolerance and response to fertilisers
(Naithani, 2021).
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By combining this knowledge with another tenet of 19th century agricultural science,
Liebig’s Law of the Minimum - that plant growth is limited by the scarcest nutrient,
rather than total resources - researchers on the OSS programme were able to increase
yield eight-fold by applying synthetic fertilisers (Naithani, 2021). This research coin-
cided with rapid growth in the availability of synthetic fertiliser - largely through the
industrial synthesis of urea through the Haber process - and discovery of large phosphate
rock deposits in Morocco (Haygarth et al., 2013; Smil, 2000). Borlaug, the architect
of the OSS project, was also a proponent of newly-discovered pesticides to reduce dis-
ease prevalence, such as Paul Müller’s dichlorodiphenyltrichloroethane (DDT), which
was used extensively until its worldwide ban in 2004, due to its probable carcinogenic
properties and effects on non-target organisms (Borlaug, 1972; SSC, 2019).

Through the application of these scientific principles, the OSS developed a package
of improved seeds, crop nutrition, and pest and weed control which was applied to
many other developing countries and crop varieties (Naithani, 2021). This laid the
groundwork for the so-called "Green Revolution", contributing to a doubling of global
population, and tripling in crop yield between 1961 and 2010 (Figure 1.1b).
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Figure 1.1: (A) Global cereal production and yield from 1961 to 2021 in mega-tonnes (Mt) from Our
World In Data (2022) and (B) World population since 1900, and number of people supported and
unsupported by nitrogen derived from the Haber-Bosch process (Source: Erisman et al., 2008).

1.2 Fertiliser Production and Use

This enhancement of yield has come at a cost, however, and agricultural systems have
become increasingly dependent on supplementation by synthetic fertilisers and pes-
ticides to maintain production. As much as 60% of global food production is now
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reliant on inorganic fertilisers (Roberts et al., 2009). Fertilisers typically provide one or
more of three elements essential for plant growth: nitrogen (N), phosphorus (P) and/or
potassium (K).

Nitrogen is available to plants in two main mineral forms: nitrate (NO3
−) and

ammonium (NH4
+) (Bhattacharyya et al., 2020). It is the most important element

for plant growth, as it is a major component of DNA, chlorophyll, and amino acids.
Without N, plants would not have structure or a means of energy transfer. The Haber-
Bosch process,

N2(g) + 3H2(g) <=> 2MH3(g) ∆Hθ = −92kJ mol−1, (1.1)

produces the overwhelming majority of N fertiliser and is responsible for 80% of global
ammonia production (Qin, 2019). As shown in Figure 1.1a, 40% of the world’s pop-
ulation is dependent on the process for survival (Smil, 1999b). The artificial N-fixing
process involves heating air to react atmospheric N with hydrogen, which produces am-
monia (Figure 1.2). Despite being exothermic in the forward reaction (1.1), increased
rates of reaction at higher temperatures mean that heating to 450 ◦C is industry stan-
dard, under a pressure of around 10-15 MPa (Chen et al., 2019). To enable equilibrium
to be reached more quickly, iron(II, III) oxide is traditionally added as a catalyst,
however more effective catalysts, such as hydride, are currently being investigated to
reduce operating temperatures and pressures (Humphreys et al., 2021). While N can
be sourced from the air, 99.5% of the hydrogen produced for the process derives from
fossil fuels, typically methane (Fasihi et al., 2021). Despite significant improvements in
efficiency since its inception, the Haber-Bosch process - largely on account of its scale -
is the most energy-demanding chemical process in existence and consumes around 2%
of the global energy supply, contributing 400 Mt of carbon dioxide annually – 1.6 % of
total global emissions (Liu, 2014). The accelerated speed and scale of N fixation from
the Haber-Bosch process also contribute to a significant imbalance in the N cycle. If
not correctly managed, overapplication or incorrect timing of fixed N can have severe
ecological consequences, particularly within waterbodies (Carpenter et al., 1998).

Phosphorus is only available to plants as phosphate (PO4
3−) ions. It plays a crucial

role in fundamental biochemical reactions, and an adequate supply is needed to increase
response to applications of N and K (Smit et al., 2009). While phosphorus is typically
quite abundant in soils, 95-99% is found in insoluble, unavailable forms (Bhattacharyya
et al., 2020). Plants can access these forms through the production of organic acid root
exudates, such as acetate and citrate, which convert P into plant-available forms: ei-
ther by forming soluble P complexes, or by acidifying the root zone and releasing ions

3
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Figure 1.2: Flow diagram of the Haber-Bosch process, including inputs and outputs. Modified from
Lichtarowicz (2016).

into solution (Hees et al., 2002). Some organic acid exudates, such as citrate, may
also enhance P uptake by chelating with other ions, such as aluminium, to prevent
toxicity (Ma et al., 2001). Phosphate rock is the sole economic source of phosphorus
for fertiliser production, and derives almost exclusively from sedimentary marine ori-
gin (Oelkers and Valsami-Jones, 2008). Apatite is the dominant mineral in phosphate
rock, which makes up 0.35 % of the Earth’s crust (Manning, 2008). Apatite generally
associates with fluoride, and can also associate with other metals, including barium,
cadmium, and uranium posing a potential environmental contamination risk in extrac-
tion and application (Smit et al., 2009). Phosphates are generally found in agricultural
fertilisers as acid-treated soluble PO4

3− salts, typically as superphosphate or triple su-
perphosphate (Manning, 2008). Superphosphate is produced through the reaction of
phosphate rock with sulphuric acid, while triple superphosphate reacts phosphate rock
with phosphoric acid, leaving a much purer product (Smit et al., 2009).

Reliance on rock phosphate for meeting the phosphorus demands of plants has
problems both in supply and use. Firstly, reserves of readily available PO4

3− are finite,
and increases in demand resulting from economic development and population growth
pose a risk of depletion (Smit et al., 2009). Economically viable phosphate rock reserves
may be exhausted by 2080 if current trends are continued (Smil, 2000). These reserves
are also heavily concentrated in certain regions: over 70% of the world’s phosphate rock
reserves are in Morocco and its disputed territory of Western Sahara, posing geopolitical
and monopolistic risks (USGS, 2022). Historically, this asymmetric distribution has
led to exploitation of coastal communities: Clark and Szerszynski (2020) talk about
the joint history of colonialism and phosphate mining in the destruction of Nauru
and Banaba, two PO4-rich Pacific islands rendered “perfectly uninhabitable for men”
through the removal of vast quantities of minerals for fertiliser by colonialists. Scarcity,
distribution and dependence on external energy source can also cause major fluctuations
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in synthetic fertiliser price: rising oil prices caused a seven-fold increase in PO4
3−

fertiliser price in 2007-2008, triggering violent riots in India (Cordell et al., 2009).
Potassium is another element essential for plant growth and is associated with the

movement of nutrients and water through plant tissues, as well as enzymatic and regula-
tory processes such as adenosine triphosphate (ATP) production and stomatal response.
Similarly to PO4

3−, while potassium is often abundant in soils, typically only 1-2% of
it is available to plants (Bhattacharyya et al., 2020). The fraction of potassium readily
available to plants is known as solution potassium, which is water-soluble or adsorbed to
the cation exchange sites of clay particles. This plant-available fraction is also referred
to as potash, of which 95% is derived from potassium chloride, known as muriate of
potash (MOP) (Stewart, 1985). Potash is obtained using either solution mining or con-
ventional underground mining methods. These processes can lead to surface subsidence
and water quality issues, both in extraction and waste management (UNEP and IFA,
2001). While potash reserves remain relatively secure in physical terms, they are con-
centrated within the borders of a few countries: Canada, Russia, Belarus, and China
currently account for over 75% of the world’s known potash reserves (USGS, 2022).
Following sanctions against Russia and Belarus for their involvement in the invasion
of Ukraine, potash price has become increasingly volatile (AHDB, 2022); a sustainable
and secure domestic supply would help buffer against international price fluctuations.

1.3 Anaerobic Digestion and its Role in Horticul-
ture

Anaerobic digestion (AD) is a method of recovering biogas and nutrients from organic
residues in the absence of oxygen and has been adopted at many different scales since its
discovery in the mid-19th century (Liedl et al., 2004; Pullen, 2015). Biogas generation
capacity through anaerobic digestion has consistently increased in both the UK and
globally (IRENA, 2021; IEA, 2022), and bioenergy generation now accounts for about
61% of the UK’s renewable energy generation (BEIS, 2021). China is the largest user of
AD, with over 8 million installations, while Germany has the highest uptake in Europe,
with over 6,800 large-scale digester plants (Pullen, 2015).

Anaerobic digestion produces three broad fractions of product: gas, liquid and solid.
The inputs to a digester, known as feedstock, dictate the ratio of these products and
their potential energy yield (Pullen, 2015). Biogas is typically the primary economic
product of AD and is a mixture of methane, hydrogen, carbon dioxide and other trace
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gases. Biogas can be used for many purposes: it can be combusted onsite in a cogen-
eration engine, compressed and bottled, or refined and injected directly into the gas
grid. Cogeneration is the most common use of AD biogas, and modern gas boilers have
an efficiency of greater than 90% (Pullen, 2015). This option requires only minimal
refinement: hydrogen sulphide and water must be removed to prevent the generation of
sulphuric acid in the generator. Methane, which constitutes 50-70% of biogas, has 21
times the warming potential of carbon dioxide (Pullen, 2015). Through the capture of
this during anaerobic digestion, methane emissions to the atmosphere can be effectively
eliminated, reducing the warming effect versus uncontained organic decomposition.

The remaining solid (known as “fibre”) and liquid (known as “liquor”) fractions are
collectively known as digestate and are considered byproducts of the method, formed
through acidogenesis and methanogenesis, respectively. Acidogenic digestate consists
of fibrous plant matter and possesses high moisture retention, amino acid, and mineral
content, whilst methanogenetic digestate consists of a high-nutrient sludge (Pullen,
2015). Both forms of digestate are overwhelmingly utilised in agriculture, with over
97% being applied to arable lands and forests in Germany (BMUV, 2018).

Digestate can be applied whole, or separated into solid and liquid fractions. Apply-
ing whole digestate can potentially supply a greater range of nutrients over different
timescales, with fibre acting as a high-P, slow-release fertiliser and liquour as fast-release
source of N and potassium (Szymanska et al., 2022). This could offer year-round bene-
fits to soil nutrition and structure into the long term. Alternatively, through separation
- usually with a screw-press (Guilayn et al., 2019) - two distinct products can be gen-
erated. This can give greater control over application, depending on criteria (Al Seadi
and Lukehurst, 2012). For instance, fibre may be preferred in soils with low organic
matter (OM) and phosphorus, but that are high in N; the reverse may be true for
liquor (Al Seadi and Lukehurst, 2012). Furthermore, solid and whole digestate may im-
prove soil physical properties, by reducing bulk density and moisture retention of soils,
which could prove particularly useful in compacted or OM-depleted soils, especially in
water-stressed areas (Möller, 2015).

Liquor is far more abundant than fibre and has a higher volume and mass than the
feedstock influent, on account of water addition during AD (Pullen, 2015). A 1.5 MW
AD plant typically produces over 45,000 t liquor annually, which can be reapplied to
agricultural lands (Mason, 2017). However, this can typically only be done in spring
and summer in many areas, as precipitation events can cause runoff into local catch-
ments (Pullen, 2015). Thus, liquor must either be stored onsite or transported if the
plant is operational over winter; the transport of liquor can be expensive: upwards of
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€20 per tonne (Pullen, 2015). Liquor is currently restricted to agricultural applications,
due to uncertainty of its suitability for other uses (Pullen, 2015). In the United King-
dom, digestate produced from waste products must adhere to the Publicly Available
Specification (PAS) 110, which sets limits on contaminants and pathogen content to be
marketable. However, digestate produced from non-waste products (e.g., energy crops
grown for AD) is not subject to this legislation (EA, 2014).

Attitudes and recommendations surrounding digestate application are also impor-
tant in governing its effective utilisation. Based on its primary uses as a means of waste
management and energy generation, digestate may be viewed by agricultural commu-
nities as a waste product, rather than a valuable source of crop nutrition (Dahlin et al.,
2015). This sentiment may be enhanced by lack of subsidies to digestate fertiliser mar-
kets, and the waste-like characteristics of digestate, notably its offensive aroma (Dahlin
et al., 2015; Case et al., 2017). Consequently, emphasis must be placed on integrating
digestate application into fertiliser management plans (Kovacic et al., 2022; Al Seadi
and Lukehurst, 2012), to avoid overenrichment of soils.

The domestic horticulture market has experienced exponential growth following the
outbreak of COVID-19, with garden centres reporting up to a 4.5-fold increase in sales,
out-competing production of ornamentals (Klinkenberg, 2020; Cruz et al., 2022). Of
this growth, a large proportion of sales represents new gardeners, typically millennials
(Mullins et al., 2021). Mullins et al. (2021) found that over half of those surveyed
grew at least one type of fruit or vegetable at home, with over 17% beginning during
the pandemic. Tomatoes (Solanum lycopersicum L.) are the most cultivated outdoor
vegetable in home horticulture, with 86% of residential food gardens in the United
States growing them, followed by cucumbers (Cucumis sativus) at 46% (NGA, 2014).
Furthermore, while salad greens and herbs remain the most popular crop for indoor
cultivation, there is a growing interest in growing tomatoes indoors (Cruz et al., 2022).
This represents a phase shift in the home horticulture market, toward a more nutrient-
demanding crop, with a longer growth cycle (Cruz et al., 2022). It is important for
producers to meet increasing fertiliser demand sustainably, as over half of new gardeners
are motivated to grow food at home to reduce their environmental footprint (Mullins
et al., 2021).

To maximise sustainability, digestate products must be marketed responsibly. For
instance, where the nutritional content of digestate is unclear or variable – even if it is
not immediately bioavailable – there is a potential for over-application by horticultural-
ists not aware of digestate’s inherent nutrients, or who do not have access to proper soil
testing facilities. Over-application of soil amendments, often through excess applica-
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tion of organic matter, is commonplace in domestic horticulture, even amongst growers
with an education in soil health and fertility (Nelson et al., 2022). As a result, domes-
tic cultivated soils regularly exceed double the recommended organic matter content
(Nelson et al., 2022). While effects of excess organic matter are variable and poorly
understood (Nelson et al., 2022), this highlights a broader ’more is better’ philosophy
(Moebius-Clune, 2016). Therefore, responsible manufacturer dosage recommendations
will account for a propensity for growers to over-apply.

Anaerobic digestion is predominantly a means of waste management and maximi-
sation currently, and thus the feedstock is frequently variable or sub-optimal for plant
growth (Dahlin et al., 2015). Theoretically, through controlling feedstock inputs, bio-
gas production can be made more reliable, and a more homogenous digestate will be
produced, although this is only recently being evaluated (Häfner et al., 2022). 1Up
Natural Ltd is a firm based in Cumbria, United Kingdom which owns and operates an
AD plant. The biogas produced is converted to electricity using a dual CHP generator,
which generates 1.1 MW/h electricity at 97% efficiency. The feedstock is controlled to
consist of 70% grass and 30% energy crops (e.g., maize): co-digestion of readily de-
graded grass and more cellulose-rich energy crops improves the speed and efficiency of
the process. As the digestate consists of virgin crops and not waste, the product is not
subject to PAS 110 requirements and is saleable without further refinement.

While digestate has been used extensively in broadacre agriculture as a means of
nutrient recycling and waste management, very little is understood about its potential
in different markets, especially liquor application in home horticulture (Weimers et al.,
2022). To be viable in competitive domestic and industrial marketplaces, digestate
must provide similar or superior benefits for plant growth and health, at a similar or
cheaper economic cost to synthetic fertilisers. Therefore, this thesis seeks to evaluate
the value of the liquid fraction of digestate as a fertiliser for use in domestic horticulture,
through a series of commercially-realistic experiments.

As such, the following hypotheses are presented:

I Plant-based liquid digestate offers comparable performance at the manufacturer’s
recommended concentration for tomatoes compared to synthetic fertilisers.

II When matched for nitrogen, plant-based liquid digestate offers comparable perfor-
mance to synthetic fertiliser.

III Plant-based liquid digestate is suitable as a sole nutrient source for tomatoes under
protected horticulture.
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Chapter 2

Literature Review

While digestate has been widely used in agriculture for decades, this has traditionally
been a function of availability, and as such use has typically been a function of vicinity
to biogas reactors (Feiz et al., 2022). However, a growing sustainability market has cre-
ated commercial opportunities for biofertilisers, and subsequently digestate application
has broadened to different sectors, including domestic horticulture and hydroponics
(Network, 2019; Rossdeutsch et al., 2022). To be successful in these markets, digestate
must be refined to produce a more reliable, homogenous product with predictable out-
comes for plant growth. One method of achieving this, and which also aids storability,
is to separate whole digestate into solid and liquid fractions (Möller and Müller, 2012).
As the liquid fraction comprises 75-80% of digestate fresh matter (Möller and Müller,
2012), it could represent a major additional income source to plant operators if valuable
as a fertiliser. To evaluate liquid digestate in this context, a comprehensive evaluation
of typical compositions of liquid digestates, and the implications that this may have on
plant growth and yields - particularly of important horticultural crops, such as tomato
- is essential.

2.1 Characterising Liquid Digestate and its Prop-
erties

The composition of the liquid fraction of digestate displays high variability depending
on feedstock, reactor set-up and method of separation (Akhiar et al., 2017). As Table
2.1 shows, both solid and liquid digestate have a high pH, while liquid digestate is
typically high in nitrogen (N) and potassium (K), and the solid fraction higher in
phosphorus (P) (Hjorth et al., 2010). The concentration and form of nutrients in
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digestate is dependent on both the feedstock and digestion process, and there can be
high variability (European Commission, 1996; Table 2.1). The dominant form of N in
both fractions of digestate is ammonium (NH4

+), due to anaerobic conditions in the
reactor, which restrict nitrate (NO3

−) formation. Based on Table 2.1, liquid digestate
appears to be higher in calcium (Ca) but lower in heavy metals than the solid fraction.
In contrast, other studies demonstrated that copper (Cu) and zinc (Zn) partitioned onto
the fine particles found in the liquid fraction of digestates derived from animal slurry,
food and/or industrial waste (Popovic et al., 2012; Kupper et al., 2014). Therefore,
while a general overview can be obtained from examining general characteristics of
liquid digestate, the exact composition is source-dependent, and depends highly on
feedstock.

According to Möller and Müller (2012), the ratio of NH4
+ to total-N depends on the

feedstock: a highly degradable feedstocks (e.g., cereal grains and grass silage) will pro-
duce a higher NH4

+-N/total-N ratio, and a lower Carbon (C):N ratio than more fibrous
feedstocks (e.g. silage maize). Degradability is related to the C:N ratio Möller and
Müller (2012), and thus more fibrous, cellulose-rich feedstocks will remain in organic
form for longer. The digestate produced by 1Up Natural Ltd derives from grass, maize
and whole crop silage, with relative ratios depending on seasonality (W Tuer 2022,
personal communication, 23 September). Phosphate in digestate is mostly found as
struvite (MgNH4PO4·6H2O) and hydroxyapatite (HAp, Ca5(PO4)3OH), both largely
insoluble minerals, with Güngör et al. (2007) finding they comprised 78.2% and 21.8%
of total PO4

3−, respectively, in a dairy manure-based digestate. These compounds are
formed when metal salts (iron (Fe−), Ca−, Aluminium (Al−)), added to digestates for
desulphurisation, cause P to precipitate out of the liquid fraction, entering the solid
fraction (Möller and Müller, 2012; Möller et al., 2018). As a result, solid digestate
is typically high in P, with a large portion - at least 88% (Regelink et al., 2021)- in
inorganic form, although it is largely insoluble. However, the high organic matter con-
tent of digestate may counteract this unavailability, through competitive adsorption
to soil and metal ion surfaces by organic molecules, releasing P into the soil solution
(Yang et al., 2019). The magnitude and nature of this effect is site-specific and affected
by numerous factors, including soil pH, with contrasting results also being reported
(Hiradate and Uchida, 2004). Furthermore, the organic P contained within both the
liquid and solid fraction of digestate - approximately 10% of total P (Tuszynska et al.,
2021) - may also enhance P reserves in soil, and become available through solubilisa-
tion by phosphobacteria or lowering of soil pH through organic acid root exudation
(Deng, 2021). Therefore, while P contained in digestate may not be immediately plant-
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available, it may act as a longer-term P source, particularly in acidic soils (Regelink
et al., 2021), providing nutrition to plants and reducing vulnerability to nutrient run-off
into waterbodies.

As Table 2.1 shows, K+ is unaffected by anaerobic digestion, and thus mostly re-
mains dissolved in the liquid fraction (Möller and Müller, 2012). Micronutrient concen-
trations are variable within and across digestate (Table 2.1), particularly for Fe - likely
a function of addition volumes in the biogas reactor.

The conditions and duration of liquid digestate storage prior to application can
significantly affect composition (Plana and Noche, 2016). Due to its high volume and
seasonal restrictions on fertiliser application to fields, liquid digestate is typically stored
in large ponds, known as lagoons: these may be covered or uncovered (Plana and Noche,
2016). Installing air-tight covers to these lagoons can reduce greenhouse gas emissions
by 65% (Luostarinen et al., 2011) compared to open storage, and retain 55-100% of the
NH4

+ in the liquid digestate (Rehl and Mueller, 2011). Additionally, liquid digestate
stored in uncovered lagoons is subject to photodegradation by sunlight, dilution by
precipitation and nutrient leakage through adverse weather conditions (Al Seadi and
Lukehurst, 2012).

Liquid digestate is biologically-active, and microbial communities are largely a func-
tion of feedstock. While some have identified pathogenic bacteria, particularly in
manure-based digestates, with Furukawa and Hasegawa (2006) measuring 10 times
more E. coli and faecal Streptococci in manure-based digestate than one derived from
food-waste. However, there appears to be high variability even within feedstock groups
(e.g E. coli in Table 2.1 and 2.2) with standard deviations often as high as the mean.
Thus the size and composition of microbial communities are likely a function of individ-
ual biogas reactors. Bacteria/fungi ratios are variable in liquid digestate, but bacteria
dominates when applied to soils - Walsh et al. (2012) found a 1.8-fold greater increase
in soil bacteria when liquid digestate was applied relative to undigested solids.

2.2 Evaluating Suitability of Liquid Digestate as a
Biofertiliser

The high mineral-N: total-N of liquid digestate (Table 2.1) represents a promising source
of plant-available N (NH4

+), which could reduce dependency on artificial sources. How-
ever, while NH4

+ assimilation is energetically favourable for plant uptake compared to
the other major form of mineral N, nitrate (NO3

−; Salsac et al., 1987), the former can
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Table 2.1: Nutrient analysis of liquid digestates and solid fraction depending on feedstock, compiled
from different sources by Reuland et al. (2021a). Values are a mean average with ± Standard Deviation.

Parameter Unit
Liquid digestate

from manure and
energy crops (n=95)

Liquid digestate
from biowaste

(n=41)

Liquid digestate
from biowaste,

manure and/or energy
crops (n=86)

Solid digestate
from mixed

source (n=6)

pH 7.9 ± 0.3 8.0 ± 0.2 8.0 ± 0.4 7.8 ± 0.5
Dry Matter (DM) Fresh Weight g kg−1 63.7±28.1 51.8 ±30.5 43.1±19.7 129.3 ±32.0

Organic Matter (OM)

Dry Weight g kg−1

702.1 ±80.1 614.8 ±82.5 626.5 ±97.1 604.4 ±133.8
Total Organic Carbon (TOC) 390.0 ±44.5 341.5 ±45.8 340.9 ±61.4 335.8 ±74.3

Total Nitrogen (TN) 93.2 ±33.8 111.9 ± 59.0 128.5 ±77.2 43.6 ±23.3
Ammonium (NH4+-N) 51.5 ±25.0 75.3 ±45.5 75.8 ±51.5 8.6 ±5.8

Potassium Oxide (K2O) 80.7 ±26.7 62.0 ±27.6 81.3 ±40.4 30.9 ±11.0
Phosphorus Pentoxide (P2O5) 28.6 ±11.1 11.8 ±5.4 34.5 ±23.3 34.8 ±24.8

Calcium Oxide (CaO) 44.4 ±17.1 74.0 ±11.5 37.7 ±22.5 10.3 ±1.5
Magnesium (Mg)

Dry Weight mg kg−1

9.6 ±3.1 8.7 ±2.9 7.6 ±5.5 9.0 ±4.0
Chromium (Cr) 8.5 ±7.1 31.9 ±8.4 8.2 ±3.3 41.0 ±3.1
Cadmium (Cd) 0.4 ±0.2 0.8 ±0.2 0.3 ±0.2 0.8*

Lead (Pb) 3.7 ±2.4 16.0 ±1.3 4.2 ±2.7
Nickel (Ni) 8.6 ±3.6 19.1 ±4.5 9.4 ±5.4 31.9 ±5.9*
Zinc (Zn) 395.4 ±388.2 304.7 ±41.5 334.9 ±207.8 1144.0 ±1.4*

Copper (Cu) 97.3 ±110.9 90.2 ±11.7 83.3 ±78.6 476.0 ±120.2*
Mercury (Hg) 0.1 ±0.0 0.2 ±0.1 0.0 ±0.0

Iron (Fe) 3193.3 ±988.6 3795.3 ±247.1
Manganese (Mn) 264.3 ±73.7 314.6 ±308.6

TOC:TN
%

4.7 ±1.5 3.9 ±2.2 3.8 ±2.5 5.5 ±0.8
NH4+:TN 54.4 ±12.8 68.8 ±19.9 61.5 ±16.8 24.0 ±15.2

E. coli 47.3±62.5 161.2±327.0

Table 2.2: Average pathogenic microbial communities contained in different digestates in Log colony
forming unit (CFU) g−1 fresh matter, from an experiment by Furukawa and Hasegawa (2006). Values
are a mean average, and ± denotes standard deviations.

Digestate Coliform Group Escherichia coli Faecal streptococci Vibrio parahaemolyticus
Kitchen waste effluent 3.3 ±3.4 1.9 ±2.1 1.9 ±2.2 3.1 ±3.1
Cattle manure effluent 2.7 ±2.7 2.7 ±2.7 3.0 ±3.0 2.8 ±1.6

cause toxicity in low doses, particularly in tomatoes (Britto and Kronzucker, 2002).
To prevent interference with energetically-similar K+ (which affects pH regulation of
the cell membrane), NH4

+ must be immediately converted to amino acids, primarily
glutamine and glutamate (Schulze et al., 2019b). These amino acids donate the NH2

groups used to make protein; however, this process releases protons, which are excreted
through the root (Schulze et al., 2019b). The resulting acidification of the rhizosphere
can lead to a release of heavy metals and basic cations contained in the soil, which
are toxic to roots (Schulze et al., 2019a). Under NH4

+ toxicity plants tend to grow
slower, while developing interveinal chlorosis and eventually necrosis of leaves (Britto
and Kronzucker, 2002). NH4

+ toxicity has been observed in numerous plant growth
trials using liquid digestate (Table 2.4). A common method of ameliorating this issue is
to increase the relative proportion of NO3

−, through supplementation (e.g. Liedl et al.,
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2004), and/or nitrification: either through sparging and/or a biofilm (e.g.Liedl et al.,
2006; Weimers et al., 2022).

Furthermore, NH4
+ toxicity can induce deficiency and toxicity in other nutrients.

Firstly, the protein complexes that must be produced to assimilate NH4
+ safely require

sucrose for the C-skeleton: toxicity both consumes and restricts this supply by limiting
the rate of photosynthesis by decreasing CO2 fixation, due to changes in the chloroplast
structure, and uncoupling of plasmatic energy gradients (Britto and Kronzucker, 2002).
While not directly reported as C deficiency, the stunted growth observed under liquid
digestate trials encountering NH4

+ toxicity (e.g. Liedl et al., 2004) were likely due to,
among other things, C deficiency. Furthermore, NH4

+ uptake can competitively inhibit
magnesium (Mg) uptake (Schulze et al., 2019b). Combined with already low amounts of
Mg in liquid digestate, this can lead to deficiency in plants treated with liquid digestate,
including tomatoes (Liedl et al., 2004).

The low concentrations of P in liquid digestate resulted in deficiency in several
studies (Table 2.4), and supplementation was often required (e.g., Stoknes et al., 2016;
Weimers et al., 2022). Weimers et al. (2022) also reported boron (B) and sulphur
(S) deficiency in pak choi (Brassica rapa, ssp. chinensis) as unamended digestate had
insufficient concentrations - this was successfully ameliorated through mineral supple-
mentation.

Studies on the effectiveness of the liquid fraction of digestate as a fertiliser have
predominantly focussed on either hydroponic or field-based applications of manure or
waste-based liquid digestates (Table 2.4). While these have yielded results applicable
to industrial systems, they may not relate well to traditional domestic horticulture
practices. Furthermore, there is high heterogeneity in methodology, with different cri-
teria for comparing treatments (e.g. concentration vs total amount, matching for one
nutrient vs EC etc.), and the use of different plant species, which likely influence out-
comes. However, studies appear to concur that – albeit often through amendment -
liquid digestate can be a suitable nutrient source for plant growth, and so there is merit
in evaluating the applications of a plant-based digestate within domestic horticulture.

Studies evaluating the microbial effects of liquid digestion as a separate fraction
have only begun recently (Möller and Müller, 2012). As a result, the mechanisms and
outcomes of liquid digestate application to soils, and implications on plant growth,
remain mixed and poorly understood. While several pathogens were identified in the
digestates applied by Furukawa and Hasegawa (2006), these were not detected in the soil
at harvest. Panuccio et al. (2021) observed accelerated mineralisation of organic matter
and enhanced microbial activity following liquid digestate application, although this
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study did not study impact on plant growth. However, Barduca et al. (2021) observed a
decrease in soil ΣCO2 efflux following liquid digestate application, which they attributed
to high NH4

+ concentration and negative competitive effects: digestate is bacteria-
rich and, when applied to soil, may overwhelm autochthonous fungal communities.
Following soil analysis, they found a fungal/bacterial ratio of 0.25 (Barduca et al.,
2021). Previous studies of the effect of liquid digestate application on soil microbes and
plants have largely been conducted in isolation from one another. Whilst valuable for
a detailed mechanistic understanding, separate evaluation of liquid digestate’s effects
on microbes and plants may not be practical: for instance, if liquid digestate must
be applied in large quantities to stimulate microbial growth, high nutrient levels (in
particular NH4

+) may surpass the threshold for toxicity.

2.3 Suitability of Liquid Digestate for Growing
Tomatoes

Tomatoes (Solanum lycopersicum L.) are the most popular outdoor crop both com-
mercially and domestically, and are grown in 86% of residential food gardens in the US
(Schwarz et al., 2014; NGA, 2014). Since they readily grow in a variety of systems, they
are one of the most studied plants (Schwarz et al., 2014). Under hydroponic systems,
one of the most widely used tomato-specific nutrient solution is that of De Kreij et al.
(1997), outlined in Table 2.3 (Schwarz et al., 2014). At different stages of development,
tomato plants have different nutrient requirements - for instance during the vegetative
stage, calcium (Ca), which is makes up 2-5% of leaf dry mass, is required in higher
quantities than when producing fruit, which contain 0.15% Ca by dry mass (Schwarz
et al., 2014). Therefore, Table 2.3 serves as a useful indicator of optimal proportions of
nutrients, from which the utility of a fertiliser can be estimated. By normalising other
nutrient concentrations against NH4

+, the averages for liquid digestate derived from
manure and/or energy crops in Table 2.1 were compared to Table 2.3 (Table 6.2 in Ap-
pendix B). Based on these ratios, deficiency may occur when a typical liquid digestate
is applied at the recommended NH4

+ concentration, particularly for K, Mg, Ca and
Fe in the root zone. Indeed, Mg deficiency has been identified in previous hydroponic
tomato growth trials using liquid digestate (Liedl et al., 2004). Phosphorus deficiency
has also been identified in these trials (Stoknes et al., 2016), and can induce stomatal
closure and root elongation in tomato (Clarkson and Scattergood, 1982).

Tomatoes have high nutrient demands, making them a suitable crop for plant nu-
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trition studies. Some experiments applying liquid digestate have used tomatoes (Table
2.4), with variable results.

As reflected by its application quantity in Table 2.3, N, as in most plants, is probably
the most important nutrient for growth (Benton-Jones Jr, 2007). The form of N is
important: as is widely established in literature, and reflected in the NO3

−:NH4
+ ratio

(Table 2.3), tomatoes prefer N as NO3
−, and are sensitive to NH4

+ (Benton-Jones
Jr, 2007). Ammonium toxicity has been reported as an issue previously when using
liquid digestate hydroponically to grow tomatoes (Liedl et al., 2004; Stoknes et al.,
2016). While conventional effects of NH4

+ toxicity (e.g. stunted growth, chlorosis
and abscission) are also observed in tomato, mild NH4

+ stress can increase chlorophyll
concentration of tomato (Fernández-Crespo et al., 2015).

Thus far, liquid digestate applications to tomatoes as part of a hydroponic system
have been limited to a small pool of authors, who used manure and waste-based diges-
tates in pH-reduced hydroponic systems (Table 2.4). As digestate composition is highly
dependent on feedstock, the application of an entirely-plant based liquid digestate must
first be assessed as received, and then any potential alterations made.

Table 2.3: Recommended optimal nutrient solution concentrations for hydroponic tomato cultivation
(De Kreij et al., 1997)

Nutrient/element Unit Starter solution Root environment (range) Refilling solution
EC dS m−1 3.7 2.5-5.5 1.5
pH 5.6 5.6 5.6

NO3−

mmol l−1

23 15-31 10.75
NH4+ 0.1 0.1-0.5 1

K 8 5.3-10.6 6.5
Ca 10 6.6-13.3 2.75
Mg 4.5 3-6 1
SO4 6.8 4.5-9.0 1.5
P 1 0.7-1.3 1.25

HCO3 <1 0-1.0
Na <12 0.1-12.0 0
Cl <15 0.1-15.0 0
Fe

µmol l−1

25 13-38 15
Mn 5 2-7.5 10
Zn 7 3.5-10.5 4
B 50 25-75 20

Cu 0.75 0.4—1.1 0.75
Mo 0.5 0.3-0.8 0.5
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Table 2.4: Summaries of methodologies and outcomes of previous studies evaluating liquid digestate as a fertiliser.

Study
Liquid Digestate

Feedstock
Experiment Design

Results
System Treatments Crop

Stoknes et al. (2016)
Source-separated

food waste

Closed loop, container
experiment using

recirculated nutrient
solutions in peat-based

substrate

Nitrified liquid digestate at
different ECs and pHs,

mineral fertiliser control

Herbs
(Lemon balm,

coriander,
parsley, basil,

dill and thyme)

At low
concentrations liquid digestate

offered comparable performance
to mineral fertiliser, while

reducing pH improved N effect.
Optimal concentration varied

with the species.

Closed loop, crate-based
substitution experiment

using recirculated nutrient
solutions

Nitrified liquid digestate
and mineral fertiliser

control applied to peat-
based substrate and spent

mushroom compost

Cape
gooseberry
(Physalis

peruviana)

Mineral control outperformed
liquid digestate on account of
NH4+ toxicity and excessively

high nutrient content in
the latter.

Crate-based soilless
system

Diluted liquid digestate,
diluted solid digestate

applied directly to peat-
based or completely
hydroponic media

Tomato and
lettuce

Applying dilute liquid
digestate directly caused

crop failure. Reasons
not addressed in

paper.Closed loop, crate-based
soilless system using
recirculated nutrient

solutions

Nitrified liquid digestate
with mineral fertiliser

controls grown in peat-
based or waste-based

substrates matched at an
EC of 2.3

Tomato

Weimers et al. (2022)

37% organic household,
29% pig and

cattle manure,
21% slaughter waste,

5% grease fat,
8% food waste,

<0.3% iron chloride
and iron sludge

Soilless pot-based
experiment, matched for

mineral N (650 mg
plant−1) and watered

according to need

Nitrified liquid digestate,
supplemented nitrified

digestate, mineral fertiliser

Pak choi
(Brassica rapa,
ssp. chinensis)

Unamended liquid digestate
showed signs of sulphur (S),
boron (B) and P deficiency;

amended digestate performed
comparably to mineral fertiliser.
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Liedl et al. (2006)
Digested poultry litter

liquid (DPL)

Two-stage raised
bed trial

Between 1999-2003
digested poultry solids

(DPS) at two concentrations
against a commercial
natural fertiliser and

pelletised municipal sludge,
matched at the lower

concentration of DPS. In
2004, switched DPS to DPL

at two concentrations,
natural fertiliser to a

chemical, and municipal
sludge to organic fertiliser

1999-2003:
Potato

(Solanum
tuberosum),
sweet corn
(Zea mays)
and tomato
(Solanum

lycopersicum)

2004: Potato,
broccoli

(Brassica
oleraceae) and

tomato.

DPL, applied at 2× the N
recommended in the synthetic
fertiliser, out-performed other

treatments for tomato and
potato, while broccoli performed

the same as chemical fertiliser
when N was matched across

treatments.

Field trial

DPL, commercial granular
fertilisers, and urea at

different rates based on N
application

Tall fescue,
orchard grass

(Dactylis
glomerata), and

red clover
(Trifolium
pratense)

DPL outperformed commercial
fertilisers, and performed

the same as urea.

Hydroponic trial
Three concentrations of

DPL against a commercial
nutrient solution

Tomato
(Solanum

lycopersicum)

Increasing concentration of DPL
reduced lettuce quality, but at

lower concentrations was
comparable. DPL stunted growth

in tomato due to NH4+ and
required sparging and

amendment with Mg and a
chelator for comparable
performance with the
commercial solution.
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Stoknes et al. (2018) 80% food waste,
20% animal manure

Closed loop,
container-based soilless
experiment, recirculated

nutrient solutions
at a target EC

Vermicomposted solid
digestate and aerated

liquid digestate versus a
peat and mineral control

Cherry tomatoes
(Solanum

lycopersicum,
Favorita F1 )

Comparable yields between
digestate treatment and

conventional, but digestate
treatment was considerably

higher monitoring to maintain
pH, EC, DO chloride,
nitrate and phosphate
levels in the solution.

Liedl et al. (2004) Digested poultry litter
liquid

Automated soilless
fertigation

Unamended liquid
digestate, commercial

fertiliser; then switched
liquid digestate to either
commercial fertiliser or

air-sparged, calcium nitrate-
amended liquid digestate,
matched for N at 150 ppm

Tomato
(Lycopersicon

esculentum
Mill. ‘Trust’)

Unamended liquid digestate
caused NH4+ toxicity and Mg

deficiency. Once sparged to
remove 75% of NH4+ and

supplemented with Ca(NO3)2 and
MgSO4 offered comparable
performance to synthetic

alternatives. Authors reported
using large amounts of H3PO4 to
lower pH, resulting in high levels

of P in solution.

Ronga et al. (2019)

43% maize silage,
22% triticale silage,

27% cow slurry,
8% grape stalks

Dripper-fertigated soilless
recirculating system

Liquid digestate or a
standard nutrient solution
were applied to peat moss,
clay-loam soil, agriperlite,
solid digestate or pelleted

digestate. Treatments
matched within a N, EC

and pH range.

Baby leaf
lettuce (Lactuca

sativa L. cv.
‘Chiari’)

Liquid digestate worked well in
combination with agriperlite,

while solid digestate and pelleted
digestate performed well as

substrates with standard
nutrient solution.

Liu et al. (2011) Biogas slurry, origin
not stated

Hydroponic pot-
based experiment

Biogas slurry diluted 5.22
times supplemented with

different macro and micro-
nutrients, including 0.1

mmol EDTA-Fe and 0.33
mmol KPO4 with the former

applied either within the
solution or as a foliar spray

Lettuce
(Lactuca sativa)

Supplementation with Fe and
KPO4 together significantly
improved yields, but when

applied individually there was no
significant effect. Direct

application to the liquid was
required, foliar spray was

not effective.
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Walsh et al. (2018) Lactating cow slurry

Field study on a clay-loam
cambisol grassland
previously subject
to sheep grazing

No fertiliser, undigested
cattle slurry, liquid

digestate from cow slurry,
solid digestate from cow

slurry, inorganic N fertiliser,
inorganic NPK fertiliser.

Matched for total N with an
application of 100 kg N/ha

in mid-April for first
harvest, then 50 kg N/ha

post-harvest

Perennial
ryegrass
(Lolium

perenne L.)
and white

clover
(Trifolium
repens, L.)

Liquid digestate gave comparable
yields to solid digestate

application, undigested slurry
and the inorganic NPK, and

outperformed the inorganic N
fertiliser. Plant N content and

digestibility did not differ across
any treatment including control.

Furukawa and Hasegawa
(2006)

(a) Source-separated
kitchen waste

(b) cattle manure

Field experiment on
a Typic Hapludands

Chemical NPK fertiliser,
cattle manure liquid
digestate and kitchen
waste liquid digestate
applied at 22 g N−2.
All treatments were
supplemented with
10 g m−2 calcium

superphosphate due to low
P in the soil and digestate,
while KCl was supplied to

match K rate across
treatments

Spinach
(Spinacia

oleracea cv.
‘Sanpia’) and
komatasuna

(Brassica rapa
var. perviridis,

cv. ‘Kokattana’)

Liquid digestate from both
sources was comparable with the
synthetic fertiliser. Volatilisation

of NH3 did not appear
to be an issue. A comment was
made on the poor odour of the

digestate treatments.

Sigurnjak et al. (2017)
30% energy maize,
30% pig manure,
40% food waste

Three-year field
experiment investigating

partial substitution of
mineral fertiliser with

liquid digestate

Liquid digestate with either
animal manure or digestate

was compared against
synthetic fertiliser applied
with raw animal manure.

Silage maize
(Zea mays L)

Liquid digestate provided a
suitable N-K source for maize

cultivation, without loss of yield
versus traditional methods.
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Panuccio et al. (2021)

(a) poultry, cow and
sheep manure,

(b) olive waste and
citrus pulp, maize
silage and animal

manure

Pot-based greenhouse
experiment using 3.5 kg
alkaline sandy-loam soil

Two liquid digestates (from
feedstock a and b) applied

at 10, 20 30% v/w
compared to two solid

digestates (a and b) with a
synthetic N:P:K fertiliser
applied at 1.2 g/pot was

the control

Tomato
(Solanum

lycopersicum L.)

Liquid digestate at all
concentrations significantly

increased leaf number and area
versus the untreated control,

particularly the more plant-based
digestate (b). A significant dose-

response was observed, which
was more influential than

feedstock. High salinity (EC)
attributed to decreased fruit
production versus synthetic

control, but did not affect quality
- increasing phenols and
flavonoids versus control.
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2.4 Literature Gap and Focus of Study

Liquid digestate is a highly heterogenous product, and its composition is heavily influ-
enced by feedstock, reactor set-up and separation method (Möller and Müller, 2012).
However, its abundance and generally high N & K content suggest that it could be
used effectively as a partial or complete replacement to synthetic fertiliser (Sigurnjak
et al., 2017). While widely applied in broadacre agriculture, usually as whole digestate,
there are emerging commercial opportunities in the retail market, which have yet to be
comprehensively evaluated. Thus far, literature has almost exclusively focussed on liq-
uid digestate as a byproduct of waste management: utilising manure and waste-based
digestate under industrial applications. Thus, very little is known empirically about
performance of liquid digestate within domestic horticultural applications, particularly
those derived from an entirely plant-based feedstock. Consequently, there is a need
to establish an initial performance baseline against retail synthetic fertiliser and the
potential mechanisms explaining any disparity in plant growth or physiology.

The overarching aim of this thesis is to answer whether liquid digestate is effective as
a replacement to synthetic fertilisers for tomatoes under realistic domestic horticulture
conditions. Within this scope, the thesis aims to evaluate whether liquid digestate is
suitable as a sole nutrient source for tomatoes, particularly within soilless systems. This
will provide mechanistic and commercially-relevant information on the current status of
liquid digestate-based fertilisers, and help inform their future role in meeting nutritional
requirements in the horticultural industry.
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Chapter 3

Comparing Commercial Liquid
Digestate and Mineral Fertilisers

3.1 Introduction and Background

Assuming all other plant needs are met (i.e. water, light etc.), nutrient status affects
plant physiology and growth significantly (Schulze et al., 2019b). Nutrient status can
be inferred in-situ through stomatal conductance (gs), which is affected by hydraulic
conductivity (Bartletta et al., 2016), and chlorophyll concentration, a measure of pho-
tosynthetic rate (Ma et al., 1995). Under nutrient deficiency, stomata generally close
due to reduced hydraulic conductivity, restricting photosynthesis (Pirasteh-Anosheh
et al., 2016). Similarly, lack of nutrients - especially nitrogen (N) - cause degradation of
chlorophyll due to remobilisation to new growth or seeds (Schulze et al., 2019b). Both
stomatal closure and reduced chlorophyll concentration decrease photosynthetic rate,
restricting plant and leaf growth (Pirasteh-Anosheh et al., 2016). A similar response is
generally observed in response to excess nutrient supply, particularly N (Schulze et al.,
2019b). It is important to note that nuances exist, for instance mild NH4

+ toxicity
may induce an increase in chlorophyll concentration (Fernández-Crespo et al., 2015).
Thus, a holistic assessment which considers both plant physiological and growth mea-
surements is important is essential to evaluating whether nutritional needs have been
met by a fertiliser.

However, the overapplication of fertiliser is a significant problem both commercially
(Good and Beatty, 2011) and domestically (Small et al., 2019). As such, it is important
that fertiliser be applied at a level which is sufficient to sustain plant growth while not
allowing excessive amounts to enter external systems. Consequently, an important
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caveat to assessment of fertiliser performance is the utility of its application. For
instance, under this remit, a fertiliser applied at half the recommended application
should not yield comparable results to the full, as this would indicate unnecessary
application surplus to plant requirements.

To be commercially viable as a fertiliser, liquid digestate must offer comparable or
superior benefits to plant growth at a similar or reduced cost to synthetic alternatives.
While previous studies have evaluated this application and found mixed results (as re-
viewed in Chapter 2), these have exclusively used manure or waste-based digestates,
usually in complex hydroponic systems (Liedl et al., 2004; Stoknes et al., 2018) not com-
monly practiced in domestic horticulture. Thus, there is a need to scientifically evaluate
whether liquid digestate can replace mineral fertiliser under realistic domestic (home
growing) conditions. Therefore, I designed a factorial growth trial to closely mimic a
typical domestic horticulture set-up, using retail substrates and mineral fertilisers.

For liquid digestate to be critically assessed as a liquid fertiliser, it must first be
agronomically and commercially benchmarked against both generally-formulated and
crop specific fertilisers – in this case for tomato. As 3.1 shows, liquid digestate was
comparable in terms of consumer sentiment and value judgement to the market lead-
ers of the general fertiliser and tomato fertiliser markets, suggesting similar marginal
commercial performance.
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Figure 3.1: (A) Line graph of distribution of Amazon star ratings of the fertiliser products selected for
Experiment 1, correct as of 29th September 2022. (B) Clustered bar graph of the percentage of words
contained in the 100 most recent reviews for each fertiliser, with words assigned an emotion as per the
NRC Emotion Lexicon, as per Mohammad and Turney (2011)

However, the term ’performance’ is subjective, even when restricted to effect on
plants, depending on the criteria of the consumer. This is particularly true for fruit
crops, such as tomato, where growers may deem "good" performance as producing
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the highest volume, quantity, or quality of fruit; or the most aesthetically pleasing
plant/fruit. Based on the short duration of this experiment (sufficient to determine
significant differences in plant growth and/or physiology), fruiting was unlikely to oc-
cur before harvest, so performance was limited to the following definition: "the level of
physiological activity and biomass production versus other treatments".

Thus, to establish a benchmark for liquid digestate as a commercial fertiliser, the
following hypothesis was devised:

I Plant-based liquid digestate offers comparable performance at the manufacturer’s
recommended concentration for tomato compared to synthetic fertilisers.

To further aid evaluation of performance, the following subhypotheses were pre-
sented.

(i) Liquid digestate will significantly increase plant growth and physiological response
relative to the control and compete with the crop-specific fertiliser and general
synthetic fertiliser.

(ii) The manufacturer’s recommended concentration significantly increases plant growth
and physiological response versus half the recommendation for all treatments.

3.2 Methods and Materials

3.2.1 Experimental Design

The experiment was designed as a factorial experiment, using three different fertiliser
treatments at two concentrations (at the manufacturer’s recommended concentration
and half the manufacturer’s recommended concentration), with a negative control of
no fertiliser. Ten replicates were grown for each treatment, giving 70 plants in to-
tal. The three fertilisers trialled were a plant-based liquid digestate (Will&Al’s Natural
Plant Food Company, Cumbria, United Kingdom), a crop specific fertiliser (Levington®

Tomorite, Cardiff, Wales) and a general synthetic fertiliser (Levington® Miracle-Gro®,
Cardiff, Wales). Table 3.1 shows the manufacturer’s recommended dilution of each
product. Liquid digestate was sampled from the same packaging and fulfilment process
as commercially practiced, and the general synthetic fertiliser and crop-specific fer-
tiliser were purchased from a local gardening store to best mimic commercially-realistic
storage practices. Table 3.3 shows the results of previous proprietary nutrient analy-
ses conducted on the liquid digestate by the project partner using NRM Laboratories
(Coopers Bridge, Bracknell, United Kingdom).
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Table 3.1: Retail fertiliser recommended dilutions, and the N-P-K values reported on their packaging

Fertiliser Source Manufacturer’s Recommended Dilution Stated N-P-K
Liquid Digestate (LD) 35 mL to 4.5 L 3.9 - 1.23 - 7.48

Crop-specific Fertiliser (CSF) 20 mL to 4.5 L 4 - 3 - 8
General Synthetic Fertiliser (SF) 15 mL to 4.5 L 24 - 8 - 16

The experiment was maintained under glasshouse conditions [22 ◦C/16 ◦C day/
night, photoperiod of 14 hours at photosynthetically active radiation (PAR) ∼350 µmol
m−2s−1]. Environmental conditions for the duration of the experiment can be seen in
Figure 3.2 in Appendix A. Tomato seeds (Solanum lycopersicum, cv. Ailsa Craig) were
sown in cell seed trays in a low-nutrient, commercially available John Innes Seed and
Cutting Compost (Westland Horticulture, Tyrone, Northern Ireland) on 2nd November
2021. Trays were irrigated when the substrate surface began to dry. When the majority
of seedlings had a second unfolded true leaf, the most representative specimens were
transplanted into 2 l square black plastic pots (110 (L) x 110 (W) x 165 (H) mm) filled
with John Innes Seed and Cutting Compost on 16th November 2021. An initial 200 mL
tap water were given to each seedling to ensure establishment.

Gravimetric water holding capacity (WHC) was determined by saturating three
pots of the substrate, covering overnight with a saucer, weighing again and oven drying
at 105 ◦C until a stable mass was reached, as in Robertson and VanderWulp (2019).
The average difference in mass between the saturated and dry weights was used to
calculate the available water within a pot and a lower threshold of 50% of WHC (1575
g) was established. Randomly selected triplicates of each treatment were weighed daily
to determine if WHC had dropped below 50%, in which case all plants were weighed
and irrigated using tap water to the target weight, which was originally set at 1700
g (∼ 65% WHC) and increased 24 days after transplanting to 1800 g (75% WHC) to
account for increased plant biomass. Pots were randomly rotated at every irrigation to
mitigate against environmental gradients in the glasshouse and arranged into rows of
even spacing to minimise shading and competition effects.

Five days after transplanting, 10 plants were randomly selected for each treatment,
and 100 mL of each treatment applied. Plants were harvested once statistically signifi-
cant differences appeared in in-situ measurements between treatments consistently.
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3.2.2 Environmental Conditions

Environmental conditions were measured using an automated Ektron-II C sensor unit
(HortiMaX S.L., Netherlands) which gave hourly averages of air temperature, relative
humidity, CO2 and light. The probe was 2 m above the floor, located centrally between
the two plant benches, which were 0.8 m high. Solar radiation (W m−2) was estimated
in terms of photosynthetically active radiation (PAR) by first converting into photons
(µmol m−2 s−1) using 1 W m−2 ≈ 4.57 µmol m−2 s−1 (Sager and McFarlane, 1997).
Then, by working on the assumption that 49% of solar radiation is PAR (Szeicz, 1974),
a conversion factor of 1 W m−2 ≈ 2.24 µmol m−2 s−1 was used .

The vapour pressure deficit (VPD) was calculated using

V PD = 610.78 × e
T

T +237.3 ×17.2694 ×
(

1 − RH

100

)
,

where T is the air temperature (◦C) and RH is the relative humidity (%).

3.2.3 Non-Destructive Measurements (In-situ)

Chlorophyll concentration

Chlorophyll concentration was measured using an MC-100 Chlorophyll Concentration
Meter (Apogee Instruments, Logan, Utah, United States), which measures the ratio of
transmittance of red (650 nm) and near infrared (900 nm) to infer chlorophyll concen-
tration, with the former being heavily absorbed and the latter almost entirely trans-
mitted by chlorophyll (Parry et al., 2014). This ratio can be used to infer chlorophyll
concentration to a resolution of ± 10 µmol m−2 (Apogee Instruments Inc., 2022). Mea-
surements were taken at least every 3-4 days on the terminal leaflet of the oldest true
leaf. Since tomato plants reallocate nutrients, including N, from the oldest to youngest
leaf (Pfenning et al., 2009), treatment differences would likely be seen first in the oldest
leaves.

Stomatal conductance

Stomatal conductance (gs) was measured using an AP4 Porometer (Delta-T, Cam-
bridge, UK). This uses a small cup containing a humidity sensor, which is clamped
to the leaf. Water vapour, emitted through the stomata of the leaf, causes a rise in
humidity in the cup – the instrument measures the time taken for relative humidity
to increase by 2.3%. To establish the optimum time for measurements and reveal any
statistically significant differences between treatments, gs was measured at two-hourly
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Figure 3.2: Diurnal variations in average stomatal conductance for tomato plants treated with a plant-
based liquid digestate (LD), crop-specific fertiliser (CSF) and general synthetic fertiliser (SF) at half
(50%) and full (100%) manufacturer’s recommended concentration. n=4 for each treatment. Range
bars denote standard error.

intervals for four replicates under representative conditions (Figure 3.2). Based on this,
gs was measured as close to midday as possible. To avoid shading effects, measure-
ments were taken on the terminal leaflet of the youngest fully expanded true leaf, as in
Barbieri et al. (2012).

Evapotranspiration

Plant pots were weighed individually before and after each irrigation event, according
to a target weight outlined in Experimental Design (3.2.1). Water addition and losses
were calculated based on weight, from which evapotranspiration was calculated.

3.2.4 Destructive Measurements (Ex-situ)

Plants were harvested once statistically significant differences in in-situ measurements
were displayed consistently between treatments. Plants were first irrigated to ensure
turgidity. Leaves were separated at the petiole insertion and passed through a LI-3100C
Leaf Area meter (LI-COR Biosciences, Nebraska, USA) to determine total leaf area, as
in dos Santos et al. (2016). Fresh weight of leaves and stem were weighed separately,
before being transferred to paper bags. Samples were dried at 40 ◦C until a constant
weight was reached and dry weight was recorded.
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Fertiliser Nutrient Analysis

Water-extractable NH4
+-N, NO3

−-N and PO2−
4 -P were determined using an AQ2 Dis-

crete Analyzer (SEAL Analytical, Norderstedt, Germany) by an in-house laboratory
technician, using methods based on EPA 350.1 v2, EPA 353.2 v2 and EPA 365.1 v2,
respectively (USEPA, 1993). Samples were diluted to a ratio of 1:1000 with Milli-Q
water, and an aliquot of 2 mL. After conversion, the nutrient concentrations were scaled
to the dilutions recommended by the manufacturer to give nutrient concentration in
mg L−1.

3.2.5 Statistical Analysis and Hypothesis Testing

Statistical analysis was performed using R v4.2.1 on RStudio v2022.07.1.554. All the
statistical tests used assume there is independence between observations within and be-
tween treatment groups, the data is normally distributed, and the within-group variance
is the same across all treatment groups.

One-way analysis of Variance (ANOVA) and Tukey’s Honest Significant Difference
(HSD) test were used to identify whether there was a significant difference between
groups. The statistically significant groups were identified on violin plots using compact
letter displays; all groups with the same letter are not significantly different from each
other at the 5% level.

For all fitted linear models, residuals were closely aligned with the diagonal line of
their respective Q-Q plot and, when plotted as a histogram, resembled a bell-shaped
curve. This indicated independent, normally distributed residuals and thus linear mod-
els were suitable for making coefficient estimates of the effect of different fertilisers and
dose levels, as well as fertiliser-dose response. ANOVA, Tukey’s HSD test, and linear
modelling were performed using the aov, TukeyHSD and lm functions respectively.

Since the pattern of change over time for each individual plant was not of interest,
longitudinal analysis was not formally tested and only considered using plots with error
bars. Instead, measurements at specific time points were analysed separately, as the
end point measurement was the focus of the study.
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3.3 Results

In-situ

Chlorophyll concentration decreased over time in all treatments except the synthetic
fertiliser at the manufacture’s recommended concentration (100% SF; Figure 3.3a). By
16 days after transplanting, synthetic fertiliser at the manufacturer’s recommended
dose (100% SF) had a significantly higher chlorophyll concentration versus the control,
but not other treatments (Figure 3.3). Linear modelling also found a significantly (p-
value<0.05) higher chlorophyll concentration versus the control for liquid digestate at
16 days although this was not found in the pairwise comparison (Figure 3.3.By 30 days,
synthetic fertiliser at both concentrations (50% and 100% SF) was significantly higher
than the control and all other treatments (Figure 3.3.

Stomatal conductance (gs) did not display consistent temporal trends across treat-
ments (Figure 3.3b), and did not vary between groups (Figure 3.3e&f). Table 3.2 shows
environmental conditions during porometry measurements.

Table 3.2: Minimum and maximum values of different environmental parameters during stomatal
conductance measurements in Experiment 1.

Days after transplantation
Vapour pressure deficit (VPD) Range (kPa)

between 11:00 and
13:00

Solar Radiation
(µmol m−2 s−1)

Photosynthetically
Active Radiation

(PAR) (µmol m−2 s−1)
15 2.3-2.5 999 - 1370 490 - 671
25 1.8 987 - 993 484 - 486
30 2.1 - 2.2 1001 - 1018 491 - 499

Evapotranspiration increased over time for all treatments, with a plateau after 27
days (Figure 3.4). Cumulative evapotranspiration showed treatment differences – gen-
eral synthetic fertiliser at full concentration (100% SF) was 27% greater than the control
(p-value <0.001), and 31% greater than the liquid digestate treatment (p-value <0.001)
- it was significantly higher than all treatments except its own half concentration (50%
SF).

Ex-situ

Figure 3.5 shows that the general synthetic fertiliser at full concentration (100% SF)
significantly (p-value <0.05) increased shoot fresh weight relative to all other treat-
ments, and by nearly 34% relative to the control (p-value <0.001). Synthetic fertiliser
at half concentration (50% SF) significantly (p-value <0.05) increased fresh weight ver-
sus both concentrations of liquid digestate (LD), while the crop-specific fertiliser at full
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Figure 3.3: Plant physiology measurements for tomato plants treated with a plant-based liquid di-
gestate (LD), crop-specific fertiliser (CSF) and general synthetic fertiliser (SF) at half (50%) and full
(100%) manufacturer’s recommended concentration. Statistical significance versus the control is de-
noted with * (A-B). Treatments that share a letter are not significantly different, and mean average is
denoted with × (C-F). n=10 for each treatment.
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Figure 3.4: Cumulative (A) and average daily (B) evapotranspiration for tomato plants treated with
a plant-based liquid digestate (LD), crop-specific fertiliser (CSF) and general synthetic fertiliser (SF)
at half (50%) and full (100%) manufacturer’s recommended concentration. Treatments that share a
letter are not significantly different, and mean average is denoted with ×(A), while range bars display
standard error (B). n=10 for each treatment.

concentration (CSF 100%) significantly (p-value <0.05) increased fresh weight relative
to liquid digestate at half concentration (50% LD; Figure 3.5a). Shoot dry weight and
leaf area showed similar trends, and liquid digestate did not significantly differ versus
the control for either (Figure 3.5d). The crop specific fertiliser at full concentration
(100% CSF) significantly increased leaf mass as a proportion of shoot fresh weight.

Dose Response

There was a significant dose response (p-value <0.001) across all fertiliser sources for
fresh and dry weight, with the manufacturer’s recommended concentration increasing
by 31.4% and 12.9% compared to half the recommended, respectively. Leaf area was
also increased significantly (p-value <0.001) by a higher concentration, but there was
an interaction between fertiliser and dose: synthetic fertiliser (SF) and crop specific
fertiliser (CSF) increased leaf area by 35.0% at the higher dose, while liquid digestate
increased leaf area by 21.9% when concentration was doubled.

Nutrient Analysis

Table 3.4 shows the nutrient concentration for each treatment. From this, total appli-
cation has been calculated. Leaf area increased significantly (p-value <0.05) with N
and phosphate addition (Figure 3.5g&h).
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Figure 3.5: Biomass measurements for tomato plants treated with a plant-based liquid digestate (LD),
crop-specific fertiliser (CSF) and general synthetic fertiliser (SF) at half (50%) and full (100%) man-
ufacturer’s recommended concentration. Treatments that share a letter are not significantly different,
and mean average is denoted with ×(A-D). Linear regression models (E-F) show relationships between
variables. n = 10 for all treatments.
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Table 3.3: Proprietary nutrient analysis for the plant-based liquid digestate provided by 1Up Natural
Ltd. Values are for the undiluted product, on a fresh weight basis.

Determinand on a Fresh Weight Basis Units Results
pH 1:6 [Fresh] 8.35

Oven Dry Solids % 5.88
Total Kjeldahl N % w/w 0.39

NH4+ - N mg kg−1 2113
NO3− - N mg kg−1 <10

Total Phosphorus (P) mg kg−1 535
Total Potassium (K) mg kg−1 6235

Total Magnesium (Mg) mg kg−1 88.7
Total Sulphur (S) mg kg−1 185
Total Copper (Cu) mg kg−1 1.08

Total Zinc (Zn) mg kg−1 4.06
Total Sodium (Na) mg kg−1 1350
Total Calcium (Ca) mg kg−1 836

Table 3.4: Nutrient concentrations, molar ratios and total application amounts for working solutions
used in Experiment 1.

Treatment Concentration (mg L−1) Per Application (mg) Total Application (mg) N:P Molar Ratio
NH4 NO3− PO43− NH4 NO3− PO43− NH4 NO3− PO43−

Liquid Digestate
Full
Half

27.3
13.7

1.6
0.8

1.7
0.9

2.7
1.4

0.2
0.1

0.2
0.1

10.9
5.5

0.7
0.4

0.7
0.4

41.6:1

Crop Specific Fertiliser
Full
Half

52.4
26.2

57.7
28.9

70.9
35.5

5.2
2.6

5.8
2.9

7.1
3.6

21.0
10.5

23.1
11.6

28.4
14.2

3.77:1

General Synthetic Fertiliser
Full
Half

129.1
64.6

0.2
0.1

98.6
49.3

12.9
6.5

0.0
0.0

9.9
5.0

51.6
25.8

0.1
0.0

39.4
19.7

13.2:1

3.4 Discussion

Based on consumer reviews, liquid digestate was anticipated to be both optimal at the
manufacturer’s recommended dose, and comparable with that of synthetic alternatives.
However, growth of plants supplied with general synthetic fertiliser was greater than
plants supplied with liquid digestate in almost every metric (Figures 3.3-3.5) when
applied at the recommended concentration. Furthermore, liquid digestate did not sig-
nificantly differ from the control. Full manufacturer’s dose led to significantly higher
plant growth than half dose.
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3.4.1 Chlorophyll Concentration

The general decrease in chlorophyll concentration observed over time in Figure 3.3a is
due to senescence, the coordinated dismantling of leaf structure to remobilise nutrients
to other parts of the plant (Schippers et al., 2015). The variable rates of chlorophyll
concentration across treatments likely indicates different degrees of nutrient stress. Ni-
trogen (N) constitutes a large portion of photosynthetic organelles and proteins; it
forms an essential part of chlorophyll’s chlorin magnesium ligand and RuBisCo, with
the latter contributing 56% of the total soluble leaf protein in C3 plants (Mae et al.,
1983). Because of this high N concentration, chloroplasts are the first organelles to be
degraded through senescence (Masclaux-Daubresse et al., 2010). As such, the lower
N supply under the control and liquid digestate treatments (Table 3.4) may have con-
tributed to some of the variation in rates of chlorophyll decrease and final concentrations
observed in Figure 3.3a&d. Statistically significant differences were not found during
the first set of chlorophyll concentration measurements (Figure 3.3c) as the substrate
likely contained sufficient amounts of nutrients (including N) to support growth for all
treatments. Eventually, a threshold may have been reached whereby plant N demand
exceeded N supply. Differential amounts of N application across treatments (Table
3.4) may explain some of the divergence observed at harvest (Figure 3.3d), although
nutrient analysis of plant tissue would be needed to confirm this.

Based on Table 3.4, PO4
3− also varied considerably across treatments, and is also

likely to explain some of the variation in chlorophyll concentration. Phosphate is a
crucial component of organellar DNA and RNA and is heavily remobilised from leaf
tissue (Himelblau and Amasino, 2001): its supply was over fifty times greater in the
synthetic fertiliser compared to the liquid digestate at the manufacturer’s recommended
concentration (Table 3.4). In keeping with Leibig’s Law of the Minimum, this may have
had an influence on differences in chlorophyll concentration between treatments, if the
substrate had become P-limited during the course of the experiment, particularly in
combination with low soil NO3

− (Frydenvang et al., 2015; Wongsnansilp et al., 2016).
This is because phosphate is contained in adenosine triphosphate (ATP), which is the
primary energy source (as well as ultimately product) of chlorophyll synthesis (Voon
et al., 2021). Similarly to N, a nutrient analysis of P contained in plant tissues would
be required to diagnose potential P deficiency.

Towards the end of the trial, some plants may have experienced transient water
deficit stress in between irrigation events. The effect of water stress on chlorophyll
concentration in tomato plants is disputed, with some studies (e.g. Zhou et al., 2017;
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Zhou et al., 2020) finding elevated chlorophyll-a and -b concentrations in response to
drought stress, while others observed an accumulation of reactive oxygen species leading
to degradation of the chloroplasts(e.g. Yuan et al., 2016), although the former observed
this change in the youngest fully expanded leaves, which was not measured in this
experiment. While this was likely a uniform stress at the beginning of the experiment
(i.e., before statistically significant differences in evapotranspiration), differing water
requirements on account of diverging biomasses toward the end of the trial may have
led to a greater degree of stress on larger plants between irrigation events.

3.4.2 Stomatal Conductance

Assuming a plant is not water-stressed, stomatal conductance (gs) is linked to photo-
synthetic rate and, consequently, plants with a higher nutrient status generally display
a higher gs, and vice versa (Marques et al., 2022). Of the three days in which gs was
measured, there was only one instance of statistically significant difference from the
control: the 100% SF. This may be due to greater nutrient delivery relative to other
treatments, with Marques et al. (2022) observing stomatal closure in response to low P
supply.

However, this statistical significance is not sustained on the other measurement days,
and there is considerable variation within treatments (Figure 3.3e&f). This may suggest
that other factors may also have affected gs, including the aforementioned potential
water stress. Under water stress, plants close their stomata to reduce transpiration
and water loss, reducing conductance (Li et al., 2021). The values obtained on the
first day of gs measurements are consistent with the drought-stressed treatments of
a study by (Li et al., 2021). Figure 3.5e demonstrates that larger plants had a larger
evapotranspiration, either due to an elevated gs or simply a larger leaf area - more likely
the latter as there were no significant differences when total evapotranspiration was
standardised for leaf area (data not shown). As such, the increased biomass production
(and thus water demand) elicited through higher nutrient supply may have increased
the degree of water stress, obfuscating the extent of different contributing factors to
stomatal regulation.

Whilst water stress may explain some of the variations in gs, there are several
additional environmental factors which can cause plants to open or close their stomata.
Transpiration is heavily affected by changes in the vapour-pressure deficit (VPD), with a
higher deficit reducing gs (Patanè, 2011). The optimum VPD for tomato plants depends
on the growth stage: 1 kPa is recommended for the vegetative stage, increasing to 1.2-1.5
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kPa for flowering; VPDs exceeding 2.2kPa can cause stress, by increasing evaporative
gradient (Noh and Lee, 2022). In response to a mild step increase of VPD from 0.7 to
1.5 kPa over 20 minutes, McAdam et al. (2016) observed significant stomatal closure in
tomato leaves. As Figure 6.1d shows, 40% of the study period was spent >1.5 kPa, and
8% was more than the stress threshold of 2.2 kPa, with only 25% within the optimum
range of 1.0-1.5 kPa. Furthermore, VPD was variable during gs measurements (Table
3.2): there were large fluctuations during the first and final set of measurements, but
on the only set with significant treatment differences - 25 days after transplantation
- VPD was low and stable. As a result, high VPDs and variations in VPD during
measurements add an additional complexity to interpretation of gs results.

Variations in sunlight also significantly affect gs (Jolliet and Bailey, 1992). A step-
by-step increase in light (0 to 60 to 130, 270, 510, 750 µmol m−2s−1) was observed to
initiate an oscillation in gs and introduce a time-lag lasting up to one hour by Kaiser
and Kappen (2001). There were frequently fluctuation in glasshouse light intensity
levels (Figure 6.1e&f) including, as Table 3.2 shows, on the first day of gs measure-
ments. While supplementary lighting was constant, differences in solar radiation likely
impacted gs. As a result of these external factors, confidence in any conclusions on
fertiliser performance or plant health from gs measurements are limited.

3.4.3 Evapotranspiration

As Figure 3.4 shows, daily water consumption increased for all treatments over time,
before appearing to plateau in the final days prior to harvest. The daily plant wa-
ter uptake displayed a similar trend and numerical value to a tomato-based study by
Romero-Aranda et al. (2002), with a dip and plateau occurring after ∼40 days. As
there were no significant differences between non-control treatments when cumulative
ET was normalised against leaf area (data not shown), differences are likely explained
due to higher leaf area, not transpiration rate. Therefore, the higher leaf area of plants
grown under synthetic fertiliser at the recommended concentration (100% SF) likely
explains differences in evapotranspiration at the plant level.

3.4.4 Biomass and Leaf Area

Differences in biomass, both fresh and dry, are likely due to differences in nutrient supply
across treatments. This is particularly true for N application, which sustains biomass
production, with Bénard et al. (2011) observing a halving in tomato plant biomass
from a 10 day N starvation relative to ample N supply. Similarly, a decrease in biomass
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was observed in response to P deficiency in tomato plants grown in a field study by
Higo et al. (2020). Therefore, the higher rates N & P application under the synthetic
fertiliser likely explain the significantly greater fresh shoot biomass of synthetic fer-
tiliser at recommended concentration (100% SF) versus other treatments (Figure 3.5a).
Furthermore, the higher nutrient application under the manufacturer’s recommended
concentration versus half dose explains the positive dose response observed in leaf area
and biomass production. Leaf area is known to be particularly sensitive to P nutrition
in vines, and Grant and Matthews (1996) observed a strong dose-response between the
two variables: therefore the much higher, and more similar, absolute concentrations of
PO4

3− in the general synthetic and crop specific fertilisers versus liquid digestate may
explain why there was a lower dose-response of leaf area in the latter (Figure 3.5h).
Additionally, the significantly higher N:P ratio in liquid digestate relative to other treat-
ments (Table 3.4) may have contributed to reduced leaf area and resulted in increased
susceptibility to P limitation (Luo et al., 2016).

A larger total leaf area allows greater light interception, facilitating a higher gross
photosynthesis; when tomatoes are grown to fruition, this can represent an improve-
ment to fruit yield (Heuvelink et al., 2005). This improvement is particularly realised
through maintenance of the older leaves, which are sometimes removed by growers to
improve airflow to prevent disease (Heuvelink et al., 2005). Though leaves were not
pruned in this experiment, the effect of differential senescence and abscission rates
seen through chlorophyll concentration decline (Figure 3.3a) can be considered broadly
equivalent. Thus, the significantly higher leaf area of plants supplied with synthetic
fertiliser (50% SF & 100% SF) and the crop-specific fertiliser at recommended concen-
tration (100% CSF) versus the control and liquid digestate (LD) likely facilitate greater
gross primary production, forecasting a greater fruit yield. It is important to caveat
this as photosynthesis rate can be inhibited by excessive vegetative growth leading to
self-shading effects. However, based on the short duration of the trial, leaf overlapping
was minimal, and leaf area is considered advantageous at this stage. Consequently,
plants supplied with liquid digestate displayed inferior growth to synthetic fertilisers at
the recommended dose.

While the ultimate objective of domestic tomato cultivation is generally fruit pro-
duction - with vegetative growth often being viewed as wasted energy expenditure and
subsequently pruned - the results suggest that it was insufficient supply, rather than
excess, that generated the differences seen across fertilisers and concentrations. Con-
sequently, general synthetic fertiliser at the recommended concentration (100% SF)
offered comprehensively superior growth than other treatments, whereas plants sup-
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plied with crop-specific fertiliser (CSF) were more mixed, and liquid digestate (LD) did
not significantly differ from the control.

3.5 Conclusions

As a result of these data, the following conclusions are made:

• Liquid digestate does not offer comparable performance to a general synthetic
fertiliser at the manufacturers’ recommended concentration, and recommended
dose must be increased.

• Liquid digestate did not significantly improve plant growth relative to the control
at harvest.

• Plant growth was significantly enhanced at the manufacturers’ recommended con-
centrations, and recommendations are likely not excessive, although a greater
range of concentrations in different media would be required to assess this.

Based on the results of the experiment, Hypothesis I should be rejected, on account
of the significantly greater biomass production and physiological activity of tomato
plants grown using synthetic fertiliser versus liquid digestate. However, there did appear
to be a significant dose response, and thus sub-hypothesis ii should be accepted.
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Chapter 4

Comparing Commercial Liquid
Digestate & Mineral Fertilisers at
the Same Nitrogen Application
Rate

4.1 Introduction

Nitrogen (N) supply was suspected to be one of the main reasons for significant dif-
ferences between treatments in Chapter 3, with the application rate of liquid digestate
likely too low to support optimal plant growth. Similar results have been reported
in raised bed studies, with Liedl et al. (2006) observing a superior response in tomato
plants treated with digested poultry liquid at double the recommended N. Furthermore,
matching for nutrients, such as N, is necessary for a fair comparison between liquid di-
gestate and synthetic alternatives. While matching for other nutrients (e.g. PO+

4 ) may
provide valuable information, previous tomato-based liquid digestate experiments have
matched for N (none matched based on P to my knowledge), providing grounds for
comparison (e.g. Liedl et al. 2004). Consequently, Chapter 3 will focus on comparing
treatments matched for plant-available, mineral N (NH4

+/NO3
−).

While the high microbial load (particularly bacteria) contained in digestate has
been promoted as beneficial to soil and plant health by digestate-fertiliser producers,
literature presents a more mixed evaluation (e.g. Panuccio et al. 2021; Barduca et al.
2021). However, these experiments have typically considered microbial communities
and plant growth in isolation (i.e. incubation mineralisation experiments) which, whilst
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valuable from a mechanistic perspective, may not relate well to a more holistic approach.
Positive effects on nutrient mineralisation following application have been reported by
Panuccio et al. (2021), attributed to enhanced microbial activity. However, other studies
have found opposite effects – such as net immobilisation and negative competitive effects
(e.g. Reuland et al.2021b), or no effect at all (e.g. Barduca et al.2021).

Thus, there is a need to establish whether microbe communities in digestate signifi-
cantly affect plant growth or physiological response. Through sterilisation (i.e. through
autoclaving) of the liquid digestate fertiliser, the comparative effect on plant perfor-
mance versus the original product can be demonstrated. In the instance of a significant
difference between autoclaved and unautoclaved liquid digestate treatments, where nu-
tritional composition remains the same, the effect of microbial communities contained
within unautoclaved liquid digestate can be evaluated holistically. Conversely, the ab-
sence of a significant difference between forms may infer comparable performance; this
could indicate that concentration, stabilisation or even dehydration of liquid digestate is
possible without loss of performance as a fertiliser. The reduction in transport volumes
and product stability issues could have benefits both environmentally and economically
for producers.

As a result, the following hypotheses are presented:

(II) When matched for mineral nitrogen, liquid digestate offers comparable perfor-
mance to synthetic fertiliser.

Sub-hypotheses

(i) Liquid digestate provides a predominantly nutritional benefit to plants, and the
non-nutritional effects are not realised over single tomato cropping cycle.

4.2 Experimental Design and Methods

4.2.1 Experimental Design and Environmental Conditions

The experiment compared three fertiliser treatments matched for mineral nitrogen (as-
sumed to be NH4

+/NO3
−) and a negative control of no fertiliser application, with ten

replicates of each treatment. The fertilisers used were a liquid digestate (Will&Al’s
Natural Plant Food Company, Cumbria, United Kingdom) in its retailer-supplied and
autoclaved forms, and a synthetic fertiliser (Levington® Miracle-Gro®, Cardiff, Wales).
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The experiment was conducted under glasshouse conditions [22 ◦C/16 ◦C day/night,
photoperiod of 14 hours at ∼400 µmol m−2s−1].

Table 4.1: Fertiliser concentrations of working solutions for each treatment in Experiment 2. Plants
received four weekly applications of each treatment.

Ammonium (NH4+-N)
(mg L−1)

Nitrate (NO3−-N)
(mg L−1)

Phosphate (PO43−-P)
(mg L−1)

Liquid Digestate (LD) 121.9 7.3 7.7
Synthetic Fertiliser (SF) 129.1 0.2 98.6

Tomato seeds (Solanum lycopersicum cv. Ailsa Craig) were sown in cell seed trays
in the same low-nutrient, commercially available John Innes Seed and Cutting Com-
post (Westland Horticulture, Tyrone, Northern Ireland) used in Chapter 3 on the 23rd

December 2021. Trays were irrigated when the surface of the substrate began to dry.
When seedlings had reached the second true leaf stage, the most representative spec-
imens were transplanted on 19th January 2022 (27 days after sowing) into 2 l square
black plastic pots (110 (L) x 110 (W) x 165 (H) mm) filled with a 1:1 by volume
mixture of top-dressing sand (Boughton, Kettering, Northamptonshire, UK) and John
Innes Seed and Cutting Compost. The mixture was sieved to <20 mm, and combined
for 15 minutes in a cement mixer. An initial 200 mL tap water was given to each
seedling to avoid transplant shock.

Gravimetric water holding capacity (WHC) of the substrate was determined through
the method outlined in Chapter 3.2.1. The threshold for irrigation was increased from
50% of WHC (in Chapter 3) to 70% of WHC (as per Panuccio et al.2021), to ensure
adequate water supply, with irrigation every 1-3 days returning pots to 100% of WHC
(saturation). Saucers were placed under pots to minimise nutrient leaching. Pots were
covered with foam squares (110 (L) x 110 (W) x 12 (H) mm) to prevent evaporation from
the soil surface, with a 40 mm diameter hole for the plant. Pots were randomly rotated
daily to mitigate against environmental gradients in the glasshouse and arranged into
rows of even spacing to minimise shading and competition effects.

Fertiliser treatments were prepared two days before application and stored in sealed
Schott Duran bottles covered in foil in a cool dark cupboard: Liquid digestate (LD and
ALD) and synthetic fertiliser were diluted to Table 4.1. The autoclaved liquid digestate
was autoclaved at 121 ◦C at 30 kPa for 45 minutes and sealed immediately. On 6th

February 2022 (45 days after sowing, 18 days after transplanting), 100 mL fertiliser
treatments were applied. Plants were harvested once statistically significant differences
consistently appeared between in-situ measurements, on 4th March 2022 (71 days after
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sowing, 44 days after transplanting).

4.2.2 In-situ Measurements

Chlorophyll concentration and stomatal conductance (gs) were calculated using the
same methods outlined in Chapter 3 on the terminal leaflets of the oldest and youngest
fully expanded true leaves, respectively. Due to the foam pot covering, water loss was
calculated in the same way as Chapter 3, but assumed to result from transpiration only.

Non-destructive leaf area

Figure 4.1 shows the process for estimating leaf area in-situ. Using images taken on a
mobile phone at a fixed height (60 cm) with a blue chroma key background of known
dimensions (297 (L) x 210 (W) mm for first set of estimations, increased to (420 (L)
x 297 (W) mm for second set) leaf area was estimated thrice during the experiment.
These images were cropped to the background extent using Microsoft Lens (Microsoft
Lens, Washington, USA) and processed for percentage of green cover using Canopeo
(Patrignani and Ochsner, 2015). This percentage of green cover was then converted to
cm2 based on the known background size.

Figure 4.1: The process for leaf area estimation. First, images are cropped to the background extent
(left), then green cover is analysed (right) using Canopeo (Patrignani and Ochsner, 2015).

Epinasty

Epinasty of the petioles was measured by quantifying the interior angle of the stem and
abaxial surface of the petiole using a clear protractor on the second node above the
cotyledonary node (Figure 4.2).
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Figure 4.2: Schematic of epinasty measurement angle in this experiment.

4.2.3 Ex-situ

Water potential

To assess whether plants were water stressed, and if this was treatment specific, the
approximate midday water potential was measured using a Scholander pressure bomb
(Model 3000F01, SoilMoisture Equiment Corp., California, USA) as in Gavassi et al.
(2020). Measurements were taken on the newest fully expanded leaf as close to midday
as possible on 2nd March 2022.

Plant growth

Biomass and leaf area were determined using the methods outlined in Chapter 3. Har-
vest occurred on 4th March (44 days after transplanting). Plant tissues were dried at
70 ◦C for 48 hours until a stable weight was reached, and dry weight measured.

Root photography

During harvesting, mobile phone photographs were taken of specimens where the com-
post structure remained intact, from a distance of 30 cm, with a 30 cm ruler for scale.
These images were then converted to black and white and contrast increased to the
maximum to differentiate roots from potting media. Using the reference ruler, images
were scaled for comparison.
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4.3 Nutrient Analysis

4.3.1 Soil Nutrient Analysis

Soil nutrient analysis was carried out on air-dried soil sieved to <2 mm. For NH4
+/NO3

−

analysis, a 5.0 g sample was combined in a 50 mL centrifuge tube with 25 mL of 2.0 M
KCl and placed on an orbital shaker for 1 hour, as per McTaggart and Smith (1993).
For PO4

3− analysis, a 2.0 g sample was combined in a 50 mL centrifuge tube with 40
mL 0.5 M NaHCO3 (pH 8.5) and placed on an orbital shaker for 30 minutes, as de-
scribed by Olsen and USDA (1954). Both solutions were filtered through a Whatman
No 42 filter and refrigerated until analysis. Analysis for NH4

+/NO3
− was conducted

on a AA3 Autoanalyzer (SEAL Analytical, Germany, Method No G-102-93 Rev 2;
Multitest MT7/MT8) using two colourimetric methods: ISO 11732:2005(en)) and ISO
13395:1996(en), respectively. Analysis for PO4

3− was also conducted on a AA3 Autoan-
alyzer (Seal Analytical, Germany; Method No G-103-92 Rev1; Multitest MT7/MT8),
conforming to ISO 6878:2004(en).

4.3.2 Plant Tissue Nutrient Analysis

For C/N analysis, dry samples of leaves and stem were ball-milled separately for 3
minutes until a fine powder. Samples of 10 ±1.0 mg were weighed in rectangular tin
boats, which were folded and placed on the carousel of a VarioCube (Elementar, Hanau,
Germany). Samples were then combusted at 950 ◦C according to the Enhanced Dumas
method ISO 19051:2015(en) and analysed for percentage content of N and C. Pairs of
3 ±1.0 mg samples of acetanilide were used as standards for factorisation - as per ISO
19051:2015(en) - every 20 plant samples.

4.3.3 Plant Nitrogen Demand

Plant nutrient demand was estimated by using the relationship of leaf area and dry
shoot biomass at harvest to infer dry shoot biomass when leaf area was measured. By
combining these estimates with shoot N content, a total N demand was estimated.

4.3.4 Soil pH

Soil pH was determined on 10 g fresh weight substrate mixed with 25 mL milliQ water
in 50 mL centrifuge tubes, placed on an orbital shaker for 30 minutes and measured
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with a pH probe at the soil-water interface once sediment had settled, as per Allen
(1989).

4.4 Statistical Analysis

Statistical analysis was performed as in Chapter 3.2.5, with ANOVA and Tukey’s HSD
test used to identify significant differences between treatments at the 5% level. As in
Chapter 3.2.5, measurements at specific timepoints were analysed separately.

4.5 Results

4.5.1 Visual Observations

Initially, all plants developed similarly, and new growth was green and similarly sized.
Visual differences appeared first in the control (C) with slight yellowing of the oldest
leaves. By 1st March (41 days after transplanting) visual differences were apparent
between the synthetic fertiliser (SF) and other treatments (Figure 4.3a). By harvest (44
days after transplanting) root density and length appeared to be greater both vertically
and laterally for photographed samples of synthetic fertiliser versus other treatments,
although it was not possible to determine this quantitively (Figure 4.3b).

Epinasty of the petioles was observed 33 days after transplanting (Figure 4.3c), but
there were no significant differences between treatments (Figure 4.4d).

4.5.2 In-situ

Chlorophyll concentration decreased over time for all treatments (Figure 4.5a). Liquid
digestate (LD), autoclaved liquid digestate (ALD) and synthetic fertiliser (SF) did
not significantly differ from one another consistently until 32 days after transplanting,
according to Tukey’s HSD. From 35 days after transplanting, synthetic fertiliser had a
significantly higher chlorophyll concentration than all other treatments, which did not
significantly differ from one another By harvest, chlorophyll concentration was 1.3-fold
higher than the control (p-value < 0.001), while neither liquid digestate nor autoclaved
liquid digestate significantly differed from the control (Figure 4.5d).

45



Figure 4.3: Visual comparison of (A) oldest true leaf grown under treatment by no additional fertiliser (control/C) liquid digestate (LD), an autoclaved
liquid digestate from the same batch (ALD) or a synthetic fertiliser (SF), matched for plant available nitrogen application. (B) a side profile of roots
of representative specimens and (C) side profile of shoots of a representative specimen.
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Stomatal conductance (gs) decreased over time for all treatments (Figure 4.5b).
Neither liquid digestate nor autoclaved liquid digestate significantly increased gs relative
to the control. Synthetic fertiliser significantly (p-value < 0.001) increased gs on the first
day of measurements by 46% (Figure 4.5e) before converging with other treatments’
values between 28 and 30 days after transplanting. On the last set of measurements
(Figure 4.5f), only synthetic fertiliser had a significantly higher gs than the control.

Table 4.2: Minimum and maximum values of different environmental parameters during stomatal
conductance measurements in Experiment 2.

19 26 27 28 29 30 35
Temperature (◦C) 20.3 – 21.0 22.6 – 24.2 22.4 – 22.6 22.9 – 23.6 18.8 – 25.0 20.0 – 25.5 18.5 – 24.5

Humidity (%) 47.7 – 48.3 29.4 – 32.3 29.9 – 30.2 37.2 – 39.0 33.5 – 60.3 34.8 – 61.3 34.0 – 63.5
Vapour Pressure Deficit (VPD) 1.2 – 1.3 1.9 – 2.1 1.9 1.7 – 1.8 1.1 – 2.0 1.0 – 1.9 0.9 – 1.8
Solar Radiation (µmol m−2 s−1) 67 – 83 1443 – 1592 1517 – 1631 1380 – 1398 1510 – 1517 1381 – 1547 1428 – 1540

Photosynthetically active radiation
(PAR) (µmol m−2 s−1)

33 – 41 707 – 780 744 – 800 676 – 685 740 – 743 677 – 758 700 – 755

Synthetic fertiliser displayed a significantly higher total transpiration than all other
treatments, which did not differ from one another (Figure 4.4a). Average daily transpi-
ration initially increased for all treatments until 27 days, after which synthetic fertiliser
continued to increase while other treatments plateaued and eventually decreased (Fig-
ure 4.4b).

4.5.3 Ex-situ

Shoot fresh weight and dry weight were significantly higher when treated with synthetic
fertiliser versus other treatments (Figure 4.6a&b), with an increase in fresh biomass of
46% relative to the control. Leaf area was also significantly higher (p-value <0.001)
in plants treated with synthetic fertiliser, with neither liquid digestate nor autoclaved
liquid digestate differing significantly from each other or the control (Figure 4.6c). Leaf
area increased over time for all treatments, and leaf water potential was not significantly
different across treatments.

4.5.4 Nutrient Analysis

Total shoot N was significantly higher under the synthetic fertiliser treatment than
other treatments (which did not differ from one another) and was 85% higher than
the control (p-value < 0.01) (Figure 4.6e). Shoot N partitioning was not significantly
different between treatments, except synthetic fertiliser, which allocated 5.4% more of
its N to its leaves than the control (p-value < 0.01), (Figure 4.6f).
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Soil PO4
3− was significantly higher under synthetic fertiliser relative to the control

and liquid digestate, but not autoclaved liquid digestate (Figure 4.7). Similarly, soil
NH4

+ concentration was significantly greater in the control than other treatments (Fig-
ure 4.7a). Nitrate concentration was significantly higher (p-value < 0.01) in substrate
treated with synthetic fertiliser relative to liquid digestate and autoclaved digestate,
but not the control (Figure 4.7b).
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Figure 4.4: Cumulative transpiration (A), leaf water potential (C) and epinasty (D) measurements at
harvest for tomato plants grown under treatment with liquid digestate (LD), an autoclaved form of
the same liquid digestate (ALD), or synthetic fertiliser (SF), matched for nitrogen application, with a
control (C) of no fertiliser application. Treatments that share a letter are not significantly different,
and mean average is denoted with ×. A time series of average daily transpiration (B) for the same
aforementioned treatments. n=10 for each treatment.
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Figure 4.5: Plant physiology measurements of tomato plants grown under treatment with liquid diges-
tate (LD), an autoclaved form of the same liquid digestate (ALD), or synthetic fertiliser (SF), matched
for nitrogen application, with a control (C) of no fertiliser application. Statistical significance versus
the control is denoted with * (A-B), with range bars displaying standard error. Treatments that share
a letter are not significantly different, and mean average is denoted with × (C-F). n=10 for each
treatment.
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Figure 4.6: Biomass and plant nutrient analysis following harvest of tomato plants grown under treat-
ment with liquid digestate (LD), an autoclaved form of the same liquid digestate (ALD), or synthetic
fertiliser (SF), matched for nitrogen application, with a control (C) of no fertiliser application. Treat-
ments that share a letter are not significantly different, and mean average is denoted with × (A-C and
E). (D) A time series of inferred leaf area for the same treatments, with range bars displaying standard
error. (F) Composite bar charts displaying the average partitioning of nitrogen to the stem and leaf.
n=9 for each treatment.
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4.6 Discussion

Despite being matched for mineral N, synthetic fertiliser produced healthier and larger
plants than liquid digestate which, in both autoclaved and unautoclaved forms, did not
significantly differ from the control for any metric.

4.6.1 The impact of fertiliser source on plant physiology

Chlorophyll concentration displayed a similar temporal decrease to that observed in
Chapter 3, as explained by N remobilisation to new growth (Masclaux-Daubresse et al.,
2010). While liquid digestate (in both autoclaved and unautoclaved form) initially
maintained comparable chlorophyll concentrations to synthetic fertiliser - likely on ac-
count of higher nutrient supply than in Chapter 3 - the significantly higher chlorophyll
levels observed in synthetic fertiliser after 35 days (Figure 4.5c) were likely influenced
by treatment differences in nitrogen use efficiency (NUE) (da Silva et al., 2014).

Although treatments were matched for mineral N, other nutrients, such as PO4
3−,

differed markedly (Table 4.1). The lower supply of PO4
3− under liquid digestate possi-

bly restricted N uptake, in keeping with Liebig’s Law of the Minimum. Whilst PO4
3−

deficiency may have reduced N uptake, inadequate supply of P alone has not been
found to reliably lower chlorophyll concentration or induce senescence (Khavari-Nejad
et al., 2009), and so PO4

3− deficiency is not likely to have directly caused the lower
chlorophyll concentration (Crafts-Brandner, 1992). Deficiency in other nutrients, such
as sulphur (S), can accelerate senescence - starting in the oldest leaves - even if N supply
is ample (Eriksen et al., 2001; Eaton, 1951). Desulphurisation of biogas reactors using
iron (Fe) triggers the formation of iron sulphide (FeS) precipitates; when combined with
volatilisation of hydrogen sulphide (H2S) during anaerobic digestion, this can produce
low-S liquid digestate, even when derived from high-S feedstocks (Fontaine et al., 2020;
Weimers et al., 2022). Based on Table 3.4, and the results of Weimers et al. (2022), it
is possible that S deficiency occurred in liquid digestate treatments, although Weimers
et al. (2022) studied Brassica rapa ssp. Chinesis, which is likely to have a higher S
demand than the tomatoes grown in my experiment (Haneklaus et al., 1999).

Stomatal conductance (gs) also followed a similar temporal decrease to plants in
Chapter 3, albeit with lower absolute values (Figure 4.5b). Despite this, synthetic fer-
tiliser significantly increased gs which, like chlorophyll concentration, is likely explained
by higher levels of other nutrients. While potassium (K) is a major osmoticum in guard
cells, and can strongly affect gs, it is ample in the digestate (Table 3.4) and thus does not
explain differences between treatments (Mengel and Kirkby, 2001). Lower PO4

3− levels
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decrease root hydraulic conductivity, but as leaf water potential was similar despite
differing P supply, it is assumed to be positively related to gs (Turnbull et al., 2007;
Simões et al., 2020; Farquhar and Sharkey, 1982; Radin, 1990). Phosphate is very low
in the liquid fraction of digestate, particularly following addition of magnesium (Mg)
and Fe salts for desulphurisation (Tuszynska et al., 2021; Weimers et al., 2022).

While water stress likely elicited stomatal closure in Chapter 3, leaf water potential
values were within normal ranges in the current experiment, and thus the low gs cannot
be explained by water stress (Figure 4.4c). Vapour pressure-deficit (VPD) values were
high and varied for several days (Table 4.2), which may explain some of these results.
While foam pot lids were introduced to minimise evaporation and prevent water stress
in between irrigation events, they may have also acted to reduce soil-atmosphere gas
exchange. As a result, ethylene may have accumulated in the roots (Bradford and Dil-
ley, 1978), potentially inducing stomatal closure in tomato (Jia et al., 2018). While
ethylene concentration was not measured, epinasty (Figure 4.4d) – a symptom of ethy-
lene overproduction – was comparable to the ethylene-stressed tomato plants treated
with 1 mmol brassinolide in a study by Schlagnhaufer and Arteca (1985). However,
epinasty was not treatment-specific (Figure 4.4d) and thus does not explain treatment
differences.

Transpiration also followed a similar temporal trend to Chapter 3, with an initial
increase of all treatments, followed by a drop at ∼27 days, whereby only synthetic
fertiliser continued to increase daily transpiratory water losses (data not shown). Total
transpiration also mirrored results found in Chapter 3. The higher transpiration rate
under synthetic fertiliser reflects a higher growth rate and photosynthetic activity, again
deriving from greater nutrient supply of nutrients other than N, on account of matching
for N, such as enhanced hydraulic conductivity under a higher PO4

3− regime (Mengel
and Kirkby, 2001).

4.6.2 The impact of fertiliser source on plant growth

Both fresh and dry shoot biomass revealed similar trends to in-situ measurements, and
the results in Chapter 3. Biomass accumulation is affected by PO4

3− availability which
is, in turn, controlled by pH (Higo et al., 2020). A N:P ratio of 14:1 was found to
be optimal for tomato plants by Abduelghader et al. (2011): as Table 3.4 shows, the
synthetic fertiliser is very close to this ratio, while the liquid digestate is overwhelmingly
dominated by N. Furthermore, the neutral-alkaline soils and alkaline digestate (Table
3.3 & Figure 4.7) may have decreased the overall PO4

3− availability, and thus the
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absolute value of PO4
3− addition in each fertiliser may be more important than the

ratio. Leaf area is also significantly affected by PO4
3− addition (Figure 4.6c), and

a significantly higher area under synthetic fertiliser is likely in response to elevated
supply of PO4

3− versus digestate treatments, which facilitated greater water delivery
to expanding leaves by enhancing root hydraulic conductance (Radin, 1990; Mengel
and Kirkby, 2001). While not measured empirically, the root network of representative
plants appeared to be larger under synthetic fertiliser than other treatments (Figure
4.3b), supporting this hypothesis. Sulphur deficiency, which was identified as a potential
issue by Weimers et al. (2022), may have also contributed to reduced biomass production
versus synthetic fertiliser, through reduction of S-based metabolites (Zhao et al., 1997).

4.6.3 Treatment Impact on Soil and Plant Nutrient Status

Soil analysis displayed variable results. As liquid digestate is heavily NH4
+-based (Table

3.4), volatilisation may have been an issue in both autoclaving of liquid digestate, and
in air-drying of soil samples for nutrient analysis (due to training delays and equipment
issues, it was not possible to assess N on fresh soil). However, the significantly higher
NH4

+ in the soil of the control (Figure 4.7a) versus the synthetic fertiliser may simply
be a function of greater N uptake under synthetic fertiliser (Figure 4.6e). This does not
explain, however, why digestate-treated soils contained significantly less NH4

+ than the
control (Figure 4.7a). Instead, it is possible that, for unautoclaved digestate, there was a
period of N immobilisation into organic matter by soil microbes. Reuland et al. (2021b),
who observed N immobilisation following digestate application, attributed this to high
C/N ratios. Although C/N ratio was not measured for liquid digestate or synthetic
fertiliser it is likely that, based on the organic origin of digestate and characterisation
of liquid digestate by other studies, the former had a higher C/N ratio than synthetic
fertiliser (Reuland et al., 2021b; Ye et al., 2018). As a result, the NH4

+ in synthetic
fertiliser was more readily assimilated by plants, despite matching for mineral N, due
to the higher C/N ratio of liquid digestate. Finally, the reduced concentration of NH4

+

contained in soils treated with autoclaved soils may be explained by N volatilisation,
which will be discussed later in this section.

Analysis of soil nitrate (NO3
−) supports the N immobilisation hypothesis: despite

initially possessing a higher NO3
− concentration than the synthetic fertiliser (Table

4.1), by harvest soils treated with synthetic fertiliser had a significantly higher NO3
−

concentration than liquid digestate (Figure 4.7b). The anoxic environments during liq-
uid digestate storage favour denitrifying bacteria (Painter, 1970; Svehla et al., 2020);
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when presented with an additional source of organic carbon (in this case the potting
compost), this may lead to further denitrification of NO3

− in the applied liquid diges-
tate. However, the lack of statistical distinctness between liquid digestate treatments
cannot be explained through this hypothesis, and thus further research would be re-
quired to characterise the presence and effect of denitrifying and nitrifying microbial
communities in digestate.

The significantly higher PO4
3− concentration in synthetic fertiliser soil relative to

the control and unautoclaved liquid digestate treatment (Figure 4.7c) is due to a higher
application rate (Table 4.1). While there were not significant differences between auto-
claved liquid digestate and synthetic fertiliser, this appears to be due to the existence
of an extreme value for autoclaved liquid digestate and does not fit the general distri-
bution of other samples. This may be due to heterogeneity in nutrient concentration
in the potting substrate or, perhaps more likely, a measurement error.

Plant N content was significantly higher in synthetic fertiliser applications (Figure
4.6e), likely because of greater N uptake through elevated supply of other nutrients –
such as PO4

3−, and, although not evaluated by this study, S (Weimers et al., 2022).
Furthermore, N is likely more immediately available in the synthetic form, on account
of a lower C/N ratio (Ye et al., 2018), preventing immobilisation in contrast to liquid
digestate.

4.6.4 Effect of autoclaving on fertiliser efficacy

Autoclaving of digestate is practiced amongst some producers (but not the product
in this study) of digestate-derived fertiliser, to reduce biogas production in containers
during storage (W Tuer 2022, personal communication). While the effect of autoclaving
digestates has not been studied, the autoclaving of feedstock to improve stability and
hygienic quality is widely practiced in waste-based digestates, and has been found to
reduce soluble N by up to 44% (Tampio et al., 2015). The effect of volatilisation was
overlooked by my experiment, and thus it is likely that the autoclaved liquid digestate
had a reduced concentration of N relative to other treatments. However, this provides
an interesting comparison: unautoclaved liquid digestate did not perform significantly
differently from the autoclaved form, despite likely having a higher N content. This
may be explained by two mechanisms. Firstly, while N volatilisation reduces application
amounts, autoclaving may improve NUE by reducing the N immobilisation observed
following digestate application in other studies (e.g. Reuland et al.2022). Thus, despite
the lower concentration of N in autoclaved liquid digestate, reduced immobilisation may
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result in more immediate bioavailability, effectively ameliorating the effect of a reduced
N supply. Additionally, and perhaps more importantly, autoclaving has little effect
on phosphorus concentrations (Tampio et al., 2015). Therefore, if P supply was the
limiting factor to growth, as is proposed in addition to N immobilisation, this would
remain as important across digestate forms.

Nitrogen losses and unaltered P concentration following autoclaving will reduce
the N:P ratio of digestate. Thus, this method could reduce the severity of two issues
associated with liquid digestate application: excessive NH4

+, as identified in Liedl et al.
(2004); and insufficient P, as identified by Stoknes et al. (2016) by addressing the ratio
between them. Further research on the impact of changing N:P ratios in digestate
through autoclaving could yield valuable information.

4.7 Conclusions

As a result of these data, the following conclusions are made:

• Liquid digestate did not offer comparable performance to synthetic fertiliser, even
when matched for mineral N.

– This is likely due to differing concentrations of other essential nutrients,
namely PO4

3−.

• Despite likely reducing N concentration, autoclaving did not differ in performance
to the unautoclaved, biologically-rich form of digestate.

– This is likely due to microbial communities contained in digestate, which
favour immobilisation of available N following application (e.g. Reuland
et al.2022), or offer no impact (e.g. Barduca et al.).

• While this study did not directly measure microbial communities, there is no sup-
porting evidence for enhanced plant growth as a result of the inherent microbial
communities within liquid digestate.

As a result of these experimental data, there is strong evidence for the rejection of
Hypothesis II. It is not possible to assess subhypothesis II(i), as liquid digestate did
not significantly differ from the control plant for either form of digestate.
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Chapter 5

Soilless Cultivation of Tomato
Plants with Liquid Digestate as a
Sole Nutrient Source

5.1 Background and Rationale

Following the results of Chapter 3 & 4, where liquid digestate failed to significantly
differ from the control, there was a need to examine whether unamended digestate could
provide a balanced nutrient source for the cultivation of tomato plants. When matched
for N in Chapter 4, liquid digestate did not offer comparable performance to a synthetic
fertiliser, even when autoclaved, suggesting that inferior plant growth was caused by
deficiency in other essential nutrients. Deficiency in P and Mg have been reported in
hydroponic studies cultivating tomatoes using liquid digestate while, conversely, NH4

+

and Cl− toxicity have also been encountered (Liedl et al., 2004, 2006; Stoknes et al.,
2016). However, these studies have used manure and waste-based feedstock, and so may
conceivably produce a product that is less suited to plants than an entirely plant-based
digestate. Thus, an evaluation of whether less abundant nutrients can be supplied
sufficiently before toxicity is reached in more abundant nutrients using liquid digestate
as a sole nutrient source.

Soilless systems, or hydroponics, are of increasing interest to domestic horticultur-
alists, and represent a method of reducing water consumption, particularly in urban
and water-stressed environments (Sheikh, 2006; Sankhalkar et al., 2019). They allow
complete control over nutrient supply, and have been extensively used to grow tomatoes
(Schwarz et al., 2014), including using liquid digestate (e.g. Liedl et al., 2004; Stoknes
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et al., 2016), giving a potential for comparison. Therefore, I designed a soilless exper-
iment suppling different concentrations of NH4

+, to establish whether liquid digestate
could be used as a sole nutrient source for tomatoes without alteration .

To evaluate this, the following hypothesis was devised:

(III) Liquid digestate derived from entirely plant-based feedstock is suitable as a sole
nutrient source for tomatoes under protected horticulture.

5.2 Methods and Materials

5.2.1 Experimental Design

Tomato seeds (Solanum lycopersicum, cv. Ailsa Craig) were sown in cell seed trays in
the same low-nutrient, commercially available John Innes Seed and Cutting Compost
(Westland Horticulture, Tyrone, Northern Ireland) used in Chapter 3 and Chapter 4
on the 1st March 2022. Trays were irrigated when the surface of the substrate began
to dry. Two-litre black square pots (110 (L) x 110 (W) x 165 (H) mm) were filled
with top-dressing sand (Boughton, Kettering, Northamptonshire, UK), and the water
holding capacity (WHC) calculated as in Chapter 3. Immediately prior to transplan-
tation, each pot was supplied with two times the WHC in dilute fertiliser solutions at
concentrations representing six nutrient regimes: 0, 1, 3, 6, 9 and 12 mmol NH4

+. Each
treatment had eight replicates. Seedlings were transplanted at the second leaf stage
into 2 cm deep holes made using a dibber on 5th April 2022 (35 days after sowing). An
additional amount of dilute fertiliser was applied slowly immediately after transplanta-
tion, equivalent to the water holding capacity (thus 3×WHC in total) and the electrical
conductivity (EC) recorded using a W.E.T. Sensor (Delta-T, Cambridge, UK).

Daily fertigation treatments were applied, initially to 100% WHC, and then >100%
WHC, to flush salts and prevent accumulation (once it was realised that a slight increase
had occurred across treatments). Pots were randomly rotated daily to mitigate against
environmental gradients in the glasshouse and arranged into rows of even spacing to
minimise shading and competition effects. Diluted liquid digestate was stored in sealed
opaque buckets at glasshouse temperature.

5.2.2 Non-destructive (in-situ) measurements

Chlorophyll concentration, evapotranspiration and leaf area estimation were calculated
in-situ using the methods outlined in Chapters 3 and 4. Volumetric soil water content
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(VSWC) and electrical conductivity (EC) were monitored using a W.E.T. Sensor (Delta-
T, Cambridge, UK). Soil moisture did not differ between treatments, while electrical
conductivity (6.3 in Appendix A) was statistically distinct between treatments (p-value
<0.001). Both measures remained stable following fertigation for the duration of the
trial.

5.2.3 Destructive (ex-situ) measurements

On 26th May 2022, the 5 replicates closest to the median chlorophyll concentration for
each treatment were selected for harvesting. Leaf area and fresh shoot weight were
measured as per previous chapters. A soil core (40 mm diameter, 80 mm height) was
taken ∼20 mm from the plant stem for each replicate for analysis. Roots were then
extracted carefully from the remaining substrate, rinsed initially with tap water followed
by deionised water, before being blotted dry using blue roll. Plant samples were dried
at 70 ◦C for 48 hours, until a consistent weight had been reached.

5.2.4 Nutrient analysis

Soil nutrient analysis was conducted for NH4
+/NO3

− on subsamples of the cores taken
during harvest. Nutrient analysis was conducted as per Chapter 4.3.1, except for using
fresh samples for ammonia analysis extracted within a day of harvest and frozen until
analysis could be conducted.

Leaf, stem and root samples were measured for C/N separately using the method
outlined in Chapter 4.3.1.

Fertiliser nutrient analysis was conducted for three different dilutions of the liquid
digestate for validation data. Digestate was placed on an orbital shaker for 30 minutes
and diluted with milliQ water to 25%, 50% and 100% (undiluted) strengths. Samples
were then placed in a cool box and transferred via courier to NRM laboratories (Coopers
Bridge, Bracknell, United Kingdom), where they were analysed according to standard
operating procedures (SOP) JAS-510 / JAS-379, based on an aqua-regia digest and
ICP-MS analysis, and conforming to BS EN ISO/IEC 17025:2017.

5.2.5 Statistical Analysis

Statistical analysis was performed as in Chapter 3 and 4. Ammonium (NH4
+) con-

centration was treated as continuous data for linear modelling, while measurement
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timepoints were considered independently from one another, as in previous chapters.
Statistical significance was, as in previous chapters, calculated at the 5% level.

5.3 Results

5.3.1 Main Experiment

Visual observations

During the experiment, from around 35 days after transplanting, interveinal chlorosis
was observed in the leaves of tomato plants at the higher concentrations of NH4

+ (Figure
5.1). Growth of all plants were slower than in previous experiments.

Roots under 3 mmol NH4
+ appeared to be minimally more developed than other

concentrations, while there was a clear stunting of roots grown under 12 mmol NH4
+.

In-situ

Chlorophyll concentration generally decreased over time, except for 9 mmol, which did
not significantly differ between the first and last measurement. Figure 5.2b&c both
increased initially with increasing concentration, before plateauing and then decreasing
- giving a significant (p-value <0.001) negative quadratic linear model which peaked
between 6 and 9 mmol NH4

+. Chlorophyll concentration displayed a more pronounced
curve at 25 days after transplanting (Figure 5.2b) than at harvest (Figure 5.2c).

Cumulative evapotranspiration displayed a weak negative correlation with concen-
tration, however only 12 mmol L−1 NH4

+ was significantly (p-value <0.05) lower than
other treatments. Daily average evapotranspiration did not significantly vary across
treatments, and appeared to remain largely consistent across time before increasing at
∼40 days.

Ex-situ

Fresh weight of the whole plant produced a negative quadratic linear model, and was
highest at 6 mmol NH4

+ (p-value <0.005). Dry weight displayed a similar curve and a
significant difference between doses (p-value <0.05). Leaf area significantly (p-value <
0.001) differed between treatments, with a negative quadratic curve best describing the
relationship with NH4

+ concentration, which peaked between 6 and 9 mmol L−1 NH4
+.

Fresh and dry weight biomass allocations displayed a significant difference between
no liquid digestate application (0 mmol NH4

+) and all other treatments - which were
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not significantly different from one another - with the former allocating 70% more of
its dry weight toward the root versus the lowest root mass allocation at 3 mmol NH4

+

(p-value <0.001).
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Not to scale

Figure 5.1: Oldest fully expanded leaf of tomato plants grown hydroponically using liquid digestate,
under different concentrations of ammonium (NH4

+).
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Figure 5.2: Plant physiology measurements of tomato plants grown under different concentrations
of liquid digestate, in terms of ammonium (NH4

+). (A) Range bars represent standard error, while
statistical significance versus the control is denoted with *. (B-D) linear models of the same treatments,
with R2 and p-values for the line of best fit. n = 8 for each treatment.
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Figure 5.3: Biomass and nutrient measurements of tomato plants grown under different concentrations
of liquid digestate, in terms of ammonium (NH4

+). Linear models have been plotted where appropriate
(A-C, E and G), with R2 and p-values for the line of best fit. Composite bar graphs of dry weight
(D) and nitrogen (F) partitioning to the leaf, stem and roots of the same treatments. n = 5 for each
treatment.

64



15 cm

0 mmol NH4
+ 1 mmol NH4
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+

Figure 5.4: Roots of tomato plants treated with liquid digestate at different concentrations, presented
in terms of ammonium (NH4

+) concentration. n = 5 for each treatment.

Nutrient analysis

Total plant nitrogen content displayed a highly significant (p-value <0.001) difference
between treatments, and a negative quadratic linear model best described relationship
with NH4

+, with a peak between 6 and 9 mmol NH4
+. N allocation was significantly

(p-value <0.001) higher toward the roots under 0 mmol NH4
+ versus the lowest N

allocation to roots in 3 mmol.
N content as a percentage increased in the leaves and roots with increasing concen-

trations of NH4
+ (Figure 5.3g).
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Table 5.1: Concentrations of various nutrients in working solutions of different concentrations of a plant-based liquid digestate.

NH4
+ (mg L−1) 1 mmol 3 mmol 6 mmol 9 mmol 12 mmol

Total Phosphorus (P) 1.16 3.49 6.98 10.47 13.96
Total Potassium (K) 28.32 84.90 169.80 254.77 339.68
Total Copper (Cu) 0.01 0.02 0.04 0.06 0.08

Total Zinc (Zn) 0.03 0.08 0.15 0.23 0.31
Total Sulphur (S) 1.27 3.81 7.63 11.44 15.25

Total Calcium (Ca) 1.76 5.28 10.55 15.83 21.11
Total Iron (Fe) 0.30 0.91 1.81 2.72 3.62

Total Molybdenum (Mo) <0.01 <0.01 0.01 0.01 0.02
Total Manganese (Mn) 0.03 0.10 0.21 0.31 0.42

Total Nickel (Ni) <0.01 0.01 0.02 0.02 0.03
Total Selenium (Se) <0.01 <0.01 <0.01 <0.01 <0.01
Total Cobalt (Co) <0.01 0.00 0.01 0.01 0.02
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5.4 Discussion

5.4.1 NH4
+ Concentration Effect on Plant Physiology

As in previous chapters, chlorophyll concentration declined over time in the oldest
leaves(Figure 5.2a), associated with remobilisation of N to new growth (Masclaux-
Daubresse et al., 2010). The lower chlorophyll concentrations at higher NH4

+ con-
centrations (Figure 5.2b&c) is likely explained by eventual NH4

+ toxicity: Fernández-
Crespo et al. (2015) used the same cultivar as my experiment (cv. Alisa Craig) and
observed an elevated chlorophyll concentration under ‘mild’ NH4

+ toxicity (5 mmol
NH4

+) versus the control, but chlorosis beyond 8 mmol NH4
+. This can be attributed

to oxidative stress eventually overwhelming the plant’s ability to assimilate additional
NH4

+ (Fernández-Crespo et al., 2015). Figure 5.2b&c concurs with these findings,
and demonstrates that, under extreme NH4

+, plants succumb to toxicity, resulting in
lower chlorophyll concentrations. Visual observations of interveinal chlorosis at ≥9
mmol NH4

+ appear to confirm this (Figure 5.1). Chronic exposure to NH4
+, even at

lower concentrations, is enough to induce accelerated senescence due to accumulation
of reactive oxygen species (ROS) (Pappi et al., 2021). Thus, under different degrees
of NH4

+ stress chlorophyll response differs, and so a holistic approach is required to
understanding response.

Furthermore, the threshold of NH4
+ toxicity is affected by substrate pH: a more

acidic pH was found to induce toxicity at lower NH4
+ concentrations than nearer neu-

trality by Feng and Barker (1992). The alkalinity of liquid digestate (Table 3.4) may
have buffered some of the effects of this toxicity under moderate conditions, and ex-
plain why chlorophyll concentration was highest between 6 and 9 mmol NH4

+, slightly
higher than the 5 mmol observed by Fernández-Crespo et al. (2015), who adjusted
nutrient solutions to pH 6.0. This is supported by Stoknes et al. (2016), who found
that digeponic systems generally operated best at higher pHs, which they attributed
to enhanced nitrification. However, this study used already nitrified (both microbially,
mechanically and supplementary) liquid digestate reducing the problem of NH4

+ tox-
icity. Additionally, while Fernández-Crespo et al. (2015) and I used the same tomato
cultivar, different varieties of tomato can have very different NH4

+ tolerances: Barreto
et al. (2016) observed declining chlorophyll concentration beyond 1 mmol NH4

+ in cv.
‘Money Maker’ tomatoes, whilst Horchani et al. (2010) observed elevated chlorophyll
concentration (cv. Rio Grande) at 10 mmol NH4

+, the highest concentration they
studied; despite both hydroponic experiments being matched at pH 5.8.

Cumulative evapotranspiration (Figure 5.2d) indicates a response to NH4
+ toxicity;
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at the highest dose (12 mmol L−1 NH4
+), the significantly lower evapotranspiration

- likely a combination of reduced leaf area and/or stomatal closure - limits further N
uptake in the shoot (Torralbo et al., 2019). Ammonium (NH4

+) toxicity has also been
shown to limit water uptake by disrupting root membranes and preventing uptake of
calcium (Ca) (Pill and Lambeth, 1977). Daily evapotranspiration (Figure 5.2e), and its
delayed increase over time, may represent a response to nutrient imbalance: an increas-
ing concentration of NH4

+ likely depressed water uptake even under mild stress, and
the considerably lower evapotranspiration relative to other chapters (Chapter 4, Section
4.5.2) may be explained by deficiency in other nutrients (such as P) from growing in
an inert medium (Mengel and Kirkby, 2001).

5.4.2 NH4
+ Concentration Effect on Plant Growth and Nutri-

ent Status

Leaf area and biomass (fresh and dry) revealed similar trends to in-situ measurements,
with a peak between 6 and 9 mmol NH4

+ (Figure 5.3a-c). As established in previous
chapters, both deficiency and excess N – particularly in the form of NH4

+ – reduce
biomass production (Roosta et al., 2009). Liquid digestate appears to provide exces-
sive NH4

+ supply for hydroponic tomato cultivation and other species (e.g. Physalis
peruviana), stunting growth (Stoknes et al., 2016). While at lower NH4

+ concentra-
tions there appears to be a near-linear positive relationship between concentration and
biomass - consistent with studies on cucumbers (Roosta et al., 2009) - there is a thresh-
old, beyond which plant growth is suppressed (Lugert et al., 2001; Britto and Kro-
nzucker, 2002). Siddiqi et al. (2002) found a 67% reduction in fresh biomass production
at 11 mmol NH4

+ versus a control of 11 mmol NO3
−. This is likely caused by competi-

tive inhibition of K+, Ca2+ and Mg2+ uptake through high levels of NH4
+, and reduced

to photosynthetic rates (Siddiqi et al., 2002; Torralbo et al., 2019). However, the exact
point of extreme NH4

+ toxicity is difficult to isolate and is dependent on a number of
genetic and environmental factors – particularly light, which causes a great oxidative
stress (Magalhaes and Wilcox, 1984).

The significantly higher percentage of biomass (Figure 5.3d) allocated to the roots
in the control treatment than the NH4

+ treatments was likely a response to severe
nutrient deficiency (Hermans et al., 2006). Conversely, NH4

+ toxicity in the treatments
may have caused plants to halt root production, to limit NH4

+ uptake (Vega-Mas
et al., 2017). Although not quantified, Figure 5.4 shows that root length differed across
treatments - and was particularly stunted under the highest concentration (12 mmol
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NH4
+). However, the root:shoot ratios observed in my experiment under high NH4

+

concentrations (Figure 5.3d) are still similar to the control treatments of Ghanem et al.
(2011), indicating that root biomass allocation was within normal values. Vega-Mas
et al. (2017) observed maintenance of root biomass - even at high NH4

+ concentrations
in Agora Hybrid F1 - owing to greater root plasticity, indicating that partitioning
response differs across varieties.

Despite a longer experiment duration than previous chapters, biomass at all concen-
trations was significantly lower (Figure 3.5 & 4.6). Although 6-9 mmol produced the
greatest biomass and leaf area, this does not represent an “optimum" concentration so
much as it represents the limit of NH4

+ tolerance under sole treatment with the liquid
fraction of digestate. Under lower concentrations of NH4

+, where toxicity was less of an
issue, biomass production was likely limited versus Chapter 4 due to deficiency in other
nutrients – such as P. Stoknes et al. (2016) observed enhanced yield of tomatoes grown
commercial compost versus inert media, and attributed this to increased PO4

3− avail-
ability in the compost. Thus, even though plants in Stoknes et al. (2016) were suppled
with a higher EC (2.3 mS cm−1) of nitrified liquid digestate, derived from food waste,
than the highest concentration in my experiment (∼1.7 mS cm−1), PO4

3− deficiency
may still have occurred without additional sources.

The low P content of liquid digestate is due to precipitation with Fe, which is
added to biogas reactors for desulphurisation (Weimers et al., 2022), and causes much
of the P contained within whole digestate to be within the solid fraction (Tambone
et al., 2017). Furthermore, the limited supply of P in the liquid fraction is restricted
in bioavailability due to digestate’s alkaline pH, which favours precipitation as complex
Ca-P compounds - in particular hydroxyapatite (HAP, Ca5(PO4)2OH) (Güngör et al.,
2007). Liquid digestate consists of two major forms of phosphate: HAp and struvite
(MgNH4PO4·6H2O; Güngör et al., 2007). While both forms are largely insoluble, the
latter is nearly 8 times as plant-available as the former (Achat et al., 2014). The ratio
of HAp to struvite is a largely a function of Ca:Mg and Ca:P, with a value exceeding 2:1
favouring HAp formation (Toor et al., 2005; Liu and Wang, 2019). As Table 3.4 shows,
while the Ca:P (1.62) ratio of the liquid digestate I studied does not meet this threshold,
Ca:Mg (9.96) is comprehensively exceeded, favouring precipitation as plant-unavailable
HAp. While necessary to avoid salt accumulation, daily flushing of pots with working
solutions is likely to have prevented P in unavailable forms (e.g. HAp or organic P)
from becoming bioavailable, either by phosphate solubilising microbes (PSM) or organic
acid exudation by plant roots. It is possible that, over longer treatment interludes, P
availability may have been improved.
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A combination of low P availability and high NH4
+ explains the low overall biomass

observed at all concentration levels, highlighting a nutrient imbalance when liquid di-
gestate is used as a sole nutrient source (Stoknes et al., 2016; Ronga et al., 2019). While
tissue P content was not measured, total plant N was correlated with physiological and
growth measurements (Figure 5.3e). While larger plants assimilated more N, initial
increases in relative leaf N with increasing NH4

+ concentration (Figure 5.3g) likely rep-
resent the additional NH4

+ assimilated in leaves. Consequently, the eventual plateau
is likely in response to release of NH4

+ through deamination when toxicity levels were
reached (Magalhaes and Wilcox, 1984).

Accumulation of NH4
+ in the roots (Figure 5.3f) displayed a similar increase with

shoot NH4
+ concentration; at moderate concentrations this likely reflects N assimila-

tion, whilst the plateau at higher concentrations represents the roots’ insufficient ability
to assimilate further NH4

+ (Cruz et al., 2006; Vega-Mas et al., 2015).

5.5 Conclusions

• Unamended plant-based liquid digestate is not suitable for use in hydroponic sys-
tems, due to high NH4

+, which causes toxicity symptoms and prevents application
in suitable quantities for other nutrients (e.g. P and Mg).

• Liquid digestate must be nitrified, and likely amended, before it is a suitable
nutrient source for tomatoes.

As a result of these experimental data, there is strong evidence to reject Hypothesis
III, and thus liquid digestate is unsuitable as a sole nutrient source for tomato plants.

70



Chapter 6

General Discussion

This project sought to understand and characterise the suitability of the liquid fraction
of a plant-based digestate for application within domestic horticulture. As such, ex-
periments were designed to mimic realistic domestic practices whilst yielding scientific
insights within a short growing period. Successive trials progressively tested the nutri-
tional benefits of the digestate by initially using an advertised lower-nutrient substrate
in Chapter 3, which was further depleted by blending with turf dressing sand in Chap-
ter 4, and then switching to liquid digestate as a sole source of nutrient addition in
Chapter 5. By comparing growth of plants receiving liquid digestate versus synthetic
alternatives, the research explored the role that liquid digestate could play in meet-
ing the emerging market of domestic horticulture, while also examining its potential
relevance to commercial growers.

As a result of these trials, I found that:

• Liquid digestate did not offer comparable performance to synthetic fertiliser at
the manufacturer’s recommended concentration.

• Liquid digestate did not offer comparable performance to synthetic fertiliser when
matched for nitrogen concentration.

• Liquid digestate is not suitable as a sole nutrient source.

The following discussion presents these findings in a wider context, and outline
further research that would be required to improve performance.
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6.1 Liquid Digestate as a Fertiliser in typical horti-
cultural systems

Based on the findings of the first two experiments, liquid digestate does not represent
a suitable fertiliser for complete nutrient supply of plants without amendment. This
is largely on account of low PO4

3− levels, which likely explained some of the stunted
growth seen in Figure 4.6 relative to the much higher P-containing synthetic fertiliser.
While this has been observed in previous studies (e.g. Stoknes et al., 2016), these studies
almost exclusively used animal-derived products, and so it is perhaps more intuitive that
these were unsuitable for plant growth than the plant-based liquid digestate I studied, on
account of original feedstock nutrient composition. However, the experimental results
obtained in prior chapters demonstrate that, while a more homogenous product can be
obtained through controlling feedstocks (based on standard deviation as a proportion
of the mean in Table 2.1 & 6.1), the nutrient ratios of liquid (high NH4

+ and K, low P)
and presumably solid fractions (low NH4

+ and K, high P) remain similarly unsuitable
for tomato cultivation, when used independently.

Furthermore, as Chapter 3 showed, current application concentrations recommended
by the manufacturer are far too low, and should be increased. Other studies applying
liquid digestate reported similar results, with enhanced fresh weight yield in tomatoes
at double the recommended concentration (Liedl et al., 2006). However, due to the im-
balance of nutrients in liquid digestate for tomato (excess NH4

+, insufficient P and Mg),
combined with the nutrient heterogeneity of commercial potting composts, it is difficult
to give an optimum concentration for application. However, as Chapter 5 shows, recom-
mendations should be based on NH4

+ concentration, as this limits growth when applied
in excess (Stoknes et al., 2016). While moderate applications of liquid digestate likely
limit plant-available P, this may not be a problem in the domestic horticulture market,
where risk-averse suppliers ensure that growing media have ample inherent nutrition,
including P. In fact, excess P was found in urban garden soils as a result of composting
(Small et al., 2019)). Consequently, the P limitation I likely observed (Figure 4.6) by
using a lower-nutrient media is not typically encountered. Beyond home horticulture,
the P content of liquid digestate may actually be advantageous in areas that: (a) al-
ready have a high P content or (b) are vulnerable to P, as it prevents overapplication
and facilitates better fertiliser management.

Solid digestate typically has a high PO4
3− level (Reuland et al., 2021b), due to pre-

cipitation through Fe-sowing in the reactor, which could help to elevate P levels when
applying liquid digestate. These reserves remained high in raised beds, even a year after
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Table 6.1: Average nutrient concentration for the plant-based liquid digestate from all nutrient analyses
received and conducted in this study. Asterisks (*) denote parameters where n <3.

Determinand on a
fresh weight basis

Units
Average ±SD

(where possible)
pH 1:6 [Fresh] 8.35 *

Oven Dry Solids % 4.77 ±0.70
Total Kjeldahl Nitrogen % w/w 0.44 ±0.10

Ammonium Nitrogen (NH4
+-N) mg kg−1 FW 3073.00 ±551.55

Nitrate Nitrogen (NO3-N) mg kg−1 211.00*
Phosphate (PO4-P) mg kg−1 221.00*

Total Phosphorus (P) mg kg−1 406.40 ±119.24
Total Potassium (K) mg kg−1 6662.67 ±619.85

Total Magnesium (Mg) mg kg−1 83.90 ±5.19
Total Sulphur (S) mg kg−1 309.05 ±88.94
Total Copper (Cu) mg kg−1 1.66 ±0.39

Total Zinc (Zn) mg kg−1 6.16 ±1.57
Total Sodium (Na) mg kg−1 1350.00*
Total Calcium (Ca) mg kg−1 546.00 ±193.62

Total Iron (Fe) mg kg−1 78.43 ±3.30
Total Molybendum mg kg−1 0.32 ±0.00
Total Manganese mg kg−1 8.74 ±0.21

Total Nickel mg kg−1 0.69 ±0.01*
Total Selenium mg kg−1 0.08 ±0.00
Total Cobalt mg kg−1 0.41 ±0.41

switching nutrient source to liquid digestate and growing tomato, potato and broccoli
digestate (Liedl et al., 2006). This may also represent an additional caveat to the results
presented in this thesis: over longer study periods, the P contained in non-bioavailable
forms - such as HAp and inorganic P - may be made available through biological or
chemical weathering, and thus may positively support plant growth in a way which
was not attained in the short cropping cycles of my experiment. In light of this, and
in recognition of the different release rates of nutrients in different digestate fractions,
it may be both commercially and nutritionally sensible to recommend co-applying the
liquid and solid fraction of digestate. The solid-liquid nature of digestate may also
prove advantageous, as different fractions could be applied under different conditions.
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The solid fraction, as it is less vulnerable to leaching (on account of temporary immo-
bilisation due to high C content; Egene et al.2021) may be applied earlier in the year,
and the liquid used to supplement growth during the drier seasons. Economically, this
could represent a year-round source of income to biogas operators; environmentally this
could reduce leaching events. Although society generally assumes that a higher micro-
bial content of organic fertilisers will inherently benefit plant growth, often microbial
communities contained in digestate favour immobilisation of available nitrogen follow-
ing application (e.g. Reuland et al.2022), or have no impact (e.g. Barduca et al.2021).
Comparing liquid digestate in unautoclaved and autoclaved forms indicated no bene-
ficial effects of microbial communities in digestate, even with a potentially higher N
supply (Figure 4.6). While additional studies would be required to characterise these
communities and their longer-term impacts, and more accurately match for N, this
suggests that liquid digestate could be concentrated without loss of performance. This
would have several commercial benefits: reduced transport costs, increased product
stability and potency (a common customer issue on Amazon was application amount
and frequency). These economic benefits likely translate into environmental savings
too, in terms of transport-related emissions; and improved water recovery, enhancing
circularity. Industry-led attempts at concentrating digestate are already starting to
be applied: HRS Heat Exchangers report an 80% reduction in water volume and an
improved odour (through conversion of NH4

+ into ammonium sulphate) through using
surplus heat from CHP/biogas boilers to superheat digestate in a vacuum (HRS Heat
Exchangers, 2022).

6.2 Liquid Digestate in Hydroponic Systems

Unamended liquid digestate does not appear to be suitable for hydroponic culture,
as nutrient imbalance caused NH4

+ toxicity (Chapter 5). Other studies have reported
similar effects using digestate-hydroponic set-ups (sometimes referred to as "digeponic")
for tomato cultivation (Liedl et al., 2004; Stoknes et al., 2016). Furthermore, the high
concentration of NH4

+ in digestate prohibits increasing application concentration to
level that would supply less plentiful nutrients (especially P) at sufficient amounts.
Thus, nutrient toxicity and deficiency occur together, although different elements are
involved. While some cultivars of tomato (e.g. cv. ‘Rio Grande’), are more tolerant of
NH4

+ than others (e.g. cv. ‘Money Maker’) (Horchani et al., 2010; Barreto et al., 2016)
- it is highly unlikely that any varieties of tomato would be sufficiently tolerant to allow
the necessary quantities of other nutrients to be provided using the liquid digestate.
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A potential solution to this issue would be the nitrification of liquid digestate,
through aeration or use of a biofilm (Weimers et al., 2022). This would increase NO3

−

concentration relative to NH4
+, providing a more favourable N source to plants, and

allowing a higher concentration of liquid digestate to be applied before NH4
+ toxicity

is encountered. This approach was suitable to grow lettuce and parsley (Stoknes et al.,
2016). However, even following nitrification liquid digestate may not be a balanced
fertiliser: Weimers et al. (2022) found deficiency in P, S and boron (B) when growing
pak choi (Brassica rapa, ssp. Chinensis) hydroponically using a biofilm-nitrified liquid
digestate derived from household and animal waste.

Consequently, it may still be necessary to supplement nitrified liquid digestate with
additional nutrients to ameliorate deficiency in tomato plants. Liedl et al. (2004) re-
ported comparable results of a digestate poultry liquid to a commercial hydroponic
solution when supplementing with magnesium sulphate (MgSO4) to raise magnesium
(Mg) concentration to ∼94 mg L−1 and tricalcium phosphate (Ca(NO3)2) to raise NO3

−

to ∼272 mg L−1. Experiments on other crops have also been successful: Weimers et al.
(2022) were able to increase yields of pak choi (Brassica rapa, ssp. chinensis) relative to
a standard mineral fertiliser following matching for P, S, Mg, manganese (Mn), molyb-
denum (Mo), and B by addition of phosphoric acid (H3PO4), magnesium sulphate
(MgSO4), manganese sulphate (MgSO4), sodium molybdate (Na2MoO4) and boric acid
(H3BO3), respectively.

In an exploratory trial using three specimens from Chapter 5, nutrient source was
switched at each NH4

+ concentration to either (a) liquid digestate amended with 200
mg L−1 potassium phosphate monobasic (KH2PO4) or (b) synthetic fertiliser with the
(c) original unamended liquid digestate treatment for comparison. While insufficient
sample size prevented any statistical analysis, plants appeared to respond to this sup-
plementation (Appendix C -6.4), and thus amending the liquid digestate used in this
study merits further attention.

Finally, the alkaline pH of liquid digestate may be problematic in hydroponic set-
ups, as the optimum growth response of tomato is between pH 5.5-6.5 (Short et al.,
1998). While studies typically adjust pH to within this range, the impact of pH on yield
in digeponic systems is mixed: Stoknes et al. (2016) observed higher yields of parsley at
a lower pH (pH 8.1 reduced to 6.5), but a reverse trend for lettuce. Optimal nitrification
under alkaline conditions to some extent compensates for above-optimal pH for plant
growth (Stoknes et al., 2016). In cucumbers, Tyson et al. (2008) recommends main-
taining pH between 7.5-8.0 to maximise total yield, despite a depression of early yield.
Whilst studying the effects of altering digestate pH may yield interesting results, it may
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not be practical for rudimentary or domestic digeponic systems, as aerating digeponic
systems naturally reduces dissolved CO2 and increases pH (Stoknes et al., 2018), mean-
ing that near-continuous adjustment would be required. However, supplementation to
address nutrient deficiency may unintentionally lower pH: Liedl et al. (2004) increased
P supply through addition of phosphoric acid (H3PO4), increasing total P supply to
between 233.2 and 308 mg L−1, and reducing pH to 5.5-6.8. Therefore, with alteration,
liquid digestate may form the basis for a viable nutrient solution in hydroponic systems.

6.3 The Future of Digestate-Based Fertilisers and
Further Research

The widespread adoption of digestate-based fertilisers will be determined by availabil-
ity and efficacy, as well as consumer attitudes towards it. Thus, the nutritional, so-
cioeconomic and environmental credentials must be examined more thoroughly. While
anaerobic digestate is broadly assumed to be a renewable source of energy and fertiliser,
this is a function of circularity. For instance, the system ceases to be renewable if ad-
ditional fertiliser is required to produce enough feedstock for the process, or there are
substantial losses to the atmosphere. More academic work is required in understanding
the role in which anaerobic digestion can play in meeting future energy and fertiliser
demand, as well as refining the process to ensure optimum circularity. Emerging meth-
ods of digestate concentration represent interesting new avenues for utilising surplus
heat from the system, to reduce overall water use, and increase the nutrient concentra-
tion of digestate. Odour reduction and conversion of NH4

+ into ammonium sulphate
((NH4)2SO4) may also make the product more saleable (HRS Heat Exchangers, 2022).
However, to my knowledge, this has yet to be comprehensively evaluated, and thus a
study aimed at making liquid digestate more visually and aromatically appealing may
yield commercial benefits.

During efforts to improve performance, consideration must also be given to effects on
sustainability. While supplementing with mineral nutrients may enhance crop growth,
there exists a threshold whereby liquid digestate is no longer more “environmentally-
friendly” than synthetic alternatives. A method of overcoming this, as Liedl et al. (2004)
proposed, may be to incorporate the struvite contained within the solid fraction of
digestate into the liquid fraction (e.g. through acid-dissolution (Ariyanto et al., 2012)),
minimising the amount of additional inputs required to make liquid digestate successful
as a fertiliser. This could additionally work for the organic P contained in digestate: Xu
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et al. (2023) observed disruption to organic P flocculates following combination with
ascorbic acid in sludge, increasing availability. However, this approach must again be
validated by further study.

While liquid digestate occupies a far greater volume than the solid fraction, making
it more difficult to store on-site, the solid fraction may be more economically valu-
able in the home horticulture market, particularly as a result of the proposed ban of
horticultural peat in the UK by 2024 (Department for Environment, 2022). However,
a holistic approach may prove mutually advantageous: advertising the liquid fraction
in conjunction with compost made from the solid fraction may make it easier to rec-
ommend crop-specific optimum application rates of liquid digestate, and the deficient
nutrients in one are likely to be ameliorated by the other (and vice versa). Similarly to
the liquid fraction, it is likely that solid digestate must be refined in order to be optimal
for plant growth: either through composting or, as Stoknes et al. (2016) advocate, ver-
micomposting. Following aeration and mixing of the digestate with sawdust to reduce
compaction, Krishnasamy et al. (2014) was able to achieve significant N mineralisation
as NO3

− to produce nutrient-rich vermicompost.
Significant barriers (or conversely facilitators) to widespread adoption of digestate-

based fertilisers in the domestic horticulture market include, but are not limited to:
regulation, energy prices (and analogously fertiliser prices), subsidy provision, trans-
portation and storability, efficacy, and marketing. These are dynamic factors, and thus
continual monitoring and high adaptability is necessary for long-term success. Diges-
tate, in both fractions, is an interesting alternative to synthetic fertiliser, and merits
further study.

6.4 General Conclusions and Recommendations

By conducting empirical experiments and reviewing existing literature, the following
recommendations are made:

• Current dose recommendations for commercially-available liquid digestate are too
low for soil-based systems, and should be increased in order to perform better
versus synthetic alternatives.

• Unamended liquid digestate is not a complete nutrient solution and should instead
be considered a N-K fertiliser.

• The high NH4
+ concentration in liquid digestate restrains plant growth if applied
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at high concentrations, and the proportion of NO3
− must be increased before it

is suitable for use in hydroponics.

• If unamended liquid digestate is to be used in either soilless or soil-based systems,
it should be applied in conjunction with a high P source, such as the solid fraction
of digestate and/or an immediately bioavailable P source.

• Liquid digestate could be improved as a fertiliser through supplementation with
additional nutrients, or nitrification through aeration or treatment with a biofilm.

• Liquid digestate can likely be concentrated without losing performance, although
further study is required to confirm this.
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Appendix
A. Environmental Conditions
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Figure 6.1: Environmental conditions for the duration of Experiment 1 in Chapter 3. (A) Air temper-
ature (◦C), (B) relative humidity (%), (C) vapour pressure deficit (VPD), (D) CO2 concentration, (E)
Solar radiation (µmol m−2s−1) and (F) photosynthetically active radiation (PAR) (µmol m−2s−1)
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Figure 6.2: Environmental conditions for the duration of Experiment 2 in Chapter 4. (A) Air temper-
ature (◦C), (B) relative humidity (%), (C) vapour pressure deficit (VPD), (D) CO2 concentration, (E)
Solar radiation (µmol m−2s−1) and (F) photosynthetically active radiation (PAR) (µmol m−2s−1)
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Figure 6.3: Environmental conditions for the duration of Experiment 3 in Chapter 5. (A) Air temper-
ature (◦C), (B) relative humidity (%), (C) vapour pressure deficit (VPD), (D) CO2 concentration, (E)
Solar radiation (µmol m−2s−1) and (F) photosynthetically active radiation (PAR) (µmol m−2s−1)
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B. Nutrient Analysis

Table 6.2: Nutrient solutions of De Kreij et al. (1997) and average liquid digestate composition of Table 2.1, normalised for NH4
+.

Nutrient/element
Starter solution Root environment (range) Refilling solution

Average Liquid Digestate
from Energy Crops

and/or Manure
Recommended Normalised NH4+ Recommended Normalised NH4+ Recommended Normalised NH4+ Recommended Normalised NH4+

NO3 23 230 30.5 101.7 10.75 10.75
NH4+ 0.1 1 0.3 1 1 1 51.5 1

K 8 80 10.6 35.3 6.5 6.5 80.7 1.6
Ca 10 100 13.25 44.2 2.75 2.75 44.4 0.86
Mg 4.5 45 4.5 15 1 1 9.6 0.19
SO4 6.8 68 6.75 22.5 1.5 1.5

P 1 10 1 3.3 1.25 1.25 80.7 1.6
HCO3 < 1 0.5 1.7

Na < 12 6.1 20.2 0 0
Cl < 15 7.6 25.2 0 0
Fe 2.5×10−2 2.5×10−1 3.5×10−2 1.0×10−1 1.1×10−2 1.1×10−2 3.19 6.2×10−2

Mn 5.0×10−3 5.0×10−2 3.0×10−4 1.0×10−3 1.0×10−3 1.0×10−3 2.6×10−1 5.1×10−3

Zn 7.0×10−3 7.0×10−2 1.1×10−2 3.5×10−2 6.5×10−3 6.5×10−3 4.0×10−1 7.7×10−3

B 5.0×10−2 5.0×10−1 1.3×10−2 4.4×10−2 2.8×10−3 2.8×10−3

Cu 7.5×10−4 7.5×10−3 4.5×10−3 1.5×10−2 1.0×10−3 1.0×10−3

Mo 5.0×10−4 5.0×10−3 6.8×10−3 2.3×10−2 1.5×10−3 1.5×10−3
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C. Exploratory Supplementation Trial
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Figure 6.4: Physiology measurements under different mmol L−1 NH4
+ concentrations of synthetic

fertiliser (SF), liquid digestate (LD) and liquid digestate amended with 200 mg L−1 KH2PO4 (LD +
200 mg L−1 KH2PO4).
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Figure 6.5: Plant growth and nutrient status under different mmol L−1 NH4
+ concentrations of syn-
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(LD + 200 mg L−1 KH2PO4).

85



Reference List

Abduelghader, A. A., Sanders, F. E. and Pilbeam, D. J. (2011), Growth and biomass
partitioning in tomato in relation to ratio of nitrogen:Phosphorus supply, Journal of
Plant Nutrition 34, 2018–2038. doi: 10.1080/01904167.2011.610488.

Achat, D. L., Sperandio, M., Daumer, M. L., Santellani, A. C., Prud’Homme, L.,
Akhtar, M. and Morel, C. (2014), Plant-availability of phosphorus recycled from pig
manures and dairy effluents as assessed by isotopic labeling techniques, Geoderma
232-234, 24–33. doi: 10.1016/J.GEODERMA.2014.04.028.

Agriculture and Horticulture Development Board (AHDB) (2022), GB fertiliser prices,
August 2022.
https://ahdb.org.uk/GB-fertiliser-prices

Akhiar, A., Battimelli, A., Torrijos, M. and Carrere, H. (2017), Comprehensive char-
acterization of the liquid fraction of digestates from full-scale anaerobic co-digestion,
Waste Management 59, 118–128. doi: 10.1016/j.wasman.2016.11.005.

Al Seadi, T. and Lukehurst, C. (2012), Quality management of digestate from biogas
plants used as fertiliser, IEA bioenergy 37, 40.

Allen, S. E. (1989), Chemical analysis of ecological materials, 2nd edn, Blackwell Sci-
entific Publications.
https://agris.fao.org/agris-search/search.do?recordID=US201300686917

Apogee Instruments Inc. (2022), Mc-100 chlorophyll concentration meter specification
sheet.
https://www.apogeeinstruments.com/content/MC-100-spec-sheet.pdf

Ariyanto, E., Ang, H. M. and Sen, T. (2012), Effect of initial solution ph on solubility
and morphology of struvice crystals, Proceedings from Chemeca 2011 pp. 18–21.
https://espace.curtin.edu.au/handle/20.500.11937/11492

86

https://ahdb.org.uk/GB-fertiliser-prices
https://agris.fao.org/agris-search/search.do?recordID=US201300686917
https://www.apogeeinstruments.com/content/MC-100-spec-sheet.pdf
https://espace.curtin.edu.au/handle/20.500.11937/11492


Barbieri, G., Vallone, S., Orsini, F., Paradiso, R., De Pascale, S., Negre-
Zakharov, F. and Maggio, A. (2012), Stomatal density and metabolic deter-
minants mediate salt stress adaptation and water use efficiency in basil (oci-
mum basilicum l.), Journal of Plant Physiology 169(17), 1737–1746. doi:
https://doi.org/10.1016/j.jplph.2012.07.001.

Barduca, L., Wentzel, S., Schmidt, R., Malagoli, M. and Joergensen, R. G. (2021),
Mineralisation of distinct biogas digestate qualities directly after application to soil,
Biology and Fertility of Soils 57, 235–243. doi: 10.1007/s00374-020-01521-5.

Barreto, R. F., Prado, R. M., Leal, A. J. F., Troleis, M. J. B., Junior, G. B., Mon-
teiro, C. C., Santos, L. C. N. and Carvalho, R. F. (2016), Mitigation of ammo-
nium toxicity by silicon in tomato depends on the ammonium concentration, Acta
Agriculturae Scandinavica Section B: Soil and Plant Science 66, 483–488. doi:
10.1080/09064710.2016.1178324.

Bartletta, M. K., Klein, T., Jansen, S., Choat, B. and Sack, L. (2016), The correla-
tions and sequence of plant stomatal, hydraulic, and wilting responses to drought,
Proceedings of the National Academy of Sciences of the United States of America
113, 13098–13103. doi: https://doi.org/10.1073/pnas.1604088113.
https://www.pnas.org/doi/abs/10.1073/pnas.1604088113

Benton-Jones Jr, J. (2007), Tomato Plant Culture, In the Field, Greenhouse, and Home
Garden, Second Edition, 2nd edn, CRC Press.

Bhattacharyya, C., Roy, R., Tribedi, P., Ghosh, A. and Ghosh, A. (2020), Biofertilizers
as substitute to commercial agrochemicals, in Agrochemicals Detection, Treatment
and Remediation, Butterworth-Heinemann, pp. 263–290. doi: 10.1016/B978-0-08-
103017-2.00011-8.

Bleiholder, H., Weber, E., Lancashire, P., Feller, C., Buhr, L., Hess, M., Wicke, H.,
Hack, H., U, M., Klose, R. and van den Boom, T. (2001), Growth stages of mono-
and dicotyledonous plants.

Borlaug, N. E. (1972), In defence of DDT and other pesticides, The UNESCO Courier:
a window open on the world XXV, 4–13.

Bradford, K. J. and Dilley, D. R. (1978), Effects of Root Anaerobiosis on Ethylene
Production, Epinasty, and Growth of Tomato Plants1, Plant Physiol pp. 506–509.

87

https://www.pnas.org/doi/abs/10.1073/pnas.1604088113


Britto, D. T. and Kronzucker, H. J. (2002), Review nh+
4 toxicity in higher plants: a

critical review, J. Plant Physiol 159, 567–584.
http://www.urbanfischer.de/journals/jpp

BS EN ISO/IEC 17025:2017 (2017), General requirements for the competence of testing
and calibration laboratories, Standard, British Standards Institution, London, UK.

Bundesministerium des Innern und für Heimat (BMUV) (2018), Waste management
in Germany 2018.
https://www.bmu.de/fileadmin/Daten_BMU/Pools/Broschueren/
abfallwirtschaft_208_en_bf.pdf

Bénard, C., Bourgaud, F. and Gautier, H. (2011), Impact of Temporary Nitrogen De-
privation on Tomato Leaf Phenolics, International Journal of Molecular Sciences
12, 7971. doi: 10.3390/IJMS12117971.

Carpenter, S. R., Caraco, N. F., Correll, D. L., Howarth, R. W., Sharpley, A. N.
and Smith, V. H. (1998), Nonpoint pollution of surface waters with phospho-
rus and nitrogen, Ecological applications 8(3), 559–568. doi: 10.1890/1051-
0761(1998)008[0559:NPOSWW]2.0.CO;2.

Case, S., Oelofse, M., Hou, Y., Oenema, O. and Jensen, L. (2017), Farmer
perceptions and use of organic waste products as fertilisers – a survey study
of potential benefits and barriers, Agricultural Systems 151, 84–95. doi:
https://doi.org/10.1016/j.agsy.2016.11.012.
https://www.sciencedirect.com/science/article/pii/S0308521X16308022

Chen, S., Perathoner, S., Ampelli, C. and Centi, G. (2019), Chapter 2 - Electrochem-
ical Dinitrogen Activation: To Find a Sustainable Way to Produce Ammonia, in
S. Albonetti, S. Perathoner and E. A. Quadrelli, eds, Horizons in Sustainable Indus-
trial Chemistry and Catalysis, Vol. 178 of Studies in Surface Science and Catalysis,
Elsevier, pp. 31–46. doi: 10.1016/B978-0-444-64127-4.00002-1.

Clark, N. and Szerszynski, B. (2020), Planetary Social Thought: The Anthropocene
Challenge to the Social Sciences, Polity Press.

Clarkson, D. T. and Scattergood, C. B. (1982), Growth and Phosphate Trans-
port in Barley and Tomato Plants During the Development of, and Recov-
ery from, Phosphate-stress, Journal of Experimental Botany 33, 865–875. doi:

88

http://www.urbanfischer.de/journals/jpp
https://www.bmu.de/fileadmin/Daten_BMU/Pools/Broschueren/abfallwirtschaft_20 8_en_bf.pdf
https://www.bmu.de/fileadmin/Daten_BMU/Pools/Broschueren/abfallwirtschaft_20 8_en_bf.pdf
https://www.sciencedirect.com/science/article/pii/S0308521X16308022


10.1093/jxb/33.5.865.
https://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/33.5.865

Cordell, D., Drangert, J. O. and White, S. (2009), The story of phosphorus: Global
food security and food for thought, Global Environmental Change 19, 292–305. doi:
10.1016/j.gloenvcha.2008.10.009.

Crafts-Brandner, S. J. (1992), Phosphorus nutrition influence on leaf senescence in
soybean1, Plant Physiol 98, 1128–1132.

Cruz, C., Bio, A. F. M., Domínguez-Valdivia, M. D., Aparicio-Tejo, P. M., Lamsfus, C.
and Martins-Loução, M. A. (2006), How does glutamine synthetase activity determine
plant tolerance to ammonium?, Planta 223, 1068–1080. doi: 10.1007/s00425-005-
0155-2.

Cruz, S., van Santen, E. and Gómez, C. (2022), Evaluation of Compact Tomato Culti-
vars for Container Gardening Indoors and under Sunlight, Horticulturae 8, 294. doi:
10.3390/horticulturae8040294.

da Silva, C. L., Benin, G., Bornhofen, E., Beche, E., Todeschini, M. H. and Milioli,
A. S. (2014), Nitrogen use efficiency is associated with chlorophyll content in brazilian
spring wheat, Australian Journal of Crop Science 8(6), 957–964.

Dahlin, J., Herbes, C. and Nelles, M. (2015), Biogas digestate marketing: Qualitative
insights into the supply side, Resources, Conservation and Recycling 104, 152–161.
doi: 10.1016/J.RESCONREC.2015.08.013.

De Kreij, C., Voogt, W., Van den Bos, A. and Baas, R. (1997), Voedingsoplossingen
voor de teelt van tomaat in gesloten teeltsystemen, Naaldwijk: Brochure VG Tomaat
.

Deng, S. (2021), Chapter 19 - phosphorus and selected metals and metalloids, in T. J.
Gentry, J. J. Fuhrmann and D. A. Zuberer, eds, Principles and Applications of
Soil Microbiology (Third Edition), third edition edn, Elsevier, pp. 523–555. doi:
https://doi.org/10.1016/B978-0-12-820202-9.00019-8.
https://www.sciencedirect.com/science/article/pii/
B9780128202029000198

Department for Business Energy & Industrial Strategy (BEIS) (2021), UK Energy in
Brief 2021.
www.gov.uk/government/statistics/uk-energy-in-brief-2021

89

https://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/33.5.865
https://www.sciencedirect.com/science/article/pii/B9780128202029000198
https://www.sciencedirect.com/science/article/pii/B9780128202029000198
www.gov.uk/government/statistics/uk-energy-in-brief-2021


Department for Environment, Food & Rural Affairs, N. E. D. (2022), Sale of horticul-
tural peat to be banned in move to protect england’s precious peatlands.
https://www.gov.uk/government/news/sale-of-horticultural-peat-to-be-
banned-in-move-to-protect-englands-precious-peatlands

dos Santos, J. C. C., Costa, R. N., Silva, D. M. R., de Souza, A. A., de Barros
Prado Moura, F., da Silva Junior, J. M. and Silva, J. V. (2016), Use of allometric
models to estimate leaf area in hymenaea courbaril l., Theoretical and Experimental
Plant Physiology 28, 357–369. doi: 10.1007/s40626-016-0072-8.

Eaton, S. V. (1951), Effects of sulfur deficiency on growth and metabolism of tomato,
https://doi.org/10.1086/335664 112, 300–307. doi: 10.1086/335664.
https://www.journals.uchicago.edu/doi/10.1086/335664

Egene, C. E., Sigurnjak, I., Regelink, I. C., Schoumans, O. F., Adani, F., Michels, E.,
Sleutel, S., Tack, F. M. and Meers, E. (2021), Solid fraction of separated digestate
as soil improver: implications for soil fertility and carbon sequestration, Journal of
Soils and Sediments 21, 678–688. doi: 10.1007/S11368-020-02792-Z/TABLES/6.

Environment Agency (EA) (2014), Quality Protocol Anaerobic digestate End of waste
criteria for the production and use of quality outputs from anaerobic digestion of
source-segregated biodegradable waste.

Eriksen, J., Nielsen, M., Mortensen, J. V. and Schjørring, J. K. (2001), Redistribution of
sulphur during generative growth of barley plants with different sulphur and nitrogen
status, Plant and Soil 230, 239–246. doi: 10.1023/A:1010328115203.

Erisman, J. W., Sutton, M. A., Galloway, J., Klimont, Z. and Winiwarter, W. (2008),
How a century of ammonia synthesis changed the world, Nature Geoscience 1, 636–
639. doi: 10.1038/ngeo325.

European Commission (1996), Anaerobic digestion and carbohydrate hydrolysis of waste:
Proceedings of an information symposium under the EEC programme on recycling of
urban and industrial waste, Luxembourg, May 8-10, 1984, Publications Office.

Farquhar, G. D. and Sharkey, T. D. (1982), Stomatal conductance and photo-
synthesis, Annual Review of Plant Physiology 33, 317–345. doi: 10.1146/an-
nurev.pp.33.060182.001533.

90

https://www.gov.uk/government/news/sale-of-horticultural-peat-to-be-banned-in-move-to-protect-englands-precious-peatlands
https://www.gov.uk/government/news/sale-of-horticultural-peat-to-be-banned-in-move-to-protect-englands-precious-peatlands
https://www.journals.uchicago.edu/doi/10.1086/335664


Fasihi, M., Weiss, R., Savolainen, J. and Breyer, C. (2021), Global potential of green
ammonia based on hybrid PV-wind power plants, Applied Energy 294, 116170. doi:
10.1016/J.APENERGY.2020.116170.

Feiz, R., Carraro, G., Brienza, C., Meers, E., Verbeke, M. and Tonderski, K. (2022),
Systems analysis of digestate primary processing techniques, Waste Management
150, 352–363. doi: 10.1016/J.WASMAN.2022.07.013.

Feng, J. and Barker, A. V. (1992), Ethylene evolution and ammonium accumulation by
tomato plants with various nitrogen forms and regimes of acidity. part i, Journal of
Plant Nutrition 15, 2457–2469. doi: 10.1080/01904169209364487.

Fernández-Crespo, E., Scalschi, L., Llorens, E., García-Agustín, P. and Camañes, G.
(2015), Nh4+ protects tomato plants against pseudomonas syringae by activation
of systemic acquired acclimation, Journal of Experimental Botany 66, 6777. doi:
10.1093/JXB/ERV382.

Fontaine, D., Feng, L., Labouriau, R., Møller, H. B., Eriksen, J. and Sørensen, P.
(2020), Nitrogen and Sulfur Availability in Digestates from Anaerobic Co-digestion of
Cover Crops, Straw and Cattle Manure, Journal of Soil Science and Plant Nutrition
20, 621–636. doi: 10.1007/s42729-019-00151-7.

Frydenvang, J., van Maarschalkerweerd, M., Carstensen, A., Mundus, S., Schmidt,
S. B., Pedas, P. R., Laursen, K. H., Schjoerring, J. K. and Husted, S. (2015), Sensitive
detection of phosphorus deficiency in plants using chlorophyll a fluorescence, PLANT
PHYSIOLOGY 169(1), 353+. doi: 10.1104/pp.15.00823.

Furukawa, Y. and Hasegawa, H. (2006), Response of Spinach and Komatsuna to Biogas
Effluent Made from Source-Separated Kitchen Garbage, Journal of Environmental
Quality 35, 1939–1947. doi: 10.2134/jeq2005.0482.

Gavassi, M. A., Dodd, I. C., Puértolas, J., Silva, G. S., Carvalho, R. F. and Haber-
mann, G. (2020), Aluminum-induced stomatal closure is related to low root hydraulic
conductance and high aba accumulation, Environmental and Experimental Botany
179, 104233. doi: https://doi.org/10.1016/j.envexpbot.2020.104233.

Ghanem, M. E., Martínez-Andújar, C., Albacete, A., Pospíšilová, H., Dodd, I. C.,
Pérez-Alfocea, F. and Lutts, S. (2011), Nitrogen form alters hormonal balance in
salt-treated tomato (solanum lycopersicum l.), Journal of Plant Growth Regulation
30, 144–157. For nutrient analysis of plant tissue. doi: 10.1007/s00344-010-9178-4.

91



Ghavam, S., Vahdati, M., Wilson, I. A. G. and Styring, P. (2021), Sustain-
able Ammonia Production Processes, Frontiers in Energy Research 9, 34. doi:
10.3389/FENRG.2021.580808/BIBTEX.

Gilland, B. (1983), Considerations on world population and food supply., Population
& Development Review 9(2), 203–211. doi: 10.2307/1973049.

Good, A. G. and Beatty, P. H. (2011), Fertilizing nature: A tragedy of excess in the
commons, PLoS Biology 9. doi: 10.1371/JOURNAL.PBIO.1001124.

Grant, R. S. and Matthews, M. A. (1996), The influence of phosphorus availability,
scion, and rootstock on grapevine shoot growth, leaf area, and petiole phosphorus
concentration.

Guilayn, F., Jimenez, J., Rouez, M., Crest, M. and Patureau, D. (2019), Diges-
tate mechanical separation: Efficiency profiles based on anaerobic digestion feed-
stock and equipment choice, BIORESOURCE TECHNOLOGY 274, 180–189. doi:
10.1016/j.biortech.2018.11.090.

Güngör, K., Jürgensen, A. and Karthikeyan, K. G. (2007), Determination of phos-
phorus speciation in dairy manure using xrd and xanes spectroscopy, Journal of
Environmental Quality 36, 1856–1863. doi: 10.2134/jeq2006.0563.

Haneklaus, S., Paulsen, H. M., Gupta, A. K., Bloem, E. and Ewald, S. (1999), 10th
International Rapeseed Congress, Global Council for Innovation in Rapeseed and
Canola, chapter Influence of Sulfur Fertilization on Yield and Quality of Oilseed
Rape and Mustard.
http://www.pb.fal.de/en/library/publications/pb1358.html

Haygarth, P. M., Bardgett, R. D. and Condron, L. M. (2013), Nitrogen and phosphorus
cycles and their management, Soil Conditions and Plant Growth pp. 132–159. doi:
10.1002/9781118337295.ch5.

Hees, P. A. W. V., Jones, D. L. and Godbold, D. L. (2002), Biodegradation of low
molecular weight organic acids in coniferous forest podzolic soils, Soil Biology &
Biochemistry 34, 1261–1272.
www.elsevier.com/locate/soilbio

Hermans, C., Hammond, J. P., White, P. J. and Verbruggen, N. (2006), How do plants
respond to nutrient shortage by biomass allocation?, Trends in Plant Science 11, 610–
617. doi: 10.1016/j.tplants.2006.10.007.

92

http://www.pb.fal.de/en/library/publications/pb1358.html
www.elsevier.com/locate/soilbio


Heuvelink, E. (2005), Tomatoes, CABI. doi: 10.1079/9780851993966.0000.

Heuvelink, E., Bakker, M. J., Elings, A., Kaarsemaker, R. C. and Marcelis, L. F. M.
(2005), Effect of leaf area on tomato yield, Acta Horticulturae 691, 43–50. doi:
10.17660/ActaHortic.2005.691.2.

Higo, M., Azuma, M., Kamiyoshihara, Y., Kanda, A., Tatewaki, Y. and Isobe, K.
(2020), Impact of Phosphorus Fertilization on Tomato Growth and Arbuscular My-
corrhizal Fungal Communities, Microorganisms 2020, Vol. 8, Page 178 8, 178. doi:
10.3390/MICROORGANISMS8020178.

Himelblau, E. and Amasino, R. M. (2001), Nutrients mobilized from leaves of Arabidop-
sis thaliana during leaf senescence, Journal of Plant Physiology 158(10), 1317–1323.
doi: https://doi.org/10.1078/0176-1617-00608.

Hiradate, S. and Uchida, N. (2004), Effects of soil organic matter on ph-dependent
phosphate sorption by soils, Soil Science and Plant Nutrition 50(5), 665–675. doi:
10.1080/00380768.2004.10408523.

Hjorth, M., Christensen, K. V., Christensen, M. L. and Sommer, S. G. (2010),
Solid—liquid separation of animal slurry in theory and practice. A review, Agronomy
for Sustainable Development 30, 153–180. doi: 10.1051/agro/2009010.

Horchani, F., Hajri, R. and Aschi-Smiti, S. (2010), Effect of ammonium or nitrate nutri-
tion on photosynthesis, growth, and nitrogen assimilation in tomato plants, Journal
of Plant Nutrition and Soil Science 173, 610–617. doi: 10.1002/jpln.201000055.

HRS Heat Exchangers (2022), Concentration of environmental waste for renewable
energy.
https://www.hrs-heatexchangers.com/systems/environmental-systems/
concentration-environmental-waste-renewable-energy-dcs/

Humphreys, J., Lan, R. and Tao, S. (2021), Development and Recent Progress on
Ammonia Synthesis Catalysts for Haber–Bosch Process, Advanced Energy and Sus-
tainability Research 2(1), 2000043. doi: 10.1002/AESR.202000043.

Häfner, F., Hartung, J. and Möller, K. (2022), Digestate composition affecting n fer-
tiliser value and c mineralisation, Waste and Biomass Valorization 13, 3445–3462.
doi: 10.1007/S12649-022-01723-Y/TABLES/7.

93

https://www.hrs-heatexchangers.com/systems/environmental-systems/concentration-environmental-waste-renewable-energy-dcs/
https://www.hrs-heatexchangers.com/systems/environmental-systems/concentration-environmental-waste-renewable-energy-dcs/


International Energy Agency (IEA) (2022), Renewable Energy Market Update - May
2022.
https://www.iea.org/reports/renewable-energy-market-update-may-2022

International Renewable Energy Agency (IRENA) (2021), Renewable Energy Statistics
2021.
www.irena.org

ISO 11732:2005(en)) (2005), Water quality — Determination of ammonium nitrogen
— Method by flow analysis (CFA and FIA) and spectrometric detection, Standard,
International Organization for Standardization, Geneva, CH.

ISO 13395:1996(en) (1996), Water quality — Determination of nitrite nitrogen and ni-
trate nitrogen and the sum of both by flow analysis (CFA and FIA) and spectrometric
detection, Standard, International Organization for Standardization, Geneva, CH.

ISO 19051:2015(en) (2015), Rubber, raw natural, and rubber latex, natural — De-
termination of nitrogen content by Micro Dumas combustion method, Standard,
International Organization for Standardization, Geneva, CH.

ISO 6878:2004(en) (2004), Water quality — Determination of phosphorus — Ammo-
nium molybdate spectrometric method, Standard, International Organization for
Standardization, Geneva, CH.

Jain, H. K. (2010), Green revolution : history, impact and future, Studium Press LLC.

Janssen, B. H. (1998), Efficient use of nutrients: an art of balancing, Field Crops
Research 56, 197–201. doi: 10.1016/S0378-4290(97)00130-5.

Jia, H., Chen, S., Liu, D., Liesche, J., Shi, C., Wang, J., Ren, M., Wang, X., Yang,
J., Shi, W. and Li, J. (2018), Ethylene-induced hydrogen sulfide negatively regu-
lates ethylene biosynthesis by persulfidation of aco in tomato under osmotic stress,
Frontiers in Plant Science 9. doi: 10.3389/fpls.2018.01517.

Jolliet, O. and Bailey, B. J. (1992), The effect of climate on tomato transpiration in
greenhouses: measurements and models comparison, Agricultural and Forest Meteo-
rology 58, 43–62.

Kaiser, H. and Kappen, L. (2001), Stomatal oscillations at small apertures: indica-
tions for a fundamental insufficiency of stomatal feedback-control inherent in the

94

https://www.iea.org/reports/renewable-energy-market-update-may-2022
www.irena.org


stomatal turgor mechanism, Journal of Experimental Botany 52, 1303–1313. doi:
10.1093/JEXBOT/52.359.1303.

Khavari-Nejad, R. A., Najafi, F. and Tofighi, C. (2009), Diverse responses of tomato to
N and P deficiency, International Journal of Agriculture & Biology 11, 209–213.
http://www.fspublishers.org

Klinkenberg, M. (2020), Seed companies thought coronavirus would ruin their busi-
nesses. instead, demand has soared.
https://www.theglobeandmail.com/life/article-peis-veseys-sees-demand-
soar-as-covid-19-spurs-vegetable-seeds-frenzy/

Kovacic, D., Loncaric, Z., Jovic, J., Samac, D., Popovic, B. and Tisma, M. (2022),
Digestate management and processing practices: A review, APPLIED SCIENCES-
BASEL 12(18). doi: 10.3390/app12189216.

Krishnasamy, K., Nair, J. and Bell, R. (2014), Evaluation of anaerobic digestate as
a substrate for vermicomposting, International Journal of Environment and Waste
Management 14, 149. doi: 10.1504/IJEWM.2014.064084.

Kupper, T., Bürge, D., Bachmann, H. J., Güsewell, S. and Mayer, J. (2014), Heavy
metals in source-separated compost and digestates, Waste Management 34, 867–874.
doi: 10.1016/j.wasman.2014.02.007.

Li, S., Liu, J., Liu, H., Qiu, R., Gao, Y. and Duan, A. (2021), Role of Hydraulic Signal
and ABA in Decrease of Leaf Stomatal and Mesophyll Conductance in Soil Drought-
Stressed Tomato, Frontiers in Plant Science 12. doi: 10.3389/fpls.2021.653186.

Lichtarowicz, M. (2016).
https://www.essentialchemicalindustry.org/chemicals/ammonia.html

Liedl, B. E., Bombardiere, J. and Chatfield, J. M. (2006), Fertilizer potential of liquid
and solid effluent from thermophilic anaerobic digestion of poultry waste, Water
Science and Technology 53, 69–79. doi: 10.2166/wst.2006.237.

Liedl, B. E., Cummins, M., Young, A., Williams, M. L. and Chatfield, J. M. (2004),
Liquid effluent from poultry waste bioremediation as a potential nutrient source for
hydroponic tomato production, Acta Horticulturae 659, 647–652. doi: 10.17660/AC-
TAHORTIC.2004.659.83.

95

http://www.fspublishers.org
https://www.theglobeandmail.com/life/article-peis-veseys-sees-demand-soar-as-covid-19-spurs-vegetable-seeds-frenzy/
https://www.theglobeandmail.com/life/article-peis-veseys-sees-demand-soar-as-covid-19-spurs-vegetable-seeds-frenzy/
https://www.essentialchemicalindustry.org/chemicals/ammonia.html


Liu, H. (2014), Ammonia synthesis catalyst 100 years: Practice, enlightenment and
challenge, Cuihua Xuebao/Chinese Journal of Catalysis 35(10), 1619–1640. doi:
10.1016/S1872-2067(14)60118-2.

Liu, W. K., Yang, Q. C., Du, L. F., Cheng, R. F. and Zhou, W. L. (2011), Nutrient
supplementation increased growth and nitrate concentration of lettuce cultivated
hydroponically with biogas slurry, Acta Agriculturae Scandinavica, Section B - Plant
Soil Science 61, 391–394. doi: 10.1080/09064710.2010.482539.

Liu, X. and Wang, J. (2019), Impact of calcium on struvite crystallization in the
wastewater and its competition with magnesium, Chemical Engineering Journal
378, 122121. doi: 10.1016/j.cej.2019.122121.

Lugert, I., Gerendás, J., Brück, H. and Sattelmacher, B. (2001), Plant nutrition-food
security and sustainability of agro-ecosystems, 306.

Luo, X., Mazer, S. J., Guo, H., Zhang, N., Weiner, J. and Hu, S. (2016), Nitro-
gen:phosphorous supply ratio and allometry in five alpine plant species, Ecology and
Evolution 6, 8881–8892. doi: 10.1002/ece3.2587.

Luostarinen, S., Normak, A., Edström, M. et al. (2011), Overview of biogas technology,
Overview of Biogas Technology. Baltic manure WP6 Energy potentials 47.

Ma, B. L., Morrison, M. J. and Voldeng, H. D. (1995), Leaf greenness and pho-
tosynthetic rates in soybean, Crop Science 35, 1411–1414. doi: 10.2135/CROP-
SCI1995.0011183X003500050025X.

Ma, J. F., Ryan, P. R. and Delhaize, E. (2001), Aluminium tolerance in plants and
the complexing role of organic acids, Trends in Plant Science 6(6), 273–278. doi:
10.1016/S1360-1385(01)01961-6.

Mae, T., Makino, A. and Ohira, K. (1983), Changes in the amounts of ribulose bispho-
sphate carboxylase synthesized and degraded during the life span of rice leaf (Oryza
sativa L.), Plant and Cell Physiology (Japan) 24, 1079–1086.

Magalhaes, J. R. and Wilcox, G. E. (1984), Ammonium toxicity development in
tomato plants relative to nitrogen form and light intensity, Journal of Plant Nu-
trition 7, 1477–1496. doi: 10.1080/01904168409363295.

Manning, D. A. C. (2008), Phosphate Minerals, Environmental Pollution and Sustain-
able Agriculture, Elements 4(2), 105–108. doi: 10.2113/GSELEMENTS.4.2.105.

96



Marques, D. J., da Silva, E. C., Siqueira, J. A. C., Abedi, E., Veloso, F. R., Maciel,
G. M. and Maluf, W. R. (2022), Variation in the dynamic of absorption and efficiency
of phosphorus use in tomato, Scientific Reports 12, 4379. doi: 10.1038/s41598-022-
08337-3.

Masclaux-Daubresse, C., Daniel-Vedele, F., Dechorgnat, J., Chardon, F., Gaufichon, L.
and Suzuki, A. (2010), Nitrogen uptake, assimilation and remobilization in plants:
challenges for sustainable and productive agriculture, Annals of Botany 105, 1141.
doi: 10.1093/AOB/MCQ028.

Mason, A. (2017), Willen biogas: Maximising the value of their digestate, HRS Heat
Exchangers .
https://www.hrs-heatexchangers.com/news/willen-biogas-maximising-
value-digestate/

McAdam, S. A., Sussmilch, F. C. and Brodribb, T. J. (2016), Stomatal responses to
vapour pressure deficit are regulated by high speed gene expression in angiosperms,
Plant, Cell & Environment 39, 485–491. doi: 10.1111/PCE.12633.

McTaggart, I. P. and Smith, K. A. (1993), Estimation of potentially mineralisable
nitrogen in soil by kcl extraction - ii. comparison with soil n uptake in the field, Plant
and Soil 157, 175–184. doi: 10.1007/BF00011046/METRICS.
https://link.springer.com/article/10.1007/BF00011046

Mengel, K. and Kirkby, E. (2001), Principles of Plant Nutrition, Springer Netherlands.
doi: 10.1007/978-94-010-1009-2.

Moebius-Clune, B. N. (2016), Comprehensive assessment of soil health: The Cornell
framework manual, Cornell University.

Mohammad, S. and Turney, P. (2011), Nrc emotion lexicon.
http://saifmohammad.com/WebPages/NRC-Emotion-Lexicon.htm

Mullins, L., Charlebois, S., Finch, E. and Music, J. (2021), Home food gardening in
Canada in response to the COVID-19 pandemic, Sustainability (Switzerland) 13(6).
doi: 10.3390/su13063056.

Möller, K. (2015), Effects of anaerobic digestion on soil carbon and nitrogen turnover,
n emissions, and soil biological activity. a review, Agronomy for Sustainable Devel-
opment 35, 1021–1041. doi: 10.1007/s13593-015-0284-3.

97

https://www.hrs-heatexchangers.com/news/willen-biogas-maximising-value- digestate/
https://www.hrs-heatexchangers.com/news/willen-biogas-maximising-value- digestate/
https://link.springer.com/article/10.1007/BF00011046
http://saifmohammad.com/WebPages/NRC-Emotion-Lexicon.htm


Möller, K. and Müller, T. (2012), Effects of anaerobic digestion on digestate nutrient
availability and crop growth: A review, Engineering in Life Sciences 12, 242–257.
doi: 10.1002/elsc.201100085.

Möller, K., Oberson, A., Bünemann, E. K., Cooper, J., Friedel, J. K., Glæsner, N.,
Hörtenhuber, S., Løes, A.-K., Mäder, P., Meyer, G., Müller, T., Symanczik, S.,
Weissengruber, L., Wollmann, I. and Magid, J. (2018), Improved Phosphorus Re-
cycling in Organic Farming: Navigating Between Constraints, Vol. 147, Academic
Press, pp. 159–237. doi: 10.1016/bs.agron.2017.10.004.

Naithani, S. (2021), History and Science of Cultivated Plants., 1st edn, Oregon State
University.

National Gardening Association (NGA) (2014), National Gardening Association Special
Report: Garden to Table: A 5 Year Look at Food Gardening in America, pp. 1–24.

Nelson, M., Mhuireach, G. and Langellotto, G. A. (2022), Excess fertility in residential-
scale urban agriculture soils in two western oregon cities, usa, Urban Agriculture &
Regional Food Systems 7(1), e20027. doi: 10.1002/uar2.20027.
https://acsess.onlinelibrary.wiley.com/doi/abs/10.1002/uar2.20027

Network, E. C. (2019), ECN Status Report 2019 - European Bio-Waste Management -
Overview of Bio-Waste Collection, Treatment and Markets across Europe.

Noh, H. and Lee, J. (2022), The Effect of Vapor Pressure Deficit Regulation on the
Growth of Tomato Plants Grown in Different Planting Environments, Applied Sci-
ences 12, 3667. doi: 10.3390/app12073667.

Oelkers, E. H. and Valsami-Jones, E. (2008), Phosphate Mineral Reactivity and Global
Sustainability, Elements 4(2), 83–87. doi: 10.2113/GSELEMENTS.4.2.83.

Olsen, S. and United States Department of Agriculture (USDA) (1954), Estimation
of Available Phosphorus in Soils by Extraction with Sodium Bicarbonate, Circular
(United States. Department of Agriculture), U.S. Department of Agriculture.

Our World In Data (2022), Change in cereal production, yield and land use.
https://ourworldindata.org/grapher/index-of-cereal-production-yield-
and-land-use

Painter, H. A. (1970), A review of literature on inorganic nitrogen metabolism in mi-
croorganisms, Water Research 4, 393–450. doi: 10.1016/0043-1354(70)90051-5.

98

https://acsess.onlinelibrary.wiley.com/doi/abs/10.1002/uar2.20027
https://ourworldindata.org/grapher/index-of-cereal-production-yield-and-land-use
https://ourworldindata.org/grapher/index-of-cereal-production-yield-and-land-use


Panuccio, M. R., Mallamaci, C., Attinà, E. and Muscolo, A. (2021), Using diges-
tate as fertilizer for a sustainable tomato cultivation, Sustainability 13, 1574. doi:
10.3390/su13031574.

Pappi, P., Nikoloudakis, N., Fanourakis, D., Zambounis, A., Delis, C. and Tsaniklidis,
G. (2021), Differential triggering of the phenylpropanoid biosynthetic pathway key
genes transcription upon cold stress and viral infection in tomato leaves, Horticulturae
7(11). doi: 10.3390/horticulturae7110448.
https://www.mdpi.com/2311-7524/7/11/448

Parry, C., Blonquist, J. M. and Bugbee, B. (2014), In situ measurement of leaf chloro-
phyll concentration: analysis of the optical/absolute relationship, Plant, Cell & En-
vironment 37, 2508–2520. doi: 10.1111/pce.12324.

Patanè, C. (2011), Leaf area index, leaf transpiration and stomatal conductance as
affected by soil water deficit and vpd in processing tomato in semi arid mediterranean
climate, Journal of Agronomy and Crop Science 197, 165–176. doi: 10.1111/J.1439-
037X.2010.00454.X.

Patrignani, A. and Ochsner, T. E. (2015), Canopeo: A powerful new tool for mea-
suring fractional green canopy cover, Agronomy Journal 107, 2312–2320. doi:
10.2134/agronj15.0150.
https://onlinelibrary.wiley.com/doi/10.2134/agronj15.0150

Perkins, J. H. (1998), Geopolitics and the Green Revolution, Oxford University Press.
doi: 10.1093/oso/9780195110135.001.0001.

Pfenning, J., Liebig, H. P., Graeff, S. and Claupein, W. (2009), Sensor Based Fine
Tuning of Nitrogen Fertilizer Applications Using Spectral Feedback Signals from
Tomato Plants (Lycopersicon esculentum Mill.), Acta Horticulturae 824, 177–182.
doi: 10.17660/ActaHortic.2009.824.20.

Pill, W. G. and Lambeth, V. N. (1977), Effects of nh4 and no3 nutrition with
and without ph adjustment on tomato growth, ion composition, and water rela-
tions1, Journal of the American Society for Horticultural Science 102, 78–81. doi:
10.21273/JASHS.102.1.78.

Pirasteh-Anosheh, H., Saed-Moucheshi, A., Pakniyat, H. and Pessarakli, M. (2016),
Stomatal responses to drought stress, Water Stress and Crop Plants: A Sustainable
Approach 1-2, 24–40. doi: 10.1002/9781119054450.CH3.

99

https://www.mdpi.com/2311-7524/7/11/448
https://onlinelibrary.wiley.com/doi/10.2134/agronj15.0150


Plana, P. V. and Noche, B. (2016), A review of the current digestate distribution models:
storage and transport, in C. Brebbia and H. Itoh, eds, WASTE MANAGEMENT
AND THE ENVIRONMENT VIII, Vol. 202 of WIT Transactions on Ecology and the
Environment, Wessex Inst Technol; Wessex Inst; WIT Transact Ecol & Environm;
Int Journal Sustainable Dev & Planning, pp. 345–357. 8th International Conference
on Waste Management and the Environment, Valencia, SPAIN, JUN 07-09, 2016.
doi: 10.2495/WM160311.

Popovic, O., Hjorth, M. and Jensen, L. S. (2012), Phosphorus, copper and zinc in solid
and liquid fractions from full-scale and laboratory-separated pig slurry, Environmen-
tal Technology 33, 2119–2131. doi: 10.1080/09593330.2012.660649.

Pullen, T. (2015), Anaerobic digestion: making biogas, making energy: the Earthscan
expert guide, Routledge. doi: 10.4324/9781315770772.

Qin, Q. (2019), Chemical Functionalization of Porous Carbon-based Materials to En-
able Novel Modes for Efficient Electrochemical N2 fixation Dissertation, PhD thesis,
Universität Potsdam (University of Potsdam).

Radin, J. W. (1990), Responses of Transpiration and Hydraulic Conductance to Root
Temperature in Nitrogen- and Phosphorus-Deficient Cotton Seedlings, Plant Physi-
ology 92, 855–857. doi: 10.1104/PP.92.3.855.

Regelink, I. C., Egene, C. E., Tack, F. M. G. and Meers, E. (2021), Speciation of
p in solid organic fertilisers from digestate and biowaste, Agronomy 11(11). doi:
10.3390/agronomy11112233.
https://www.mdpi.com/2073-4395/11/11/2233

Rehl, T. and Mueller, J. (2011), Life cycle assessment of biogas digestate processing
technologies, RESOURCES CONSERVATION AND RECYCLING 56(1), 92–104.
doi: 10.1016/j.resconrec.2011.08.007.

Reuland, G., Sigurnjak, I., Dekker, H., Michels, E. and Meers, E. (2021a), Digestate
and the liquid fraction of digestate compositional properties. doi: 10.5281/ZEN-
ODO.5526416.
https://zenodo.org/record/5526416

Reuland, G., Sigurnjak, I., Dekker, H., Michels, E. and Meers, E. (2021b), The potential
of digestate and the liquid fraction of digestate as chemical fertiliser substitutes under
the renure criteria. doi: 10.3390/agronomy11071374.

100

https://www.mdpi.com/2073-4395/11/11/2233
https://zenodo.org/record/5526416


Reuland, G., Sigurnjak, I., Dekker, H., Sleutel, S. and Meers, E. (2022), Assessment of
the carbon and nitrogen mineralisation of digestates elaborated from distinct feed-
stock profiles, Agronomy 12, 456. doi: 10.3390/agronomy12020456.

Roberts, T. L. et al. (2009), The role of fertilizer in growing the world’s food, Better
crops 93(2), 12–15.

Robertson, P. and VanderWulp, S. (2019), Protocols: Gravimetric soil moisture.
https://lter.kbs.msu.edu/protocols/24

Romero-Aranda, R., Soria, T. and Cuartero, J. (2002), Greenhouse Mist Improves Yield
of Tomato Plants Grown under Saline Conditions, Journal of the American Society
for Horticultural Science 127, 644–648. doi: 10.21273/JASHS.127.4.644.

Ronga, D., Setti, L., Salvarani, C., Leo, R. D., Bedin, E., Pulvirenti, A., Milc, J., Pec-
chioni, N. and Francia, E. (2019), Effects of solid and liquid digestate for hydroponic
baby leaf lettuce (lactuca sativa l.) cultivation, Scientia Horticulturae 244, 172–181.
doi: 10.1016/j.scienta.2018.09.037.

Roosta, H. R., Sajjadinia, A., Rahimi, A. and Schjoerring, J. K. (2009), Responses of
cucumber plant to nh4+ and no3- nutrition: The relative addition rate technique vs.
cultivation at constant nitrogen concentration, Scientia Horticulturae 121, 397–403.
doi: 10.1016/j.scienta.2009.03.004.

Rossdeutsch, L., Le-Quillec, S., Gérondeau, I. and Loda, D. (2022), Potentialities of a
biogenerator applied to nutrient solutions in a soilless tomato crop.

Sager, J. C. and McFarlane, J. C. (1997), Chapter 1 - Radiation, Iowa Agriculture
and Home Economics Experiment Station Special Report No. 99, NC-100 Regional
Committee on Controlled Environment Technology and Use, p. 1–29.

Salsac, L., Chaillou, S., Morot-Gaudry, J.-F., Lesaint, C. H. and Jolivet, E. (1987),
Nitrate and ammonium nutrition in plants, Plant physiology and biochemistry (Paris)
25(6), 805–812.

Sankhalkar, S., Komarpant, R., Dessai, T. R., Simoes, J. and Sharma, S. (2019),
Effects of Soil and Soil-Less Culture on Morphology, Physiology and Biochemical
Studies of Vegetable Plants, Current Agriculture Research Journal 7, 181–188. doi:
10.12944/CARJ.7.2.06.

101

https://lter.kbs.msu.edu/protocols/24


Schippers, J. H., Schmidt, R., Wagstaff, C. and Jing, H.-C. (2015), Living to Die
and Dying to Live: The Survival Strategy behind Leaf Senescence, Plant Physiology
169, 914–930. doi: 10.1104/pp.15.00498.

Schlagnhaufer, C. D. and Arteca, R. N. (1985), Brassinosteroid-induced epinasty in
tomato plants, Plant Physiology 78, 300–303. doi: 10.1104/PP.78.2.300.

Schulze, E.-D., Beck, E., Buchmann, N., Clemens, S., Müller-Hohenstein, K. and
Scherer-Lorenzen, M. (2019a), Adverse Soil Mineral Availability, Springer Berlin Hei-
delberg, pp. 203–256. doi: 10.1007/978-3-662-56233-8_7.

Schulze, E.-D., Beck, E., Buchmann, N., Clemens, S., Müller-Hohenstein, K. and
Scherer-Lorenzen, M. (2019b), Nutrient Relations, Springer Berlin Heidelberg,
pp. 367–399. doi: 10.1007/978-3-662-56233-8_11.

Schwarz, D., Thompson, A. J. and Kläring, H.-P. (2014), Guidelines to use tomato in
experiments with a controlled environment, Frontiers in Plant Science 5, 625. doi:
10.3389/fpls.2014.00625.

Secretariat of the Stockholm Convention (SSC) (2019), Stockholm Convention on per-
sistent organic pollutants (POPs).

Sheikh, B. A. (2006), Hydroponics: Key to Sustain Agriculture in Water Stressed and
Urban Environment, Pakistan Journal of Agriculture, Agricultural Engineering and
Veterinary Sciences 22, 53–57.

Short, T., El-Attal, A., Keener, H. and Fynn, R. (1998), A decision model for hy-
droponic greenhouse tomato production, Acta Horticulturae 456, 493–504. doi:
10.17660/ActaHortic.1998.456.59.
https://www.actahort.org/books/456/456_59.htm

Siddiqi, M. Y., Malhotra, B., Min, X. and Glass, A. D. M. (2002), Effects of ammo-
nium and inorganic carbon enrichment on growth and yield of a hydroponic tomato
crop, Journal of Plant Nutrition and Soil Science 165, 191. doi: 10.1002/1522-
2624(200204)165:2<191::AID-JPLN191>3.0.CO;2-D.

Sigurnjak, I., Vaneeckhaute, C., Michels, E., Ryckaert, B., Ghekiere, G., Tack, F. and
Meers, E. (2017), Fertilizer performance of liquid fraction of digestate as synthetic
nitrogen substitute in silage maize cultivation for three consecutive years, Science of
The Total Environment 599-600, 1885–1894. doi: 10.1016/j.scitotenv.2017.05.120.

102

https://www.actahort.org/books/456/456_59.htm


Simões, P. H. O., de Carvalho, J. O. P., de Araujo, D. G., Gama, M. A. P., Lima, C. C.,
de Oliveira Neto, C. F., Okumura, R. S., da Silva, R. T. L., dos Santos Nogueira,
G. A. and de Paula, M. T. (2020), Effect of phosphorus and potassium on gas ex-
changes of tachigali vulgaris, Australian Journal of Crop Science 14, 1961–1969. doi:
10.21475/ajcs.20.14.12.2838.

Small, G., Shrestha, P., Metson, G. S., Polsky, K., Jimenez, I. and Kay, A. (2019),
Excess phosphorus from compost applications in urban gardens creates potential
pollution hotspots, Environmental Research Communications 1, 091007. doi:
10.1088/2515-7620/AB3B8C.
https://iopscience.iop.org/article/10.1088/2515-7620/ab3b8chttps:
//iopscience.iop.org/article/10.1088/2515-7620/ab3b8c/meta

Smil, V. (1999a), Detonator of the population explosion, Nature 1999 400:6743
400(6743), 415–415. doi: 10.1038/22672.

Smil, V. (1999b), Nitrogen in crop production: An account of global flows, Global
Biogeochemical Cycles 13, 647–662. doi: 10.1029/1999GB900015.

Smil, V. (2000), Phosphorus in the Environment: Natural Flows and Human Interfer-
ences, Annual Review of Energy and the Environment 25, 53–88. doi: 10.1146/an-
nurev.energy.25.1.53.

Smit, A. L., Bindraban, P. S., Schröder, J., Conijn, J. and Van der Meer, H. (2009),
Phosphorus in agriculture: global resoources, trends and developments: report to the
Steering Committee Technology Assessment of the Ministery of Agriculture, Nature
and Food Quality, The Netherlands, and in collaboration with the Nutrient Flow
Task Group (NFTG), supported by DPRN (Development Policy review Network),
Technical report, Plant Research International.

Stanislav, M. J. H., Luit, K. and Kok, J. D. (2014), Nutrient Use Efficiency in
Plants: Concepts and Approaches, Vol. 10, Springer International Publishing. doi:
10.1007/978-3-319-10635-9.

Stewart, J. A. (1985), Potassium Sources, Use, and Potential, Potassium in Agriculture
pp. 83–98. doi: 10.2134/1985.POTASSIUM.C5.

Stoknes, K., Scholwin, F., Krzesiński, W., Wojciechowska, E. and Jasińska, A. (2016),
Efficiency of a novel “food to waste to food” system including anaerobic digestion

103

https://iopscience.iop.org/article/10.1088/2515-7620/ab3b8c https://iopscience.iop.org/article/10.1088/2515-7620/ab3b8c/meta
https://iopscience.iop.org/article/10.1088/2515-7620/ab3b8c https://iopscience.iop.org/article/10.1088/2515-7620/ab3b8c/meta


of food waste and cultivation of vegetables on digestate in a bubble-insulated green-
house, Waste Management 56, 466–476. doi: 10.1016/j.wasman.2016.06.027.

Stoknes, K., Wojciechowska, E., Jasińska, A., Gulliksen, A. and Tesfamichael, A.
(2018), Growing vegetables in the circular economy; cultivation of tomatoes on green
waste compost and food waste digestate, Acta Horticulturae 1215, 389–396. doi:
10.17660/ActaHortic.2018.1215.71.

Svehla, P., Caceres, L. M. V., Michal, P. and Tlustos, P. (2020), Nitrification of the
liquid phase of digestate can help with the reduction of nitrogen losses, Environmental
Technology & Innovation 17, 100514. doi: 10.1016/J.ETI.2019.100514.

Szeicz, G. (1974), Solar Radiation for Plant Growth, The Journal of Applied Ecology
11, 617. doi: 10.2307/2402214.

Szymanska, M., Ahrends, H. E., Srivastava, A. K. and Sosulski, T. (2022), Anaer-
obic digestate from biogas plants-nuisance waste or valuable product?, APPLIED
SCIENCES-BASEL 12(8). doi: 10.3390/app12084052.

Tambone, F., Orzi, V., D’Imporzano, G. and Adani, F. (2017), Solid and liq-
uid fractionation of digestate: Mass balance, chemical characterization, and agro-
nomic and environmental value, Bioresource Technology 243, 1251–1256. doi:
10.1016/j.biortech.2017.07.130.

Tampio, E., Ervasti, S. and Rintala, J. (2015), Characteristics and agronomic usability
of digestates from laboratory digesters treating food waste and autoclaved food waste,
Journal of Cleaner Production 94, 86–92. doi: 10.1016/j.jclepro.2015.01.086.

(TMU), T. M. R. (2017), Forecasted market value of hydroponics worldwide from 2016
to 2025 (in million u.s. dollars).
https://www.statista.com/statistics/879946/global-hydroponics-market-
value/ [Accessed on: 2022-09-22]

Toor, G. S., Peak, J. D. and Sims, J. T. (2005), Phosphorus Speciation in Broiler
Litter and Turkey Manure Produced from Modified Diets, Journal of Environmental
Quality 34, 687–697. doi: 10.2134/jeq2005.0687.

Torralbo, F., González-Moro, M. B., Baroja-Fernández, E., Aranjuelo, I. and González-
Murua, C. (2019), Differential regulation of stomatal conductance as a strategy to
cope with ammonium fertilizer under ambient versus elevated co2, Frontiers in Plant

104

https://www.statista.com/statistics/879946/global-hydroponics-market-value/
https://www.statista.com/statistics/879946/global-hydroponics-market-value/


Science 10, 597. doi: 10.3389/FPLS.2019.00597.
/pmc/articles/PMC6542952//pmc/articles/PMC6542952/?report=
abstracthttps://www.ncbi.nlm.nih.gov/pmc/articles/PMC6542952/

Turnbull, T. L., Warren, C. R. and Adams, M. A. (2007), Novel mannose-sequestration
technique reveals variation in subcellular orthophosphate pools do not explain the
effects of phosphorus nutrition on photosynthesis in Eucalyptus globulus seedlings,
New Phytologist 176, 849–861. doi: 10.1111/j.1469-8137.2007.02229.x.

Tuszynska, A., Wilinska, A. and Czerwionka, K. (2021), Phosphorus and nitrogen
forms in liquid fraction of digestates from agricultural biogas plants, Environmental
Technology 42, 3942–3954. doi: 10.1080/09593330.2020.1770339.

Tyson, R. V., Simonne, E. H., Treadwell, D. D., Davis, M. and White, J. M. (2008),
Effect of Water pH on Yield and Nutritional Status of Greenhouse Cucumber
Grown in Recirculating Hydroponics, Journal of Plant Nutrition 31, 2018–2030. doi:
10.1080/01904160802405412.

U. S. Geological Survey (USGS) (2022), Mineral Commodity Summaries 2022. doi:
10.3133/mcs2022.

United Nations Environment Program (UNEP) and International Fertilizer Industry
Association (IFA) (2001), Environmental aspects of phosphate and potash mining.

United States Environmental Protection Agency (USEPA (1993), Methods for the
Determination of Inorganic Substances in Environmental Samples (EPA/600/R-
93/100), United States Environmental Protection Agency, United States Environ-
mental Protection Agency, Cincinnati, OH.

Vega-Mas, I., Marino, D., Sánchez-Zabala, J., González-Murua, C., Estavillo, J. M. and
González-Moro, M. B. (2015), Co 2 enrichment modulates ammonium nutrition in
tomato adjusting carbon and nitrogen metabolism to stomatal conductance, Plant
Science 241, 32–44. doi: 10.1016/j.plantsci.2015.09.021.
https://linkinghub.elsevier.com/retrieve/pii/S0168945215300789

Vega-Mas, I., Pérez-Delgado, C. M., Marino, D., Fuertes-Mendizábal, T., González-
Murua, C., Márquez, A. J., Betti, M., Estavillo, J. M. and González-Moro, M. B.
(2017), Elevated CO2 Induces Root Defensive Mechanisms in Tomato Plants When
Dealing with Ammonium Toxicity, Plant and Cell Physiology 58(12), 2112–2125. doi:
10.1093/pcp/pcx146.

105

/pmc/articles/PMC6542952/ /pmc/articles/PMC6542952/?report=abstract https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6542952/
/pmc/articles/PMC6542952/ /pmc/articles/PMC6542952/?report=abstract https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6542952/
https://linkinghub.elsevier.com/retrieve/pii/S0168945215300789


Voon, C. P., Law, Y.-S., Guan, X., Lim, S.-L., Xu, Z., Chu, W.-T., Zhang, R., Sun,
F., Labs, M., Leister, D. and et al. (2021), Modulating the activities of chloroplasts
and mitochondria promotes adenosine triphosphate production and plant growth,
Quantitative Plant Biology 2, e7. doi: 10.1017/qpb.2021.7.

Walsh, J. J., Jones, D. L., Chadwick, D. R. and Williams, A. P. (2018), Repeated
application of anaerobic digestate, undigested cattle slurry and inorganic fertilizer N:
Impacts on pasture yield and quality, Grass and Forage Science 73, 758–763. doi:
10.1111/gfs.12354.

Walsh, J. J., Rousk, J., Edwards-Jones, G., Jones, D. L. and Williams, A. P. (2012),
Fungal and bacterial growth following the application of slurry and anaerobic diges-
tate of livestock manure to temperate pasture soils, Biology and Fertility of Soils
48, 889–897. doi: 10.1007/S00374-012-0681-6.

Weimers, K., Bergstrand, K. J., Hultberg, M. and Asp, H. (2022), Liquid Anaerobic
Digestate as Sole Nutrient Source in Soilless Horticulture—Or Spiked With Min-
eral Nutrients for Improved Plant Growth, Frontiers in Plant Science 13, 443. doi:
10.3389/fpls.2022.770179.

Wiener, M. H. (2018), The collapse of civilizations, Belfer Center for Science and
International Affairs. Harvard Kennedy School Paper pp. 1–22.

Wongsnansilp, T., Juntawong, N. and Wu, Z. (2016), Effects of phosphorus on
the growth and chlorophyll fluorescence of a dunaliella salina strain isolated from
saline soil under nitrate limitation, JOURNAL OF BIOLOGICAL RESEARCH-
BOLLETTINO DELLA SOCIETA ITALIANA DI BIOLOGIA SPERIMENTALE
89(2), 51–55. doi: 10.4081/jbr.2016.5866.

Xu, X., Xu, Q., Du, Z., Gu, L., Chen, C., Huangfu, X. and Shi, D. (2023), Enhanced
phosphorus release from waste activated sludge using ascorbic acid reduction and
acid dissolution, Water Research 229, 119476. doi: 10.1016/j.watres.2022.119476.

Yang, X., Chen, X. and Yang, X. (2019), Effect of organic matter on phosphorus
adsorption and desorption in a black soil from northeast china, Soil and Tillage
Research 187, 85–91. doi: 10.1016/j.still.2018.11.016.
https://www.sciencedirect.com/science/article/pii/S0167198718304367

Ye, J., Perez, P. G., Zhang, R., Nielsen, S., Huang, D. and Thomas, T. (2018), Effects
of different C/N ratios on bacterial compositions and processes in an organically

106

https://www.sciencedirect.com/science/article/pii/S0167198718304367


managed soil, Biology and Fertility of Soils 54, 137–147. doi: 10.1007/S00374-017-
1246-5/TABLES/1.

Yuan, X. K., Yang, Z. Q., Li, Y. X., Liu, Q. and Han, W. (2016), Effects of different
levels of water stress on leaf photosynthetic characteristics and antioxidant enzyme
activities of greenhouse tomato, Photosynthetica 54, 28–39. doi: 10.1007/s11099-015-
0122-5.

Zeng, N., Zhao, F., Collatz, G. J., Kalnay, E., Salawitch, R. J., West, T. O. and Guanter,
L. (2014), Agricultural green revolution as a driver of increasing atmospheric co2
seasonal amplitude, Nature 2014 515:7527 515, 394–397. doi: 10.1038/nature13893.
https://www.nature.com/articles/nature13893

Zhao, F. J., Withers, P. J. A., Evans, E. J., Monaghan, J., Salmon, S. E., Shewry,
P. R. and McGrath, S. P. (1997), Sulphur nutrition: An important factor for the
quality of wheat and rapeseed, Soil Science and Plant Nutrition 43, 1137–1142. doi:
10.1080/00380768.1997.11863731.

Zhou, R., Wan, H., Jiang, F., Li, X., Yu, X., Rosenqvist, E. and Ottosen, C.-O. (2020),
The Alleviation of Photosynthetic Damage in Tomato under Drought and Cold Stress
by High CO2 and Melatonin, International Journal of Molecular Sciences 21, 5587.
doi: 10.3390/ijms21155587.

Zhou, R., Yu, X., Ottosen, C. O., Rosenqvist, E., Zhao, L., Wang, Y., Yu, W., Zhao,
T. and Wu, Z. (2017), Drought stress had a predominant effect over heat stress on
three tomato cultivars subjected to combined stress, BMC Plant Biology 17, 1–13.
doi: 10.1186/S12870-017-0974-X/FIGURES/8.

107

https://www.nature.com/articles/nature13893

	Introduction
	Food Supply and the Green Revolution
	Fertiliser Production and Use
	Anaerobic Digestion and its Role in Horticulture

	Literature Review
	Characterising Liquid Digestate and its Properties
	Evaluating Suitability of Liquid Digestate as a Biofertiliser
	Suitability of Liquid Digestate for Growing Tomatoes
	Literature Gap and Focus of Study

	Comparing Commercial Liquid Digestate and Mineral Fertilisers
	Introduction and Background
	Methods and Materials
	Experimental Design
	Environmental Conditions
	Non-Destructive Measurements (In-situ)
	Destructive Measurements (Ex-situ)
	Statistical Analysis and Hypothesis Testing

	Results
	Discussion
	Chlorophyll Concentration
	Stomatal Conductance
	Evapotranspiration
	Biomass and Leaf Area

	Conclusions

	Comparing Commercial Liquid Digestate & Mineral Fertilisers at the Same Nitrogen Application Rate
	Introduction
	Experimental Design and Methods
	Experimental Design and Environmental Conditions
	In-situ Measurements
	Ex-situ

	Nutrient Analysis
	Soil Nutrient Analysis
	Plant Tissue Nutrient Analysis
	Plant Nitrogen Demand
	Soil pH

	Statistical Analysis
	Results
	Visual Observations
	In-situ
	Ex-situ
	Nutrient Analysis

	Discussion
	The impact of fertiliser source on plant physiology
	The impact of fertiliser source on plant growth
	Treatment Impact on Soil and Plant Nutrient Status
	Effect of autoclaving on fertiliser efficacy

	Conclusions

	Soilless Cultivation of Tomato Plants with Liquid Digestate as a Sole Nutrient Source
	Background and Rationale
	Methods and Materials
	Experimental Design
	Non-destructive (in-situ) measurements
	Destructive (ex-situ) measurements
	Nutrient analysis
	Statistical Analysis

	Results
	Main Experiment

	Discussion
	NH4 Concentration Effect on Plant Physiology
	NH4+ Concentration Effect on Plant Growth and Nutrient Status

	Conclusions

	General Discussion
	Liquid Digestate as a Fertiliser in typical horticultural systems
	Liquid Digestate in Hydroponic Systems
	The Future of Digestate-Based Fertilisers and Further Research
	General Conclusions and Recommendations


