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Abstract

Anaerobic digestion in biogas plants produces renewable energy and a residue which is rich in
plant nutrients. This residue is called digestate. Today, these digestates are mostly spread
directly onto fields as manure. However, due to their high content of plant-available macro-
and micronutrients, digestates also have the potential to replace synthetic fertilizers in
protected horticulture in soilless systems, contributing to the completion of global energy and
nutrient cycles. However, this places more demands on their nutrient composition because,
unlike fertilizers in soil systems, fertilizers in soilless systems have to provide the crop with
all essential macro- and micronutrients at sufficient levels during the whole cropping cycle.
Most reports from trials in soilless systems emphasize that the high ammonium nitrogen
(NH4-N) to nitrate nitrogen (NOs-N) ratio in digestates constitutes a problem. Furthermore,
low concentrations and recovery efficiency of phosphorus (P) and sulphur (S) have been
highlighted as limiting factors for growth. However, as all digestates differ in composition,
other nutrients might also be present at insufficient levels. Accordingly, it has been
recommended that a share of the NH4-N in the digestate is converted to NO3-N before
application, and that the digestate is supplemented with the missing macro- and
micronutrients. However, to date, trials with digestate fertilizers in protected horticulture are
limited, and the results are conflicting.

In addition to plant nutrients, digestates contain a complex mixture of partially degraded
organic matter and inorganic compounds, including substances that, when derived from other
organic source materials, have been reported to have biostimulatory properties. Digestates
derived from protein-rich feedstocks have been reported to contain the auxin indole-3-acetic
acid (IAA), as well as other plant hormones, at concentrations sufficient to regulate plant
development. This has been related to improved growth and nutrient stress tolerance in
digestate growth trials.

As part of this thesis, a greenhouse pot trial with pak choi (Brassica rapa, ssp. chinensis, ‘Joy
Choi’) grown in peat was set up to evaluate the plant-nutrient dynamics and biostimulatory
effects of a digestate collected at the municipal Karpalund biogas plant in Kristianstad,
southern Sweden. The digestate was nitrified in a moving bed biofilm reactor prior to the
experiment in order to lower the NH4-N:NOs-N ratio. The study was designed with three
objectives: (i) to assess the plant availability of macro- and micronutrients in the digestate
with particular focus on P and S recovery; (ii) to assess the plant availability and effect of
added mineral P, S, magnesium (Mg), manganese (Mn), boron (B), and molybdenum (Mo) to
the slightly alkaline digestate; and (iii) to assess the possible biostimulatory properties of the
Karpalund digestate (i.e., the effects unrelated to the nutrient content) on plant yield and stress
tolerance.

The result showed that the recovery of P and S was significantly lower in the digestate
treatment than the mineral control with the same total P and S content (65% for P and 67% for



S was recovered in the above-ground parts of the plant in the digestate treatment compared to
83% for P and 95% for S in the mineral control). The shoot tissue concentrations of S (1.6 g
kg') and B (10 mg kg") in the digestate treatment were below the threshold recommended for
optimal growth. The value for P (2.8 g kg'1) was within the recommended limits but on the
verge of a possible shortage of P. Supplementing the digestate with mineral P, S, Mg, Mn,
Mo, and B resulted in sufficient plant tissue concentrations of all nutrients with the exception
of S, and in higher fresh matter yields. The supplemented digestate performed as well as the
synthetic control with respect to fresh matter yield, and outperformed it with respect to dry
matter yield. It might be speculated that the higher dry matter yield was a result of
biostimulatory compounds contained in the digestate. However, it cannot be excluded that it
was caused by higher concentrations of potassium (K) and chlorine (Cl). Finally, the digestate
was not found to alleviate plant response to nutrient stress.

To summarize, the results are promising and show that, after some modifications, the
Karpalund digestate can be used successfully as a fertilizer in soilless production of leafy
vegetables.
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Introduction
Climate crisis and food crisis

The world’s population is expected to reach almost 10 billion by 2050 and there is a need to
take action to avoid catastrophic and irreversible climate change (IPCC, 2018; UN, 2019).
Thus, agriculture is facing its greatest ever challenge to date (FAO, 2017). Through the
adoption of the Paris Agreement on climate change and the 2030 Agenda for Sustainable
Development in 2015, most countries of the world agreed to the ambition to limit the global
temperature increase to 1.5°C compared to pre-industrial levels, and committed themselves to
securing a stable climate and a healthy planet for present and future generations. In addition,
among 17 sustainability goals, they also agreed to end extreme poverty and ensure food
security (UN, 2015; UNFCCC, 2015). To achieve this, greenhouse gas (GHG) emissions need
to be net zero by the middle of the twenty-first century at the latest (IPCC, 2018). Sweden’s
Climate Act, which was adopted by a broad majority of the Swedish Parliament on the 1* of
January 2018 is even more ambitious. It sets out that Sweden’s long-term target is to reach net
zero GHG emissions by 2045 at the latest, followed by negative emissions (IPCC, 2018;
Swedish Climate Policy Council, 2019).

At the same time as GHG emissions are to be drastically reduced, in order to combat hunger
and feed a growing world population agricultural production needs to increase globally by
almost 50% until 2050, as compared to 2012 levels (FAO, 2017). Big increases in agricultural
production have been achieved before in comparable time frames. Between 1961 and 2011,
for example, global agricultural production more than tripled (FAO, 2012). However, this
historical jump in production was achieved by the introduction of high-yielding cultivars,
dependent on large inputs of synthetic fertilizers and irrigation, and on the expansion of
cultivated land, which has resulted in negative effects on the natural resource base of
agriculture, such as soil degradation and salinization of irrigated areas. It has also resulted in
negative effects on the wider environment, including deforestation, nitrate pollution of water
bodies, and the emission of GHGs (FAO, 2017). As a result, land and water resources, as well
as climate systems, are significantly more stressed today than in the past. Achieving the
required intensification of food production under the current conditions, without further
compromising the ability of future generations to meet their basic needs, represents one of the
greatest challenges ever for agricultural science.

Greenhouse gas emissions from agriculture

Together with forestry and other land use, agriculture accounted for around 23% of global net
anthropogenic GHG emissions between 2007-2016 (13% of carbon dioxide [CO:], 44% of
methane [CH4], and 82% of nitrous oxide [N>O] emissions) (IPCC, 2019¢). The major
emission sources are land-use changes (CO, from deforestation), cattle farming (CH4 from
enteric fermentation), and crop production (N,O emissions from organic and synthetic N
inputs) (IPCC, 2019c). The agricultural sector is the largest anthropogenic source of N,O



emissions. This is mainly due to the application of N to soils, where there is a lack of
synchronization between the soil’s N supply and the crop’s N demand; approximately 50% of
the N applied is not being taken up by the crop (IPCC, 2019c). However, the IPCC method
does not allocate GHG emissions from the production and transport of agricultural inputs to
agriculture but to industrial and transportation sectors. If all emissions associated with pre-
and post-production in the global food system are taken into account, the emissions from the
sector are estimated to be 21-37% of total emissions from human activities globally (FAO,
2019). According to the Swedish national inventory report of 2019, GHG emissions from
Swedish agriculture amounted to 7.2 million tons of CO; equivalents (Mton CO»eq) in 2017,
corresponding to 14% of national GHG emissions (Swedish Environmental Protection
Agency, 2019). However, the figure almost doubles to 13.5 Mton CO»eq if the GHG
emissions from machinery, premises, and production of agricultural inputs, such as synthetic
fertilizers and lime, are included (Swedish Board of Agriculture, 2018).

Production of synthetic N fertilizers

Since 1961, the use of synthetic N fertilizers has increased by almost nine times (IPCC,
2019b). Today, fertilizer production accounts for roughly 1.2% of global primary energy
demand and is responsible for about the same share of global GHG emissions (Kongshaug,
1998; Swaminathan and Sukalac, 2004). Production of N fertilizers makes up approximately
90% of this energy use (Swaminathan and Sukalac, 2004). Greenhouse gas emissions from
the production of N fertilizer are mainly from two sources: CO; from the use of fossil
hydrocarbons as raw material and fuel in ammonia synthesis, and the N,O emitted from the
production of nitric acid (Brentrup and Palliere, 2008). The production of ammonia—the raw
material for most nitrogen containing fertilizers—is largely based on modifications of the
Haber-Bosch process and demands significant energy use, with the average energy use being
37 GJ ton”! NH; (Williams and Al-Ansari, 2007). When ammonia is oxidized to nitric acid,
N:O is formed as a by-product. This gas has a global warming potential of 265, and its
leakage into the atmosphere accounts for the largest share of GHG emissions from mineral
fertilizer production (Brentrup and Palliere, 2008; Myhre et al., 2013). However, the
implementation of catalytic N,O cleaning equipment reduces the extent of N,O leakage
(IPCC, 2007). The emissions from European ammonium nitrate production averaged at
approximately 6 t CO,eq ton™ N in 2006 (Brentrup and Palliere, 2008). Yara, which accounts
for 60% of the nitrogen fertilizer market in Sweden, reports emissions of approximately 2.9 t
COseq ton” N (Markensten et al., 2018). Despite the relatively low figure, the manufacturing
of synthetic N fertilizers is one of the largest fossil energy inputs in Swedish agriculture
(Ahlgren et al., 2011). In a study on conventional grain cropping systems in Maryland, United
States, Hoffman et al. (2018) found that the production of N fertilizers accounted for 45-46%
of total energy use.



Challenges ahead

According to the Food and Agriculture Organization of the United Nations (FAO), the
consensus view is that current systems are capable of producing enough food, but to do so in a
sustainable manner will require major transformations and new technologies (FAO, 2017). A
report from the Swedish Board of Agriculture (2018) states that there are no existing
measures that could be applied presently to attain the necessary emission reductions, and that
significant leaps in technology are required (Markensten et al., 2018). What is clear is that
plant nutrient management will play a central role in the agricultural intensification that lies
ahead (IPCC, 2019b). A critical issue will be to develop alternative fertilizer production
systems, as 30-50% of current yields are suggested as being attributable to synthetic
fertilizers, directly linking food production to the combustion of fossil fuels (Stewart et al.,
2005).



Biogas digestate

Circular bioeconomy approach: the potential of biogas and biogas digestates

An environmental challenge, caused by growing populations and increased consumption of
natural resources, is the management of waste. When the organic fractions of agricultural and
municipal solid wastes are disposed of in landfill sites (which is still the dominant method of
handling waste internationally), anaerobic decomposition releases large amounts of methane
to the atmosphere (Psomopoulos et al., 2009). Biological treatment of organic residues in
biogas plants is an efficient method for reducing the amount of waste and mitigating the
methane emissions. The process produces renewable energy and a nutrient-rich digestion
residue, which is known as digestate. The digestate, which contains all the nutrients of the
treated organic waste, can be used as a fertilizer directly or after further processing,
contributing to the completion of global energy and nutrient cycles (Alburquerque et al.,
2012; Moller and Miiller, 2012). When evaluating the effects of a large number of organic
waste products, Tambone et al. (2010) found that digestates had very good fertilizing
properties due to a high content of mineralized plant nutrients, including nitrogen (N),
potassium (K), and phosphorous (P).

According to calculations made by the World Biogas Association based on data from
IEA/OECD (2018), if all currently available and sustainably grown/recovered major
feedstocks (food waste, livestock manure, waste from the food and drink industry, crop
residues, energy crops, and sewage) in the world were utilized, anaerobic digestion in biogas
plants would have the potential to meet 6—8% of the world’s primary energy consumption
(IEA, 2018; Jain et al., 2019). However, the current estimate of 87 TWh of electricity
generation constitutes only about 2% of the industry’s potential. Given this, the potential for
the growth of the biogas industry is considerable (IEA, 2018; Jain et al., 2019). In Sweden,
biogas production accounted for about 2 TWh in 2018 (Klackenberg, 2019). A national biogas
strategy has suggested a national biogas use of 15 TWh per year by 2030 (Swedish Energy
Gas, 2018). In Sweden, 2.8 million tons of digestate were produced in 2018, and 86% of this
was used as fertilizer in agriculture (Klackenberg, 2019). According to Jain et al. (2019),
digestate can replace 5—7% of inorganic fertilizer currently in use globally if the potential of
the biogas industry is fully utilized.

As the production of biogas and digestates increases, finding sustainable, economical and safe
applications of them becomes a matter of urgency. Currently, digestates are mostly spread
directly onto fields as manure (Odhner et al., 2015). However, due to their high content of
plant-available macro- and micronutrients, digestates also have the potential to replace
synthetic fertilizers in protected horticulture in soilless systems. Furthermore, digestates have
the potential to improve crop nutrition management in organic horticultural production, where
difficulty in matching crop need with nutrient supply has been pointed out as a major
limitation (Gunnarsson and Norup, 2018). When used as liquid fertilizers in these systems,
digestates can, among other things, meet the demand for an organic quick-release N fertilizer.



However, more knowledge on the dynamics of plant nutrients in digestates is needed, as well
as development and optimization of technology for separating the digestate into solids and
liquids, and for its application. This thesis will focus on the dynamics of plant nutrients in
digestates, as well as their possible biostimulatory effects.

Anaerobic digestate as fertilizer

During anaerobic digestion in the biogas reactor, biogas—which is primarily composed of
methane (CH4) and CO,—is produced through bacterial degradation of organic matter
(Mdller, 2015). The resulting digestate is a complex matrix of partially degraded organic
matter, inorganic compounds, and microbial biomass (Moller, 2015). Its content depends on
the compositions of the biomass feedstock and the process parameters (e.g., operating
temperature and hydraulic retention time) (Alburquerque et al., 2012; Risberg, 2015). As
reviewed by Moller and Miiller (2012), most plant nutrients in the raw substrate are retained
during the digestion process, and digestates normally contain all essential macro-and
micronutrients in varying proportions, reflecting the composition of the ingoing substrate.
Furthermore, due to the mineralization and carbon removal taking place during the microbial
anaerobic digestion, digestates are characterized by high ammonium nitrogen (NH4-N) to total
nitrogen (Nyo) ratios, an alkaline pH (7.5-8.5), and increased solubilization of essential plant
nutrients (Moller and Miiller, 2012; Svehla et al., 2020). However, due to the complex
matrices and slightly alkaline pH of digestates, the bioavailability of P, S, magnesium (Mg),
and iron (Fe) might be decreased due to the formation of solid phase complexes and
precipitates such as carbonates, struvite, and phosphates (Moéller and Miiller, 2012).
Moreover, the soil amending properties are influenced by the anaerobic digestion, due to
changes in the chemical, organic and biological composition. Thus, the variability in
biochemical properties of anaerobic digestates is considerable (e.g., Abubaker et al., 2012;
Kirchmann and Witter, 1992; Sogn et al., 2018; Tampio et al., 2016). The variation in nutrient
composition and biochemical properties across digestates has been put forward as a mean for
a customized and optimized fertilization of crops with different nutrient demands (Risberg,
2015).

Plant nutrients

Nitrogen

Multiple studies on livestock manures have found increased availability of N and N use
efficiency after anaerobic digestion compared to the undigested raw material (e.g.,
Gunnarsson et al., 2010; Moller et al., 2008). In the digester, organic N-compounds are
mineralized to NH4-N. Although a fraction of the mineralized N is assimilated by the digester
micro-organisms, precipitated as struvite and ammonium carbonate and volatilized in the
biogas stream (Modller and Miiller, 2012), the losses are marginal and Ny, in the biomass input
and the digestate has been reported to remain the same (Risberg, 2015). Consequently, the
digestates’ NH4-N content has been shown to be directly related to Ny, in the biomass



feedstock (Webb and Hawkes, 1985). N-rich feedstocks (i.e., biomasses rich in proteins) will
therefore result in digestates high in N. Protein-rich feedstocks include food waste, cereal
grain, clover and grass silage, slaughterhouse waste, and manure from livestock which have
been fed protein-rich diets (such as poultry and pigs) (Mdller and Miiller, 2012). Feedstock
rich in N and low in C will result in digestates with a high NH4-N:N ratio, as their low C:N
ratio renders them a high degradability. Accordingly, feedstock low in N and high in C, such
as fibrous feedstock or cattle manure, leads to a low NHy4 -N:Ny, ratio (Moller and Miiller,
2012). The total N content has been reported to vary from 3.1-14.0% of dry matter (DM) and
the fraction NH4-N of N has been reported to vary between 44-81% (Moller and Miiller,
2012). During storage, the high pH might lead to a shift in equilibrium from NH4 to ammonia
(NHs), prevalent as a dissolved gas, which is more toxic to plants than NH4 and which favors
N-losses by NH3 emissions (Moller and Miiller, 2012).

Phosphorus

The phosphorus (P) content of the feedstock has been reported to decrease moderately (<
10%) during anaerobic digestion in biogas plants (Moller and Miiller, 2012; Schievano et al.,
2011).The slightly alkaline pH in digestates (pH of 7.5-8.5) might cause precipitation of P
into poorly soluble compounds such as calcium or magnesium phosphates (e.g., Ca3(POs),),
struvite (MgNH4PO4 * 6 H,0), and hydroxylapatite (Cas(PO4),OH), which decrease the plant-
available P fraction, and of which some might be retained inside the reactor (Banks et al.,
2011; Glingor et al., 2007; Field et al., 1984; Moller and Miiller, 2012). A recovery rate of P
as low as 32.8% was reported after digestion of domestic food waste (Banks et al., 2011). The
authors speculated that the low recovery was due to precipitation of, for example, struvite
(NH4sMgPO, * 6H,0) within the digester. However, several studies have found similar crop
uptake of P and readily available P pools in soil after application of raw and digested animal
slurries, and a P availability comparable to high soluble P fertilizers like TripleSuper-P has
been reported (Bachmann et al., 2016, 2011; Loria and Sawyer, 2005; Moéller and Stinner,
2010). Zirkler et al. (2014) reported that Mg losses in the fermenter due to struvite
precipitation did not correspond with P losses, and concluded that P losses due to struvite
formation are negligible when P concentrations are relatively high. However, several growth
trials have highlighted low levels of P as a limiting factor for growth when digestate alone is
used as fertilizer (Abubaker et al., 2012; Liu et al., 2011; Losak et al., 2016; Pokhrel et al.,
2018; Stoknes et al., 2018; Svensson et al., 2004).

Potassium, calcium, and magnesium

The content of potassium (K) has not been reported to change during anaerobic fermentation,
nor has the plant availability of K (Field et al., 1984; Mass¢ et al., 2007; Moéller and Miiller,
2012). The content and plant availability of calcium (Ca) and Mg, on the other hand, have
been reported to decrease (Marcato et al., 2008; Zirkler et al., 2014), partially due to
formation of phosphates and carbonates (Moller and Miiller, 2012). If struvite is formed,
corresponding Mg losses will occur (Zirkler et al., 2014). Since K is the most abundant cation
in plant cells, and is not built into organic complexes but is retained in cationic form



(Marschner, 2012), plant-derived digestates and digestates derived from animal slurry,
including straw from bedding material, are typically high in directly plant-available K (Table
1) (Gunnarsson et al., 2010b; Liedl et al., 2006; Moller et al., 2008b; Pelayo Lind et al., 2020;
Pokhrel et al., 2018; Sogn et al., 2018). A high content of K in digestates might be
problematic because it might depress the uptake of Ca, Mg, and micronutrients such as zinc
(Zn) and because the amount of K relative to N and P is important for optimized fertilization
(Marschner, 2012).

The uptake of Mg is highly influenced by the K:Mg ratio (Marschner, 2012). Therefore, high
levels of K become particularly problematic when Mg levels are low due to precipitation
during the digestion and low levels of Mg in plant-based feedstocks if plants were grown on
soils low in Mg due to unbalanced NPK fertilization (Zalewska et al., 2017). The optimal
K:Mg ratio in soil for plant uptake depends on the crop and soil type; however,
recommendations in literature suggest that it should not be higher than 3—4:1, but that the
optimal ratio is lower (Li et al., 2018; Loide, 2004). As shown in Table 1, plant-based
feedstocks resulted in K:Mg ratios above 10:1, and 28:1 when the distiller’s waste from
ethanol production and cereals was used as feedstock (Abubaker et al., 2012). In addition,
digested poultry litter resulted in high K:Mg ratios, probably due to bedding material being
rich in K. Nevertheless, many crops have successfully been cultivated in these digestates,
probably due to sufficient availability of Mg in soils. However, in soilless cultivation, the
balance of the nutrient solution is more critical, and Liedl et al. (2004b) reported Mg
deficiency in tomatoes hydroponically grown in a poultry-litter digestate with a K:Mg ratio of
16:1. On the other hand, Stoknes et al. (2018) reported satisfactory yields of tomatoes which
had been grown in a nutrient solution with a 10:1 K:Mg ratio; however, extra Mg was
provided by the digestate solids (K:Mg ratio of 2:1) which were used as the substrate. Similar
to competition with K*, Ca*" levels which are too high inhibit the uptake of Mg (Marschner,
2012). Furthermore, high applications of NH4-N fertilizers have been shown to enhance the
risk of Mg deficiency due to cation competition, which might pose a problem when using
NH4-N-rich digestates as fertilizers (Lasa et al., 2000; Mulder, 1956).



Table 1: N:P:K ratio and K:Mg ratio as influenced by digester feedstock.

Anaerobic digester feedstock N:P:K* K:Mg Scale Temp. Reference

Food waste

Source-separated household waste 10:1:5 8:1 F Haraldsen et al. (2011)
Food waste 14:1:6 F 42°C  Banksetal. (2011)

Food waste 18:1:10 L M Tampio et al. (2016

Food waste, autoclaved at 160°C 16:1:13 L M Tampio et al. (2016)
Food waste 40:1:17 L/F M Tampio et al. (2016)
Organic household waste 4:1:5 F Sogn et al. (2018)
Kitchen waste 21:1:9 F Odlare et al. (2011).

Food and vegetable waste 19:1:20 L M Krishnasamy et al. (2012)
Standardized organic household waste 2:1:2a L M Bath and Ramert (1999)
Food waste co-digested

Slaughterhouse waste and kitchen waste 9:1:2/6:1:2a 8:1 F M Abubaker et al. (2012)
Slaughterhouse waste and kitchen waste  13:1:6/10:1:6a  11:1 F T Abubaker et al. (2012)
Silage from ley and kitchen waste 13:1:9/8:1:9a 12:1 F M Abubaker et al. (2012)
Kitchen waste and animal manure 6:1:5a 10:1 F N/A Stoknes et al. (2018)
Animal slurries/manure

Cattle slurry 5:1:1 2:1 L Kirchmann and Witter (1992)
Pig slurry 2:1:1 1.5:1 L Kirchmann and Witter (1992)
Poultry slurry 3:1:1 4:1 L Kirchmann and Witter (1992)
Cattle slurry 6:1:7 251 L Moller et al. (2008)
Manure 4:2:16 L Sogn et al. (2018)
Poultry litter 5:1:8a 16:1 L T Liedl et al. (2006)

Pig manure and maize silage 8:1:4 10:1 N/A N/A Losak et al. (2011)
Plant-based feedstocks

Distiller’s waste from ethanol

production and cereals 8:1:4/5:1:4 a 28:1 F T Abubaker et al. (2012)
Plant material 9:1:11/5:1:11a  12:1 N/A N/A Gunnarsson et al. (2010)
Ensiled red clover and white mustard 12:1:22a 13:1 L T Pokhrel et al. (2018)
Crop residues, plant-based residues from

food industry 6:1:6a 10:1 F M Pelayo Lind et al. (2020)
Crop residues, plant-based residues from

food industry 4:1:6ab 12:1 F M Pelayo Lind et al. (2020)
Others

Whey permeate and fish silage co-

digested with manure 4:4:24 L Sogn et al. (2018)

Whey permeate co-digested with

manure 4:1:10 L Sogn et al. (2018)

* N = total N unless otherwise stated; a = mineral N; b = N:P:K ratio after controlled nitrification treatment
L = Laboratory or pilot scale fermenter; F = Full-scale biogas plant

M = mesophilic; T = thermophilic

N/A = Data not available



Sulphur

Sulphur (S), which is assimilated by plants as sulphate (SO,”), is introduced into the biogas
reactor mainly as a constituent of proteins (Scherer, 2001; Straka et al., 2007). Anaerobic
digestion has been shown to clearly decrease the S content (as well as the SO4-S:S ratio) of
the ingoing feedstock by emissions of hydrogen sulphide (H,S) and other volatile S-
containing compounds (Fontaine et al., 2020; Massé et al., 2007; Peu et al., 2011; Wahid et
al., 2018). Recently, S losses of up to 30% during anaerobic digestion of cover crops, straw,
and cattle manure were reported by Fontaine et al. (2020). Likewise, Wahid et al. (2018)
reported S losses of up to 39% in a biogas reactor digesting a mixture of lucerne and forbs,
while Massé et al. (2007) observed that more than 50% of S contained in swine manure was
lost during digestion. The H,S formation in the digester has been related to three dominant
genera of sulphate-reducing bacteria—Desulfomicrobium, Desulfobulbus and Desulfovibrio—
of which the latter is the most ubiquitous in soils (Kushkevych et al., 2017; Saha et al., 2018).
The gas has corrosive properties which cause damage to equipment. It is therefore removed
from the biogas stream via a number of techniques (Moestedt et al., 2013). In Sweden, the
removal of the gas at large-scale plants is achieved through the addition of iron salts to the
digester, resulting in the precipitation of dissolved sulphides with ferric or ferrous iron which
limits the formation of H,S (Moestedt et al., 2013). Accordingly, the S speciation in eight full-
scale biogas reactors in Sweden was reported to be dominated by iron sulphide precipitates
(between 27-62% of the total S), including Fe-monosulphide (FeS), greigite (Fes;S4), and
pyrite (FeS,) (Yekta, 2014). The process resembles the process in waterlogged soils, where
insoluble sulphides—usually iron sulphides—tend to accumulate (Freney, 1967). When such
soils are drained, the iron sulphides will slowly be oxidized to plant-available sulphate by soil
micro-organisms (e.g., Thiobacilli), followed by an increase in acidity (Freney, 1967). A
similar process could be expected upon the application of digestates containing iron sulphides
to soils, increasing plant-available Fe and S over time. The rate of oxidation is dependent on
the iron sulphide species because iron polysulphides, for example pyrite (FeS,), are more
resistant to oxidation than Fe-monosulphides (Freney, 1967).

There are conflicting reports on the plant availability of S in digestates supplemented with Fe-
salts, possibly related to different proportions of Fe and S in the biogas reactor. Low S uptake,
similar to an unfertilized control, was reported by Assefa (2013), while Pelayo Lind et al.
(2020) reported a high uptake of S, exceeding an inorganic control.

However, low uptake of S cannot be attributed to iron sulphide precipitation alone given that
a lower availability of S than expected was also reported where Fe-salts were not added to the
digester (Fontaine et al., 2020). The findings have been attributed to high SO4*
immobilization after digestate application (Fontaine et al., 2020). A net mineralization of S
from organic material is generally believed to take place when the C:S ratio is less than 200,
although mineralization might occur up to a C:S ratio of 400 (Barrow, 1960; Eriksen, 2005;
Eriksen et al., 2004). However, this relationship does not seem to apply to digestates;
Fontaine et al. (2020) reported a net immobilization of SO4> after application of digestates
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with C:S ratios as low as 67 (in a cattle-manure digestate), in both the short term and the
longer term (180 days). Furthermore, the immobilization of SO4> was stronger in the
digestate treatment than the undigested raw materials, despite the lower content of easily
degradable C and mineral S (Fontaine et al., 2020). In contrast, Elfstrand et al. (2007)
reported similar S uptake in leeks with anaerobically digested, composted, mulched, and
directly incorporated red clover; however, the uptake was significantly lower in comparison to
an inorganic reference and was similar to an unfertilized control. Assefa (2013) analyzed
biogas digestates from eight biogas plants in Germany with a broad spectrum of feedstocks,
where iron chloride and/or injections of air were used to purify the biogas stream. For six of
the digestates, Assefa reported C:S ratios in the liquid fractions ranging between 50 and 76,
and for two of the digestates, ratios of 1.4 and 14.8. The solid fraction had a ratio that was
approximately twice as high as the liquid fraction for most digestates. Only the digestate with
the C:S ratio of 1.4 (a digestate from poultry manure, maize silage, grass silage, grass meal
and whole plant silage of rye, barley and sorghum) resulted in S uptake by pak choi plants
grown in soil, similar to the inorganic reference; all digestates with a C:S ratio above 30, on
the other hand, resulted in S uptake by the pak choi plants at similar rates to the negative
control where no S had been added (Assefa, 2013).

In soil, S cycling through immobilization of inorganic S and mobilization of organically
bound S is thought to be microbially mediated (Kertesz, 2004; Saha et al., 2018). Microbes
contain about 40% C and 1% S, and it has been shown that the addition of cellulose to soils
reduced the S content in plants as well as in crop yields (Kertesz, 2004). However, due to
degradation of the labile organic fraction during biogas production, digestates contain less and
more recalcitrant C compared to the raw materials and typically have narrower C:S ratios;
nevertheless, this does not result in higher uptake of S by plants fertilized with the digested
material compared to plants fertilized with the raw material (Elfstrand et al., 2007; Fontaine et
al., 2020; Molinuevo-Salces et al., 2013). Consequently, the explanation for the observed high
SO,* immobilization after the application of digestate remains unknown as there is currently
limited knowledge on the dynamics of S in soils that have been amended with digestate
(Fontaine et al., 2020; Moller and Miiller, 2012). Even less is known about the fate of S in
digestates when used as fertilizers in soilless systems.

Micronutrients and heavy metals

The anaerobic digestion process has been reported to decrease the bioavailability of several
micronutrients, and significant losses during fermentation have been reported for manganese
(Mn), zink (Zn), cupper (Cu), and cadmium (Cd) (Bloomfield and McGrath, 1982; Lavado et
al., 2005; Marcato et al., 2009b; Mass¢ et al., 2007; Zirkler et al., 2014). In addition, Fe might
be precipitated as iron sulphide and iron carbonate (Moller and Miiller, 2012). Accumulations
of the micronutrients Fe, nickel (Ni) and Mn, and the heavy metal chromium (Cr) during
digestion have also been reported, probably due to the attrition of stirrers and pump apparatus
in the digester during digestion (Trzcinski and Stuckey, 2011; Zirkler et al., 2014).
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Furthermore, the use of trace metals such as Fe-salts as process additives influences the
micronutrient balance.

High concentrations of Cu and Zn found in some digestates from pig and cattle slurry (José
Antonio Alburquerque et al., 2012; Zirkler et al., 2014) have been thought to originate from
metal additives to commercial animal feeds (Demirel et al., 2013). Zirkler et al. (2014) found
that Cu and Zn levels in a pig-slurry digestate were above the threshold values of the German
decree for bio waste. In contrast, when reviewing eight studies on digestates derived from
food waste and agricultural feedstock, Sheets et al. (2015) found that the concentrations of
heavy metals in all studies were all well below the threshold levels set by the United States
Environmental Protection Agency (Sheets et al., 2015). When monthly samples from three
Norwegian biogas plants processing source-separated organic wastes and industrial food
waste were analyzed over a twelve-month period, the concentrations of Ni, Cr, lead (Pb), Cd,
mercury (Hg), and Cu were found to be low enough to meet the quality criteria for organic
farming in Norway, while the Zn concentrations were found to exceed the threshold values for
fertilizers in organic farming (Govasmark et al., 2011). A survey of eight commercial
anaerobic digestion plants (not including wastewater treatment plants) in Switzerland revealed
that heavy metal concentrations found in digestates were mostly below the Swiss threshold
values with the exception of Cu, Ni, and Pb, which were occasionally much higher (Kupper et
al., 2014). However, the authors did not find any correlation between the contamination level
and the composition and origin of feedstock materials, the treatment process, the season of
feedstock materials collection, the particle size, or the amount of impurities. They suggest that
the random occurrence of high heavy metal content was probably caused by metal-enriched
individual lots within the feedstock (Kupper et al., 2014). However, not much is known about
the plant bioavailability of heavy metals in digestates, nor their effect on the soil environment,
and it is not certain that a heavy metal input from digestate which exceeds threshold levels
correlates with negative effects on plants and soil (Kupper et al., 2014).

Organic matter

During the anaerobic digestion, depending on the feedstock’s type and recalcitrance, between
20-95% of the C in the feedstock is lost due to the degradation of organic matter into gaseous
C compounds, primarily CH4 and CO, (Méller and Miiller, 2012). However, although the C
content is decreased, the remaining organic fraction is much more recalcitrant compared to
the undigested feedstock (Tambone et al., 2019). This might explain why several studies
report similar long-term reproduction of soil organic matter after the application of digestate
and the undigested or composted feedstock (reviewed by Méller, 2015).

The evolution of the organic matter in the anaerobic digester has been reported to be almost
identical to the first, thermophilic phase in a composting process, but not to a humification
process (Marcato et al., 2009a). Volatile fatty acids, raw proteins, and hemicellulose are
degraded to a high degree while degradation of cellulose is at a rate of approximately 50%
and lignin is degraded to a lesser extent still (Molinuevo-Salces et al., 2013).
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As a consequence of the degradation of the labile organic fraction, the remaining organic N in
the digestate is relatively stable, with a reported net mineralization rate of 8% and 12% of
organic N during the first three and six months respectively after application in soil
(Moorhead et al., 1987; Gunnarsson et al., 2010). Since the total N content is relatively stable
during the anaerobic digestion process, the change in C:Ny ratio is dependent on the
degradability of the feedstocks’ C and the degree of degradation obtained via the anaerobic
digestion (reviewed by Nkoa, 2014).

The dry matter (DM) content is clearly impacted by the feedstock and digester operational
parameters, but is typically between 2% and 9% in digestates from large-scale biogas plants
fermenting animal manure and food waste (Abubaker et al., 2012; Alburquerque et al., 2012;
Fouda et al., 2013). The total carbon content varies between 28% and 47% of the dry matter
(Méller, 2015).
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Previous trials with biogas digestate as a fertilizer in soil and soilless
systems: the effect on plant growth

Scientific trials on the effect of digestates on crop yield and quality have been conducted in a
wide range of cropping systems over the last few decades, including field and pot experiments
in various soils and trials in soilless systems. Most experiments in soils have been conducted
on agronomic crops (e.g., Abubaker et al., 2012; Bougnom et al., 2012; Chantigny et al.,
2008, 2007; Gunnarsson et al., 2010; Loria et al., 2007; Moller et al., 2008; Odlare et al.,
2011; Simon et al., 2016; Svensson et al., 2004). However, some field studies have
investigated the effect of digestates on horticultural crops including tomatoes, cauliflower,
sweet potatoes, lettuce, spinach, Japanese mustard spinach, broccoli, and watermelon
(Alburquerque et al., 2012; Barzee et al., 2019; Furukawa and Hasegawa, 2006; Liedl et al.,
2006; Nicoletto et al., 2013, 2014, 2017; Yu et al., 2010). Pot and bed experiments in soil on
horticultural crops have included leeks, cucumber, and kohlrabi (Bath and Elfstrand, 2008;
Bath and Ramert, 1999; Duan et al., 2011; Losak et al., 2016, 2011).

The soilless systems investigated include pot experiments on pak choi (xiao bai cai, Brassica
rapa var. chinensis) and Indian mustard (Brassica juncea) in unfertilized peat-based growing
media (Cheong et al., 2020; Pitts, 2019). Also, soilless pot experiments have been performed
on tomatoes, lettuce, parsley, basil, and peppermint with nutrient-rich organic substrates such
as digestate solids, compost, or peat mixed with organic fertilizers (Pokhrel et al., 2018;
Ronga et al., 2019, 2018; Stoknes et al., 2018). Studies on hydroponic systems include
lettuce, silver beet, tomatoes, Japanese mustard spinach, and pak choi (Kamthunzi, 2015;
Krishnasamy et al., 2012; Liedl et al., 2004b, 2004a; Liu et al., 2009a, 2011; Neal and Wilkie,
2014; Pelayo Lind et al., 2020; Uchimura et al., 2014).

Furthermore, several experiments with digestate as a fertilizer of vegetable crops have been
conducted in China, and the results are only published in Chinese. According to a review of
Chinese papers by Liu et al. (2009b), studies on digestates as fertilizers of vegetable crops
grown in soil have been conducted on celery, Chinese cabbage, pak choi, lettuce, green
pepper, mustard, and water spinach (Ipmoea aquatica) with good results. Furthermore, trials
in soilless systems with modified digestates have resulted in good yields of lettuce, Okinawan
spinach (Gynura bicolor), the medicinal herb Gynura divaricata, cucumber, peppers, and
tomatoes (Liu et al., 2009b).

In the above studies, digestates were derived from anaerobic biogas reactors of all scales,
from large-scale municipal and industrial biogas plants to small laboratory bioreactors, with
different management practices with regards to retention times and operating temperatures.
The feedstocks for the fermentation process were manures from stables, crop residues,
municipal wastes, wastes from the food industry, and dedicated energy crops, fermented
separately or in mixtures. In addition, the digestates were either spread directly as manures, or
treated by solid/liquid separation and/or dilution before being fed to plants. As a result, the
nutrient composition and organic matrix of the digestate fertilizers differed greatly, making
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the results difficult to compare. Additionally, when an inorganic fertilizer control was used, it
varied in composition between studies, as it was usually designed to resemble common
practice in the area (N alone, NPK, NPS, or NPK with the addition of other macro- and
micronutrients), further complicating the comparison of results between studies.

Trials in soil

Fertilizing trials involving digestates in soils have shown conflicting results on crop yields
and N uptake. However, it could generally be said that if the application of digestates and
inorganic NPK fertilizers was based on the same mineral N (Ny,;,) content, or the digestates’
organic N (Norg) fraction was small when applications were based on the total N (Nio)
content, the digestate performed as well as, or better than, inorganic fertilizers, provided that:
(1) the digestate contained (or was supplemented with) sufficient levels of other essential
plant nutrients, especially P, in relation to the nutrient status of the soil; (2) the digestate was
properly incorporated into the soil in order to avoid loss of N; (3) applications of the digestate
were timed according to crop need, especially in long-cycle crops.

For organic manures, it is generally assumed that the amount of N available to the plant
during the first year is closely related to the manure’s NH4*-N content, and this has been
shown to apply to digestates as well (Fouda et al., 2013; Furukawa and Hasegawa, 2006). The
Norg fraction in digestates is largely unavailable: net mineralization of 8% and 12% has been
reported during the first three and six months after application, respectively (Moorhead et al.,
1987; Gunnarsson et al., 2010). However, due to differences in chemical composition and the
wide variation in C:N ratios between different digestates which highly influences the short-
term availability of N, it is difficult to make general statements about N mineralization rates
in digestates (Fouda et al., 2013). In addition, N losses due to NH3 volatilization after
application can be considerable (Chantigny et al., 2007; Mdller and Stinner, 2009).

Odlare et al. (2011) compared the fertilizer value of a kitchen waste digestate (N:P:K:S ratio
of 21:1:9:1) with an inorganic NPS fertilizer (N:P:K:S ratio of 7:1:0:1) and reported lower
barley yields with the digestate. The fertilizers were applied at the same Ny rate and the
authors attributed the lower yields to the lower content of N, in the digestate. It was also
concluded that kitchen-waste digestates generally need P supplementation in order to maintain
the same oat and barley grain quality and yields as produced by a traditional inorganic
fertilizer (Svensson et al., 2004).

Despite the reported low N, mineralization rates of digestates, several trials in soils have
reported similar yields to those of inorganic controls, when digestate and controls were
applied at the same Ny rate, supporting the notion that some digestates have a better
biodegradability—and thus a higher N recovery rate—than others. However, the high N
recovery might also be a result of a larger N, fraction; the NH," share on Ny, has been
reported to vary between 44-99% across different digestates (Furukawa and Hasegawa, 2006;
Moller and Miiller, 2012). For example, corn grain yields, as well as the corn’s uptake of N
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and P, were reported to be similar with a pig-slurry digestate and an inorganic NPK fertilizer
applied at the same Ny rate (77-85% of Nyt was NH4-N) to corn grown in clay and loam
(Chantigny et al., 2008). In addition, a pig-slurry digestate and a NPK (1:1:1) fertilizer
applied at the same Ny, rate (NH4-N content not specified) were found to result in the same
watermelon yields in a two-year trial on sandy loam in Valencia, Spain (Alburquerque et al.,
2012). In both trials, the digestates were incorporated into the soil immediately after
application to avoid loss of N (Alburquerque et al., 2012; Chantigny et al., 2008). Moreover,
Nicoletto et al. (2014, 2013) reported similar cauliflower and lettuce yields when a digestate
from anaerobic fermentation of by-products from fruit distillation (supplemented with P and
K to the same levels as the inorganic mineral control) was compared to a NPK fertilizer
applied on the same Ny -basis (soil type not specified). However, in the abovementioned
studies, the high yields in some of the digestate treatments were contrasted by lower yields in
others, which was attributed to inaccurate timing of digestate application, to leaching of N
caused by rain, and to low temperatures, slowing microbial mediated nitrification
(Alburquerque et al., 2012; Nicoletto et al., 2014).

When digestate and an inorganic fertilizer were applied at the same Ny basis, similar kohlrabi
(Brassica oleracea) yields were reported by Losak et al. (2011). The trial was set up as a one-
year pot experiment with a medium heavy soil characterized as fluvial soil. The digestate was
collected from a digester fed with pig manure and maize silage (fresh weight ratio of 10:16)
and had a Ny, P:K:Mg ratio of 8:1:4:0.4. The inorganic control was composed to contain the
same levels of Ny, P, K, and Mg as the digestate. In a subsequent two-year pot trial in the
same soil, which was found to be low in P, the effect of adding P to a similar digestate was
evaluated in terms of yield and quality of the kohlrabi compared to the unamended digestate
(digestate: N:P:K:Mg ratio of 6:1:6:0.6; supplemented digestate: N:P:K:Mg of 3:1:3:0.3)
(Losak et al., 2016). Adding P was found to significantly increase kohlrabi bulb yield.

When applied on the same Ny, basis and thus eliminating the risk that the beneficial effects
of the digestate are held back by a shortage of N, higher yields with digestate fertilizers than
with synthetic fertilizers, have been reported (Abubaker et al., 2012; Barzee et al., 2019; Duan
et al., 2011; Gunnarsson et al., 2010). In a Swedish six-month pot experiment on Italian
ryegrass (Lolium multiflorum), grown in soil classified as Arenosol, the total biomass was
significantly higher in a digestate treatment than in an inorganic control (Gunnarsson et al.,
2010). The digestate in the trial was derived from an experimental biogas reactor which was
run under mesophilic conditions and fed with grass, red and white clover and sugar beet
leaves. The inorganic control was composed of N, P, K, sodium (Na), and chlorine (Cl) in the
same proportions as those of the digestate (Gunnarsson et al., 2010). In a recent Californian
field trial, the biomass production of tomatoes was reported to be higher after digestate
fertilization than when a mineral N control was used (UAN32) (Barzee et al., 2019). The trial
was performed in a Rincon silty clay loam which had received a basal N-P-K-Zn fertilizing
prior to transplanting. The digestate was an ultra-filtered dairy manure digestate (N:P:K
256:1:336, NH4-N 90% of total N) which was fertigated to the tomatoes using a drip irrigation
system (Barzee et al., 2019). In the same trial, a concentrated mixed food-waste digestate
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(N:P:K 6:1:2, NH4-N 50% of total N) resulted in similar, but not higher, tomato fruit yields as
those produced with the inorganic N control (Barzee et al., 2019).

When the fertilizing performance of four digestates of three different origins (slaughterhouse
waste and source-separated organic household waste; distiller’s waste from ethanol
production and cereals; and silage from ley and source-separated organic household waste)
derived from different biogas plant reactors operating at different temperature and retention
times was evaluated, all digestates were found to performe as well as, or better than, an
inorganic control (Abubaker et al., 2012). The trial was set up as a pot experiment where
spring wheat was grown in sandy soil, all treatments were applied at fixed Npin levels, and the
control was a NPK (30:11:24) fertilizer which also contained Mg and Ca (Abubaker et al.,
2012). However, although the digestate-treated plants had higher yields than the inorganic
control, they had lower yields than a pig slurry control which contained higher levels of P and
K (Abubaker et al., 2012). The authors concluded that the lower yield in the inorganic control
was most likely a result of the nutrient-poor sandy soil used in the experiment, which had a
limited ability to provide the wheat with essential nutrients not contained within the fertilizer.
The authors speculated that the relatively low content of P, K, and Zn in the digestates
compared to the pig slurry treatment most likely limited the yields in the digestate treatments.
Finally, they recommended that when digestates are used as fertilizers on nutrient-poor soils,
they should be supplemented with macro- and micronutrients (Abubaker et al., 2012).

In a series of trials over six years in West Virginia, United States, Liedl et al. (2006) studied
the effect of poultry-litter digestate, collected from a thermophilic biogas reactor (56.6°C), on
crop yield. The digestate was separated into a solid fraction and a liquid fraction in order to
evaluate the fractions separately. Field application of the solids resulted in low yields of
vegetables and blueberries, while application of the liquids (Nmin:P:K 5:1:8) to plots
containing potatoes, broccoli, tomatoes, or grass resulted in similar or superior yields
compared to plots treated with commercial N fertilizers. The application of liquid digestate
was determined by equalizing the Ny, contained within the commercial fertilizer in one
treatment, and doubling it in a second treatment. Application based on equal content of Ny;in
yielded similar results as with the commercial fertilizer. When the digestate was applied at the
double dose, it resulted in significantly higher tomato yields as well as potato tuber yields
(Liedl et al., 2006). On turf plots, the liquid digestate performed significantly better in one of
the years compared to a commercial mineral fertilizer (Liedl et al., 2006).

Digestate compared to raw or composted substrate

Several trials have compared the fertilizing performance of digestates to the raw or composted
substrate. Moller et al. (2008) showed that digestion of liquid cattle slurry has the potential to
increase crop yields compared to raw slurry, but only if the digestate was incorporated into
the soil shortly after field spreading. In a three-year field study, Loria et al. (2007) found that
digested and raw swine manure resulted in similar corn grain yields and plant uptake of N.
Béth and Ramert (1999) compared composted and anaerobically digested organic household
wastes as N sources for leeks (4l/lium porrum L.) grown in outdoor frames and found that the
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digestate resulted in a higher fresh weight yield of leeks than the compost or chicken manure
(the amount of mineral N in the digestate treatment was 84 kg ha', compared to 2 and 11 kg
ha in the compost and chicken manure, respectively). In a study where the amount of
available N applied was equalized, no differences in the yield of leeks were observed between
anaerobically digested grass/clover ley, composted grass/clover ley, or inorganic fertilizer
(Bath and Elfstrand, 2008).

Trials in soilless systems

The difficulties associated with using digestate as fertilizer to plants grown in soils are
emphasized in soilless systems and some new problems arise as well. First, when digestates
are used as fertilizers in soils, they are mainly considered as N fertilizers, or N and P
fertilizers, with little emphasis on the other macro- and micronutrient content. In soilless
systems, on the other hand, the fertilizer has to provide the crop with all essential macro- and
micronutrients, which places higher demands on its nutrient composition. Second, the
negative effects of an unbalanced nutrient composition and high pH are more prominent in
soilless substrates without the nutrient and pH buffering capacity of soils, which increases the
risk for salt toxicity and pH-related nutrient deficiencies. Third, the high NH4-N:NO3-N-ratio
in digestates is a problem for many crops in the absence of nitrifying bacteria (Stoknes et al.,
2018). In addition, soilless systems are input-intensive, which makes the systems sensitive to
unbalances.

Trials in soilless systems can be divided into pot experiments conducted in active substrates,
often peat-based media, and hydroponic trials with digestate solids as substrates or inert/no
substrates. In general, peat-based growing media with a high cation exchange capacity (CEC)
should, to some extent, be able to buffer against toxicity caused by cations which are too
highly concentrated (for example, NH;", K, Na’, Mg"), while the hydroponic systems do not
have this capacity, making them even more sensitive to salinity stress.
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Pot experiments in peat-based growing media

Parsley grown with digestate from ensiled red clover and white mustard

Pokhrel et al. (2018) reported low yields of parsley fertilized with the liquid fraction of a
digestate derived from thermophilic (50°C) fermentation of ensiled red clover and white
mustard (Nmin:P:K ratio of 12:1:22). The parsley plants were grown in pots filled with a peat-
based growing medium enriched with lime, clay, and composted chicken manure. The yield
was compared to an inorganic control containing all essential macro- and micro nutrients
(N:P:K ratio of 6:1:7) applied at similar Ny,;, rates as the digestate, and to a chicken manure
extract (N:P:K ratio of 4:1:16) applied at about half the Ny,-dose to avoid too high an
application of K. The digestate treatment resulted in a lower yield than the mineral control but
a similar yield to that produced by the chicken manure extract treatment. Pokhrel et al. (2018)
hypothesized that the result might be explained by pH-related N-losses in the digestate (pH of
8.0), a theory supported by low mineral N rates in the digestate substrate at harvest compared
to the mineral control. However, N did not seem to have been the limiting factor given that
the chicken manure extract treatment, which was applied at about half the N-rate, produced a
similar yield to the mineral control. In addition, the chicken manure extract contained about
twice as much Cl and Na as the digestate, and about the same amount of K, so salinity stress
induced by these cations cannot explain the lower yield produced by the digestate treatment.
Further, the NH4 to NO; ratio and the NH4 concentration were higher in the growing medium
solution in the chicken manure extract treatment than in the digestate treatment at harvest.
Consequently, NHj4 toxicity alone cannot explain the lower yields, even though it might have
reduced the yields in both the organic treatments. A factor that differed greatly between the
treatments was the P content, which was 50% higher in the chicken manure extract compared
to the digestate, and 80% higher in the inorganic control (Pokhrel et al.,2018).

Pak choi grown with food-waste digestate

In Singapore, a greenhouse pot experiment was recently conducted on xiao bai caim, a small
variety of pak choi (Brassica rap var. chinensis) which was fertilized with digestate from a
pilot-scale anaerobic digester treating food waste from a university canteen, at different
dilution levels (Cheong et al., 2020). The pots were filled with a substrate consisting of 60%
coco peat and 40% biochar and were fertigated with the nutrient solutions. A commercial
NPK fertilizer with trace elements dissolved in water was used as a mineral control. At
harvest after 20 days of cultivation, Cheong et al. (2020) reported that, overall, fresh and dry
yields produced by the digestate treatment and the control treament were similar. However,
the rates at which the treatments were applied are unclear.
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Hydroponics with digestate solids as growing media

Tomatoes grown with digestate from mixed food waste and animal manure,
nitrification biofilter included.

Stoknes et al. (2018) reported good yields of tomatoes grown with a digestate derived from
source-separated food waste and animal manure (80:20 on dry matter basis) in a cropping
system in which the solid parts of the digestate (NH4-N:P:K ratio of 1.4:1:1.1) were
vermicomposted and used as the growing media together with green waste compost. The
whole digestate (NH4-N:P:K ratio of 6:1:5) was used as a fertilizer in a recirculating system
with an integrated nitrification biofilter (Stoknes et al., 2018). The unseparated digestate was
used because it was shown that using only the liquid phase resulted in tomato plants with a
deficiency of P and Cl levels that were too high. When a synthetic mineral control was
included, consisting of equal parts Kristalon Brown and YaraLivaTM Calcinit and a peat-
based substrate, similar yields to those produced by the digestate treatment resulted. However,
the authors highlighted that even though the yield was similar, or higher (not significantly so)
in the digestate treatment, and although the plants did not show clear signs of P shortage, P
might still have been a limiting factor as the recirculating nutrient solution was very low in P
in the digestate treatment.

Basil and peppermint grown with digestate from mixed crop residues and cow slurry

A similar approach to that used by Stoknes et al. (2018), but without the nitrification step, was
used by Ronga et al. (2018, 2019), who observed good yields of basil (Ocimum basilicum L.),
peppermint (Mentha x piperita L.), and lettuce (Lactuca sativa L.‘Chiara’), grown with the
solid and liquid fractions of a separated digestate derived from crop residues and cow slurry
(70:30 on fresh weight basis). The solids were utilized as growing media and were compared
to an agriperlite substrate, and the liquids were utilized as a recirculating nutrient solution and
were compared to a commercial hydroponic nutrient solution (Ronga et al., 2018, 2019). In
the first trial, the performance of basil (Ocimum basilicum L.) and peppermint (Mentha x
piperita L.) grown in the system was evaluated (Ronga et al., 2018). The results showed that
using the solid digestate as the growing medium increased most agronomical traits compared
to the control, and that liquid digestate performed in a similar way to the commercial control
(Ronga et al., 2018). However, as pointed out by the authors, the surplus of nutrients
contained in the solid digestate was not included when treatments were calculated and
equalized, and obviously allowed a better crop growth in the digestate treatment. In a
subsequent trial on baby leaf lettuce (Lactuca sativa L. Chiara’), the highest shoot dry yields
were achieved with agriperlite + liquid digestate and with solid digestate + commercial
nutrient solution (Ronga et al., 2019). The combination of solid digestate and liquid digestate
performed lower than the other combinations, a result Ronga et al. (2019) attributed to a high
NH,4 to NOs ratio and high pH in the digestate.
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Hydroponics with inert substrates or no substrates

Lettuce grown with digestate supplemented with P and Fe

Higher lettuce yield, a larger number of expanded leaves, and lower nitrate concentrations
were found in lettuce plants which were grown in sand and fertilized with digestate
(unspecified origin, N:P:K ratio of 26:1:26) compared to a commercial inorganic nutrient
solution where all N was present as NOs-N (Liu et al., 2009). In a subsequent trial, Liu et al.
(2011) showed that supplementing the above-described digestate, which apart from being low
in P also had relatively low levels of Fe, with K,HPO4 and EDTA-Fe significantly increased
lettuce shoot biomass and decreased the root to shoot ratio of lettuce compared to the original
digestate (Liu et al., 2011).

Lettuce, cucumber, and tomatoes grown with poultry-litter digestate

In experiments involving liquid poultry-litter digestate in hydroponics, Liedl et al. (2006,
2004a, 2004b) found contradicting results for lettuce yields and lower cucumber yields, but,
after modification of the digestate, satisfying yields of tomatoes. The trials were part of a
larger series of experiments investigating the fertilizing potential of poultry-litter digestate
(see “Trials in soil”, page 21). The liquid digestate was derived from thermophilic (56.6°C)
digestion of poultry litter, and the fertilizing properties were compared with a commercial
nutrient solution. In one experiment consisting of three subsequent trials, lettuce (Lactuca
sativa L. ‘Rex’ or ‘Vegas’) was grown using a hydroponic nutrient film technique (NFT)
system and fertilized with digestate at different dilution levels. In two of the three trials, the
digestate diluted to 100 mg NH,4-N L™ resulted in similar fresh shoot weight and a similar
number of leaves as produced by the inorganic control (in which all N was present as NO3-N).
However, in a following trial with digestate diluted to 50, 100, and 150 mg NH4-N L', the
digestate treatments resulted in lower yields. The N:P:K ratio was 1:9:5 in the 100 mg N L™
dilution (Liedl et al., 2004b). In hydroponic trials on tomato plants (Lycopersicon esculentum
Mill. “Trust’), the poultry-litter digestate was found to result in slow growth and small fruit
yields, which was attributed to high NH4-N and low Mg concentrations (Liedl et al., 2004a).
By removing approximately 75% of the ammonia through heating and air sparging, replacing
N with Ca(NO3),, and by adding MgSO, toxicity and deficiency symptoms disappeared and
satisfying fruit yields were obtained, although the yields were not as high as those produced
by the inorganic control (Liedl et al., 2004a). In trials involving hydroponic cucumber
(Cucumis sativus L., ‘Manar’) production, the average fruit weight decreased from 84 g to 75
g when plants were grown with the poultry-litter digestate at the same Ny,i» concentration as a
commercial hydroponic fertilizer; however, the percentage of fruits classified as grade 1
increased (Liedl et al., 2006). It should be noted that the pH in the above experiments using
poultry-litter digestate was adjusted with phosphoric acid to 5.6—6.0, which led to high P-
levels (Liedl et al., 2006, 2004a, 2004b).

Tomatoes grown with food-waste digestate

Difficulties with growing tomatoes hydroponically in digestate were also reported by Neal
and Wilkie (2014). They reported that only one of four tomato plants survived when grown
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hydroponically in aerated containers and fed an unnitrified kitchen-waste digestate.
Interestingly, a share of the NH4-N in the digestate nutrient solution in the container of the
surviving tomato plant had converted to NOs, indicating that nitrification may occur by
simple aeration within hydroponic reservoirs. This was confirmed in a subsequent laboratory
nitrification test where the NOs-concentration in an aerated digestate increased from 9.13 ppm
to 17.25 ppm in 48 hours (Neal and Wilkie, 2014).

Chard in food and vegetable-waste digestate

Krishnasamy et al. (2012) found that the growth of chard (Beta vulgaris subsp. vulgaris),
cultivated in a hydroponic setup with unaerated containers filled with nutrient solutions, was
significantly lower when using diluted food and vegetable-waste digestate (N:P:K ratio of
19:1:20) than when a commercial hydroponic solution (N:P:K ratio of 4:1:6) was used. At
harvest after 50 days, the highest yielding digestate-fed plants weighed 38 g compared to 462
g in the control (Krishnasamy et al., 2012). The authors suggested that low dissolved oxygen
levels and NH4-concentrations that were too high (24-47 mg™' in the diluted digestate
solutions) might be responsible for the low yields (Krishnasamy et al., 2012). Low P-levels
might also have contributed to the low yields.

Nitrification of digestate in hydroponic cultivation

To overcome the problems in soilless systems with NHy-toxicity related to high NH4-N
content in digestates, some researchers included a nitrifying step in their experimental set-up.
As described above (see “Hydroponics with digestate solids as growing media”, page 24),
Stoknes et al. (2018) included a nitrification biofilter in their hydroponic system with good
results on fruit yields of tomatoes. Other experiments where nitrification was included are
presented below.

Lettuce grown with a nitrified dairy-manure digestate

Kamthunzi (2015) found that nitrification of dairy-manure digestate resulted in significantly
higher yields of lettuce in a hydroponic hybrid NFT-ebb-and-flow system than the raw
digestate (Kamthunzi, 2015). The low growth in the raw digestate treatment was concluded by
the author to be due to ammonia toxicity (tested solutions contained 70 mg L™ and 223 mg L™
NH4-N), resulting in inhibition of root growth (Kamthunzi, 2015). Although the nitrified
digestate contained very low levels of P (2 mg L™ PO4”) which was caused by losses during
the nitrification treatment, this resulted in vigorous plants whose shoot fresh yield was 70—
75% of the commercial control (Kamthunzi, 2015).

Japanese mustard spinach in sewage-sludge digestate

Positive effects of digestate nitrification were also reported by Uchimura et al. (2014), who
compared the effect of a nitrified sewage-sludge digestate with raw digestate and a
commercial control with respect to crop growth and nitrogen use efficiency of Japanese
mustard spinach (Brassica rapa var. perviridis) grown in a NFT-system (Uchimura et al.,
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2014). The digestate nutrient solutions were supplemented with mineral P, Ca, Mg, and SO,
to the same concentrations as the commercial control (Uchimura et al., 2014). At harvest three
weeks after transplanting, the plants that had been fed nitrified digestate showed the same
shoot fresh weight and nitrogen uptake as the commercial control, while the raw digestate
resulted in significantly smaller plants (Uchimura et al., 2014). (The concentrations of N in
the nutrient solutions were not specified.)

Pak choi in plant-based digestate

In a hydroponic trial involving pak choi (Brassica rapa ssp. Chinensis cv. ‘Joy Choi’), Pelayo
Lind et al. (2020) compared the effects of different nitrification and digestate input strategies
on pH-dynamics in a NFT-system, and how these in turn, as well as the NH4-N concentration
in the system, affected plant growth. The digestate used in the experiment was collected from
a Swedish biogas plant treating crop residues and plant-based residues from the food industry
with the addition of iron chloride, which was operated under mesophilic conditions with a
retention time of 80 days. Prior to the experiment, solids were removed from the digestate by
filtration. The Npin:P:K ratio in the resulting liquid fraction was 5.5:1:6.3, and nitrification of
the digestate in an external moving bed biofilm reactor resulted in a ratio of about 4.4:1:6.1. A
commercial control, composed of Kristalon TM Indigo and Calcinit TM, Yara, was diluted to
the same EC (2.0 mS cm ') as the digestate nutrient solution. The use of both external and
integrated nitrification bioreactors was evaluated, as well as different pH-managements
regimes (no synthetic pH-regulation was used). The highest shoot dry weight among the
digestate treatments was observed in the system with the lowest pH oscillations— i.e., the pH
was regulated continuously by adding 0.02 liters of unnitrified digestate when the pH in the
recirculating nutrient solution dropped below 5.8, in a system where the nitrification
bioreactor was integrated. This system resulted in plants with shoot dry weights that were not
significantly different from the inorganic control. However, cultivation time of an additional
week (= 20%) was needed in order for the digestate-grown plants to catch up with the
inorganically grown plants. The authors hypothesized that the need for a longer cultivation
time might be related to a need for acclimatization when seedlings were moved from the pure
inorganic synthetic solution in which they were sown to the digestate nutrient solution (Pelayo
Lind et al., 2020).

In summary

High NH4-N:NO3-N ratio

Trials in soil have shown that the N fertilizer value of digestates is closely related to the NHy-
N content (Fouda et al., 2013; Furukawa and Hasegawa, 2006; Gunnarsson et al., 2010a).
When applied to soils, the NH4-N is converted to NO3; by micro-organisms; however, if the
soil has a low microbial activity, nitrification might be slow, which can result in, for example,
reduced growth at low temperatures due to a direct impact of the NH4-N:NOs-N ratio on
growth rate and C and N partitioning, or an indirect effect due to the slower transport of NHy-
N in the plant than NO3-N (reviewed by Gunnarsson et al., 2010). Despite this, successful
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cultivation of short-cycle leafy Brassica crops have been reported in limed peat, with a
supposed low initial microbial activity, without any prior nitrification of the digestate
(Cheong et al., 2020). There are also a few reports on successful hydroponic cultivation of
lettuce in unnitrified digestate (Liedl et al., 2004a; Liu et al., 2009). However, most reports
from trials in soilless systems emphasize that the high NH4-N:NOs-N ratio in digestates
constitutes a problem, with negative impacts on growth and biomass production (Liedl et al.,
2004a; Neal and Wilkie, 2014; Pokhrel et al., 2018; Ronga et al., 2019). Accordingly,
nitrification of digestates prior to application, or in integrated biofilters in the system, has
been reported to be successful and has resulted in, for example, tomato, lettuce, and pak choi
yields similar to those of commercial fertilizers (Pelayo Lind et al., 2020; Stoknes et al.,
2018).

Low concentrations of P, K, S, Mg, Fe, and Zn

Several authors have highlighted low P levels as a limiting factor for growth when digestate
alone is used as fertilizer (Abubaker et al., 2012; Liu et al., 2011; Losak et al., 2016; Pokhrel
et al., 2018; Stoknes et al., 2018; Svensson et al., 2004). Even after maximizing the levels of P
by using the digestate solids as the substrate (Npin:P:K ratio of 1.4:1:1.1) and the whole
digestate instead of only the liquid fraction as the nutrient solution (N, -N:P:K ratio of
6:1:5), the risk of P-limitation was reported in tomatoes (Stoknes et al., 2018). Accordingly,
the supplementation of P in digestate nutrient solutions has been reported to increase yields of
lettuce and kohlrabi (Liu et al., 2011; Losak et al., 2016). Yields of lettuce and tomatoes have
also been found to increase after additions of Fe and Mg, respectively, to digestate nutrient
solutions low in these nutrients (Liedl et al., 2004b; Liu et al., 2011). Furthermore, a low S
uptake by plants has been reported in digestate fertilized crops (Assefa, 2013; Elfstrand et al.,
2007; Fontaine et al., 2020) and levels of K and Zn in digestates which are too low have also
been reported (Abubaker et al., 2012). Consequently, it has been recommended that digestates
might need supplementation of macro- and micronutrients before being utilized as fertilizers.

Higher yields with digestate

In the above-reviewed trials, the effect of digestate application to cropping systems has been
related to the ability of the digestates to provide the crops with essential macro- and
micronutrients. Lower yields in digestate treatments have successfully been addressed by
converting NH4-N to NOs-N and by supplementing missing nutrients. Higher yields from
digestate treatments than from commercial synthetic fertilizers have been related to the
insufficient supply of nutrients by the latter, which has been the case when, for instance, the
commercial fertilizer was composed of only macronutrients and the soil/substrate had a
limited ability to provide the plant with the missing nutrients (Abubaker et al., 2012; Barzee et
al., 2019; Gunnarsson et al., 2010). However, as will be reviewed in the next section, there are
several reports of beneficial effects of digestates on plant growth that are not related to their
content of plant nutrients.
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Benefits of digestates beyond their nutrient content

Most research into the effects of digestates on plant growth and quality has evaluated their
fertilizer value, and plant yields have been related to their content of NH4-N and other
nutrients. However, there are indications that positive effects of digestates on plant growth
may go beyond their nutrient content (Kostenberg et al., 1995; Li et al., 2016; Scaglia et al.,
2017, 2015). As a result of the anaerobic digestion of the feedstock, digestates contain a
complex mixture of partially degraded organic matter and inorganic compounds, including
monosaccharides, free amino acids, fatty acids, polypeptides, nucleic acids, vitamins,
phytohormones, etc., as well as compounds of higher molecular weight (Méller and Miiller,
2012; Scaglia et al., 2017). The same substances, when derived from other organic source
materials, have been reported to act as biostimulants (Calvo et al., 2014; du Jardin, 2015). A
plant biostimulant has been defined as any micro-organism or substance that, regardless of
nutrient content, is applied with the aim of enhancing abiotic stress tolerance, nutrition
efficiency, and/or crop quality traits (du Jardin, 2015). However, other definitions have also
been proposed (Calvo et al., 2014).

A problem when trying to predict, or draw any conclusions about, the biostimulant properties
of complex mixtures of components such as digestates is that they contain compounds with
known modes of action, and compounds of unknown function, making it difficult, or even
impossible, to identify with certainty the components responsible for the biological activity
(Yakhin et al., 2017). Digestates have been reported to contain several plant hormones, such
as gibberellic acid and abscisic acid (ABA) (Feng et al., 2011; Li et al., 2016; Shen, 2001).
However, the vast majority of studies on biostimulant properties of anaerobic digestates have
attributed the observed biostimulatory effects to the presence of plant-active levels of the
phytohormone auxin and auxin-like compounds (Kostenberg et al., 1995; Li et al., 2016; X. Li
et al., 2018; Lu et al., 2019; Scaglia et al., 2017, 2015).

Auxins are a class of phytohormones which are fundamental in regulating most aspects of
plant growth and development and which are also involved in the response to biotic and
abiotic stress (Taiz et al., 2015). Among the auxins, indole-3-acetic acid (IAA) is the most
abundant naturally occurring auxin in higher plants (Taiz et al., 2015). Auxin signaling and
transport has been reported to play important roles in plant responses to nutrient deficiency
stress by inducing a rapid alternation in root architecture in response to low soil nutrient
concentrations (reviewed by Pandey et al., 2019). However, it is unclear whether, and in what
doses, exogenous auxin can facilitate this stress response. It is known that exogenous auxin
alters elongation of the primary root and stimulates the formation of lateral roots and root
hairs, a morphological change which is also induced by the plant in response to low levels of
immobile nutrients such as P, in order to assist the exploration of a larger soil volume and
increase the absorbing root surface area (Casimiro et al., 2001; Torrey, 1950). The P-
starvation induced change in root system architecture has been observed in Arabidopsis to be
caused by changes in auxin transport and increased sensitivity to auxin rather than to
increased auxin synthesis-{(Hammond et al., 2003; Lopez-Bucio et al., 2002; Nacry et al.,
2005). Plant responses to N, S, and Fe starvation, on the contrary, involve the upregulation of
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genes involved in auxin biosynthesis, increased levels of auxin in roots/root tips, and
increased root growth which allows the root system to penetrate a larger volume of soil
(reviewed by Pandey et al., 2019). With severe K deficiency, reduced root growth was found
to be related to lower auxin concentrations and transport due to the crucial role of K-
transporters in auxin transport in roots (reviewed by Pandey et al., 2019). Accordingly,
exogenous auxin application has been reported to alleviate K deficiency in tobacco plants
through increased lateral root formation and elongation (Song et al., 2015).

Auxin and auxin-like compounds in digestates

Auxin-like activity was found in the water-soluble organic fraction of pig-slurry digestate—
i.e., the fraction readily available to micro-organisms and plants (Scaglia et al., 2015). The
findings were confirmed in a subsequent study, where auxin-like properties, similar to those
reported for recognized biostimulants, were found in the water-soluble fraction of five
digestates from large-scale biogas plants in Italy (Scaglia et al., 2017). The authors identified
the major factors responsible for the observed auxin-like effect to the presence of two auxin
active forms (IAA and hydroxyphenylacetic acids) and auxin-like molecules typically
produced during organic matter anaerobic degradation (fatty acids, linear carboxylic acids,
aromatic carboxylic acids, and amino acids). They concluded that anaerobic fermentation is a
useful way to produce biostimulants (Scaglia et al., 2017). Increased IAA concentration
during anaerobic fermentation was also reported by Kostenberg et al. (1995), Li et al. (2016),
and Sensel and Wragge (2008). Kostenberg et al. (1995) reported almost ten times the
concentration of [AA, present in its free form, in digested coffee waste than in undigested
waste (approximately 23.5-33.0 nmol/g dry weight), and that the total amount of TAA was
almost twice that of raw coffee beans (Kostenberg et al., 1995). Li et al. (2016) reported
higher content of plant hormones, including IAA, in animal manure after anaerobic digestion:
both TAA and ABA were found in concentrations sufficient to regulate plant development
(13-23 mg/L and 13-36 mg/L respectively). However, the authors also reported significant
losses of plant hormones during storage of digestate, with higher losses at higher
temperatures. For example, the IAA concentration decreased by 26.2%, 48.1%, and 70.5% at
4, 20, and 37°C, respectively, after 88 days of storage (Li et al., 2016).

IAA is a common product from the degradation of the aromatic amino acid L-tryptophan via
several pathways, present in, for example, soil bacteria and fungi (Frankenberger and Arshad;
1995; Gruen, 1959; Lynch, 1985), microorganisms found in animal intestines or faeces
(Yokoyama and Carlson, 1979), and anaerobic ruminal microbes (e.g., Mohammed et al.,
2003). Although there are large environmental and microbial differences in, for example,
animal intestines/rumens/faeces and anaerobic biogas reactors, and it has been shown that
environmental factors like temperature, pH, N- and C source, as well as the strains of the
micro-organism, largely influence the types and concentration of microbial metabolites
produced from L-tryptophan (reviewed by Li et al., 2018), it was recently shown that IAA is
also synthesized from L-tryptophan in biogas reactors. In a batch reactor experiment, the
levels of tryptophan and its metabolites were monitored for 30 days during anaerobic
digestion of dairy, chicken, and pig manure under thermophilic conditions (55 = 1°C) (Li et
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al., 2018). During the first 15 days, the levels of L-tryptophan rapidly increased as a result of
the hydrolysis of large amounts of proteins present in the animal manure (10%—25%),
followed by decreased concentrations as L-tryptophan was transformed into other products or
was mineralized to CH and CO (Li et al., 2018). At the end of the experiments, the only
indolic derivates detected in the liquid digestate were L-tryptophan, IAA, skatole, and indole.
IAA concentrations had increased by between 3—5 times compared to the initial values, and
were about 133 umol L™' (23.2 mg L") in the dairy and pig-manure digestate, and about 76
umol L' (13.3 mg L") in the chicken-manure digestate. Skatole was maintained at low levels
in the digester and indoles were almost completely absent after 30 days. In subsequent
experiments using single indolic components, two pathways for L-tryptophan metabolism
under alkalescent anaerobic conditions were reported: (i) L-tryptophan was converted to
skatole via IAA but the conversion from [AA to skatole was completely inhibited by soluble
carbon, which is available in increasing amounts during animal-manure hydrolysis; (i) L-
tryptophan was directly converted to indole, which was then degraded in a process enhanced
by other amino acids produced from protein hydrolysis in the digestate. The authors
concluded that the high levels of IAA and low levels of indole found in the animal-manure
digestates were probably a result of the abundant mono saccharides and amino acids produced
from hydrolysis and conversion of carbohydrates and proteins, which influenced the
metabolism of tryptophan into IAA, and that, theoretically, the concentration of IAA in the
digestate might be increased by the addition of an exogenous carbon source (Li et al., 2018).

In what concentrations are IAA active?

When TAA was applied as soil drench to established corn seedlings, it was reported that at
concentrations between 2.2 * 10” and 2.2 * 10 mg kg™, soil had a positive effect on plant
growth, especially on root growth, while 22 mg kg™ soil had a significant negative effect
(Sarwar and Frankenberger, 1994). Ahmad et al. (2008) reported that L-tryptophan-enriched
compost, resulting in an IAA concentration of 3.34 mg kg™ in the compost, had a positive
effect on maize growth when applied at a rate corresponding to 1032 mg IAA ha' (Ahmad et
al., 2008).

Biostimulatory effect of digestate alkaline extracts

In accordance with how humic substances have traditionally been studied (and defined)
through alkaline extractions, the same method of extraction has been applied to the study of
bioactive compounds in digestates. Although the alkaline soluble hydrolysates from digestates
are sometimes also referred to as “humic substances” or “humic-like substances” (Ertani et
al., 2013a; Scaglia et al., 2017), these must be considered as strictly operational uses of the
term (= the alkaline soluble fraction), as the stabilization of the organic matter in the digester
is reported to be due not to a “humification” process (i.e., it has no resemblance to the process
in the later phase of composting), but to the accumulation of stable compounds in the dry
matter, such as hemicellulose-like and lignin-like molecules, as described by Marcato et al.
(2009a), for example. Therefore, the broader term “complex organic material” proposed by
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Jardin (2012) seems more appropriate when denoting the alkaline soluble compounds in
digestates. It has to be kept in mind, though, that research on this fraction does not necessarily
add to the understanding of properties of the whole digestate, as the alkaline treatment might
ionize compounds that would never dissociate within the pH range of the digestate itself, nor
the substrates, soils, or hydroponic systems where they are applied (Lehmann and Kleber,
2015; Lynch, 1985). Furthermore, alkaline extraction only extracts between 30-50% of the
organic carbon, leaving the potential biostimulatory properties of the rest unexplored
(Lehmann and Kleber, 2015). Finally, extracts from digestates contain plant nutrients, which
have to be accounted for when interpreting the results. Despite the difficulties, the results
from these trials might provide some information on the potential biostimulatory effects of
digestates

The extracts comprise a mixture of molecules with a molecular weight ranging from 5 to
several hundred kDa, including a variety of aliphatic and aromatic C atoms bonding to
different basic and acid functional groups (Montoneri et al., 2011). The first reported trial
involving alkaline extracts of digestates was performed with an extract from livestock-
manure digestate by Ertani et al. (2013), who reported the prescense of TAA, phenolic acids,
and flavanoids at concentrations which, according to the authors, can be physiologically
active when applied to plants; the IAA concentration was reported to be 32.63 nmol L™
(5.71*%107 mg L"). The extract was found to have auxin-like effects when assessed in a
watercress root growth bioassay and, further, to improve growth of hydroponically grown
maize plants (Ertani et al., 2013a). (The addition of the extract caused only a low increase in
N and K content, which is why the authors state that it is unlikely that the observed effect on
the plants was due to the presence of these ions.)

Sortino et al. (2014) reported a significant increase in the height of tomato plants when an
alkaline extract of a digestate from the humid organic fraction of municipal solid waste was
applied at 500 kg ha™', but no increase in fruit yield. However, the extract contained
approximately 8% N and 9% K (on dry matter basis), as well as all other plant nutrients
(Sortino et al., 2014). The nutrient content was not equalized between treatments and control,
and this fact may have influenced the result. The same extract was investigated for
biostimulant properties by Fascella et al. (2018, 2015) on the growth and quality of the
ornamental hybrid Euphorbia x lomi and two Lantana species. Positive results were reported.
However, the alkaline extract provided the plants with an extra 0.21 g of N per plant, as well
as other plant nutrients, which might have influenced the result (Fascella et al., 2018, 2015).

In a recent trial, Guilayn et al. (2020) studied the effect of alkaline extracts from digestate
from two different feedstocks (sewage sludge and manure), obtained from full-scale anaerobic
digester plants, on the growth of lettuce in a hydroponic system. Both digestate treatments
resulted in significantly higher (20-60%) biomass yields than those of a negative control,
while a commercial leonardite extract product did not increase yields significantly. However,
although the experiment was performed under no nutrient limitation, the result cannot be
dissociated from the supplementary amounts of nutrients applied by the digestate extracts (the
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N, P, and K content in the highest performing digestate extract treatment was about 40, 32,
and 190% higher, respectively, compared to the negative control) (Guilayn et al., 2020).

In yet another experiment with alkaline hydrolysates of a digestate derived from the organic
humid fraction of municipal solid waste, Massa et al. (2018) reported biostimulant properties
in hibiscus grown under nutritional stress in an experiment where the treatments and control
were arranged to receive comparable amounts of N, P, and K. The authors reported that the
nutrient-stressed hibiscus plants treated with alkaline digestate hydrolysates performed
significantly better than the control with regards to fresh and dry weight as well as other plant
growth parameters. Interestingly, in relation to N and micronutrients, the mineral leaf content
(g kg™") was the same in the digestate treatments and control, while P, K, and S levels were
higher in the digestate treatment while Ca and Mg levels were lower. The authors conclude
that the alkaline hydrolysates of the digestate improved the capability of the hibiscus plants to
face nutrient stress, probably by enhancing the photosynthetic capacity (Massa et al., 2018).

Comparing the biostimulatory effect of digestate and digestate alkaline extracts:
growth trials

In the study of Massa et al. (2016), the effects of a digestate and its soluble alkaline
hydrolysate were compared for their capacity to boost the production and quality of Hibiscus
plants which were grown under optimal growing conditions in a peat and pumic substrate.
The digestate was obtained from the organic humid fraction of urban wastes, and was applied
at low doses (4.2 g digestate pot™ on dry matter basis, corresponding to 0.17 g N pot™') while
the hydrolysate provided the plants with 0.257 g N pot™'. Overall, the hydrolysate performed
better than the whole digestate, but the digestate performed better than the negative control.
The effect of the hydrolysate was comparable to a commercial biostimulant. Both the
digestate and its hydrolysate resulted in a similar photosynthetic rate (20.7-21.1 mol m s ),
which was higher than that of the control (17.5 mol m > s ", and in similar leaf dry matter.

In summary

When reviewing the literature on biostimulatory effects of digestates, the majority of studies
have attributed observed biostimulatory effects to the presence of plant-active levels of IAA
present in the digestate as a result of catabolism from L-tryptophan in the digester
(Kostenberg et al., 1995; Li et al., 2016; X. Li et al., 2018; Lu et al., 2019; Scaglia et al.,
2017, 2015). However, the IAA is unstable and has been reported to degrade during storage
(Li et al., 2016). Evaluation of the plant-growth promoting properties of digestates and their
extracts beyond their nutrient content is complicated by their high content of macro- and
micronutrients, which were only equalized between treatments in one of the reviewed studies
(Massa et al., 2018). Some authors have argued that the surplus of nutrients added by the
digestate or its extract was negligible but, when calculated, was considerable. Others have
argued that surplus nutrients applied to plants at optimal nutrient levels would not result in an
extra nutrient effect on growth; however, taking into account the whole range of macro- and
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micro nutrients supplied with the digestate or its extracts, this assumption seems precarious.
Thus, the observed positive effects on plant growth after digestate/digestate extract

application in the reviewed studies cannot be distinguished from plant nutrient effects in all
but the trial of Massa et al. (2018).
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Aims and objectives

In this study, a trial was set up to assess the plant availability of macro- and micronutrients
and the possible biostimulatory effects of a digestate collected at the municipal Karpalund
biogas plant in Kristianstad, southern Sweden, which was nitrified in a moving bed biofilm

reactor prior to the experiment. The treatments were evaluated with respect to their effect on

shoot mineral content and the growth of pak choi grown in a peat substrate. The study was

designed with three objectives:

L.

il.

To assess the plant availability of macro- and micronutrients in the digestate, with
particular focus on P and S. As a result of the slightly alkaline pH during the digestion
(pH of 7.5-8.5) and the reduced conditions, the plant availability of P and S have been
reported to decrease due to the formation of poorly soluble compounds such as calcium-
or magnesium phosphates (e.g., Ca3(POy),, struvite (MgNH4PO4 * 6 H,0),
hydroxylapatite (Cas(PO4),OH) and iron sulphides. Several authors have highlighted P as
a limiting factor for growth when digestate alone is used as fertilizer (Abubaker et al.,
2012; Liu et al., 2011; Losak et al., 2016; Pokhrel et al., 2018; Stoknes et al., 2018;
Svensson et al., 2004). Moreover, losses of P have been reported after nitrification
(Kamthunzi; 2015). A very low plant-uptake of S (similar to that seen in unfertilized
controls) in digestate-grown crops has been reported in trials in soil (Assefa, 2013;
Elfstrand et al., 2007; Fontaine et al., 2020); in contrast, a high uptake of S (similar to an
inorganic reference) was reported in a hydroponic trial (Pelayo Lind et al., 2020). In
addition to decreased plant availability due to iron sulphide precipitation during digestion,
there are reports of high SO,* immobilization after digestate application (Fontaine et al.,
2020). In order to assess the relation of plant-available nutrients to the total nutrient
content, the digestate was compared to a mineral nutrient solution composed to resemble
the total amounts of macro- and micronutrients in the digestate. The hypothesis tested was
that S and P uptake would be lower in the digestate treatments compared to the mineral
control.

To assess the plant availability of added mineral P, S, Mg, Mn, B, and Mo to the digestate.
When the total nutrient content of the digestate was compared to a nutrient solution which
had been formulated to optimize the growth of Asiatic vegetables including pak choi
(Bergstrand and Hultin, 2014), the digestate was found to be low in P, S, Mg, Mn, B, and
Mo. Mineral amendments have been added successfully to various digestates in previous
studies. For example, Liu et al. (2011) added K,HPO, and EDTA-Fe directly into a
diluted digestate and Liedl et al. (2004) mixed a pig-slurry digestate with MgSO4 and
H3POy4, both with positive effects on yields. The hypothesis tested was that the addition of
the above-mentioned plant nutrients would increase their availability to the plant in the
digestate and would thus improve yields.
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1il.

To assess the possible biostimulatory properties of the Karpalund digestate (i.e., the
effects of the digestate beyond its nutrient content) on plant yield, quality, and stress
tolerance. Digestates derived from protein-rich feedstocks have been reported to contain
IAA, as well as other plant hormones, at concentrations sufficient to regulate plant
development (Li et al., 2016; X. Li et al., 2018) which have been related to improved
growth and nutrient-stress tolerance in digestate growth trials (Massa et al., 2018). The
hypotheses tested were:

a) Plants fertilized with digestate will perform better in terms of yield and/or quality
at optimal N-levels than plants fertilized with a mineral nutrient solution with the
same plant nutrient content. A plain digestate and a digestate with mineral
amendments were assessed in order to exclude possible negative effects caused by
unbalances in the digestate nutrient composition.

b) Plants fertilized with digestate will cope better with nutrient stress than plants
fertilized with a mineral nutrient solution with the same plant nutrient content. In
order to rule out effects caused by unbalances in the nutrient composition, the
effect of digestate with mineral amendments, at 50% of optimal N-dose, was
assessed.
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Materials and methods

Plant materials and growing conditions

A greenhouse study was conducted between May and June 2019 at the Department of
Biosystems and Technology, Swedish University of Agricultural Science, Alnarp, Sweden. A
growing medium of peat moss (0—25 mm, H2—4, H5-7; SW Horto AB, Sweden), with 5.5 kg
m” dolomite lime (CaMg(CO:3),, Bjorka mineral AB, Sweden) and a pH of 6.1, was used for
all treatments. Pak choi (Brassica rapa, ssp. chinensis, ‘Joy Choi’, Olsson Seed, Sweden),
was used as an experimental crop. On the 30™ of April, seeds were sown in a plug tray, one
seed per plug. The plantlets were subirrigated, and nine days after sowing, the plug tray was
soaked in a standard nutrient solution (0.5 + 0.5 g L™', respectively, of CalcinitTM and
KristalonTM Indigo; Yara, Oslo, Norway). On the 14" of May, the plantlets were transferred
to 2-liter pots. The plug tray and the pots were kept on a table in a 100 m* greenhouse
compartment where the temperature was set to 18°C and the roof ventilation was opened at
20°C. The greenhouse screen was closed when the outdoor light intensity was above 1200
umol m % s, The plants were harvested on the 19" of June, 51 days after sowing.

Beginning three days after planting, the plants were fed nutrient solution every second or third
day, a total of 13 times. The nutrient dose was increased incrementally during the cultivation
period with a starting dose that was half the final dose. Plants were irrigated according to
need, which was every seventh day in the beginning of the experiment and once a day at the
end of the experiment. Water was poured by hand into each pot until the tray was covered
with 5 mm water. In total, approximately 3.75 liters of tap water were fed to the plants in the
full nutrient dose treatments. Tap water (pH 8.2) was used as irrigation water, containing the
following compounds at detectable levels (mg L'l): Ca 20, Mg 1.5, Na 8.3, Zn 0.025, C1 26,
Fe 0.064, and SO4 2.6 (analysis performed by Eurofins Agro Testing Sweden).

Nutrient requirements

The N requirement for Brassica rapa 'Joi Choi' was calculated using 250 grams per plant as
an estimated shoot fresh matter yield, 30% weight addition for root fresh matter, 95% water
content, and 3.5% N content in dry matter, resulting in an estimated N assimilation of 570 mg
plant”. 15% of the added N was estimated to stay unavailable to the plant in the substrate,
resulting in an estimated N requirement of 650 mg plant "'. The plant-available N in the peat
substrate was assumed to be negligible (in accordance with the manufacturer’s information).

A slightly modified Sonneveld & Straver lettuce nutrient solution, formulated to optimize
growth of Asiatic vegetables including pak choi in hydroponic sytems, was used as a positive
control (Bergstrand & Hultin, 2014; Sonneveld & Straver, 1994). The solution contained
(parts by weight): NO3-N 0.93, NH4-N 0.07, P 0.2, K 1.37, Ca 0.64, Mg 0.15, S 0.18, Fe
0.012, Mn 0.003, Zn 0.0017, B 0.00014, Cu 0.0002, Mo 0.00024, (Bergstrand & Hultin,
2014; Sonneveld & Straver, 1994).
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The nutrient solutions were formulated to give the same Ny, in all full-dose treatments.

Digestate nutrient composition

Biogas digestate was collected at Karpalund biogas plant, operated by Kristianstad’s Biogas
AB, southern Sweden, in February 2019. The organic substrate going into to the plant
consisted of: 37% organic household waste, 29% manure (of which 2/3 were pig manure and
1/3 cattle manure), 21% slaughter waste, 5% fat from grease separators, 8% other food waste,
and iron chloride and iron sludge as processing aids (< 0.3%) (c4energi, 2019; personal
communication Bengt Stuhre, Kristianstad Biogas AB, 2019-11-06). The average temperature
during the anaerobic digestion was 44°C, and the retention time in the reactors was 50 days.

After being sieved through a 0.8 mm mesh, the digestate’s nutrient content was analyzed by
an accredited laboratory (Eurofins Environment Testing, Sweden AB, Lidkoping) using the
following methods: Kjeldahl’s and Devarda’s for total-N, Kjeldahl’s for NH4-N (Standard
Methods 4500-N mod.) (APHA, 1998), silver nitrate titration for CI, and the remaining
substances by extraction with aqua regia (HNOs + 3 HCl) and determination of elements by
inductively coupled plasma atomic emission spectroscopy (ICP-AES), in accordance with
ISO 11466. The content per kg™ (fresh weight) was as follows: total-N 5.3 g, NH4-N 3.7 g, P
025¢g,K1.5g,Ca0.7g, Mg0.045¢g,S0.28 g, Na0.8 g, Cl 1,8 g, Fe 325 mg, Zn 9.25 mg,
Mn 5.25 mg, Cu 3.25 mg, B 0.6 mg, Mo 0.1225 mg, Co 0.05 mg. The total solids were 2.5%
and the pH was 8.1.

A second analysis, performed by Eurofins Steins Laboratory, Denmark, resulted in 5.06 g kg™
total-N (Kjeldahl’s and Devarda’s) and 4.0 g kg NH4-N (Kjeldahl according to Commission
Regulation EC 152/2009) (EC, 2009). An average of the two results (5.18 g kg tot-N and
3.85 g kg NH,-N) was used for calculating the N levels when setting up the experiment. For
all other nutrients, the results from Eurofins Environment Testing Sweden AB, Lidkdping,
were used for calculations, as Mo and CI were not included in the second analysis, and the
accuracy of the measurements was higher for several nutrients in the former lab’s analysis
report.
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Nitrification of digestate

Setting up the moving bed biofilm reactor

A small-scale moving bed biofilm reactor (MBBR) was set up to convert a share of the NHs-
N in the digestate to NO3-N. During the first attempt to set up and run the reactor, no
chemical pH control was used, as this is not allowed in organic production in Sweden. The
attempt failed as most N accumulated as nitrite. The procedure described below is from a
second attempt, when a pH control was in place and the NH4-N loading rate was proportioned
to keep NH4-N concentration in the reactor below 2 mg L™ during the start-up. Three liters of
digestate were processed during the 51 days the reactor was running. (The initial goal was to
process four liters, but at about 2.5 liters, no more K,CO3, which was used to raise the pH,
could be added as it would have caused the levels of K to be too high in the final nutrient
solution, and the reactor had to be shut down before the goal was achieved. The remaining
digestate was added to the digestate nutrient solution unnitrified.)

The equipment used was a 120-liter plastic barrel, 18 liters biofilm carriers (K3 from
AnoxKaldnes; protected surface area 500 m* m™), an air pump and four air stones, PVC hoses
(9 5 mm for air and pH regulation, ¢ 13 mm for pumping digestate), an aquarium pump. a
peristaltic dosing pump (Luxorparts), a timer, a pH controller (MC122 from Milwaukee), 0.1
M K,COs for pH regulation, and a 10-liter polypropylene bucket with a lid to hold the
digestate prior to pumping it into the reactor. A Hach DR1900 spectrophotometer was used to
measure the concentrations of NH, ", NO,” and NOs*" in the reactor (Hach lange tests LCK
303 for [NH, ], LCK 342 for [NO, ], and LCK 340 for [NOs*']) (Hach, Loveland, USA).

The biofilm carriers were taken from a previous MBBR digestate nitrification experiment at
the department, where they had been kept in an aerated batch of fully nitrified digestate
(running on digestate from the biogas plant Gasum Jordberga AB), with a pH of 3.9, for five
months, before the start of the experiment.

To start the MBBR, the 120-liter barrel was filled with 70 liters of distilled water, 18 liters of
biofilm carriers (26% filling degree; maximum filling degree for K3 is 70%), and three
deciliters of fully nitrified digestate (as extra bacterial inoculum) from the same batch of
nitrified digestate as the biofilm carriers (AnoxKaldnes, 2019). For appropriate dosing, the
raw digestate was diluted three times to 12 liters (1727 mg L™ total-N, 1283 mg L™ NH4-N).
To start up the reactor, a digestate volume containing 100 mg NH4-N was added (78 mL of
the diluted digestate), resulting in an initial NH," concentration of 1.43 mg L™ in the MBBR.
The pH controller was set to keep the pH above 6.6.
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Running the MBBR

The reactor was operated with incremental increases in the NH4-N loading rate. During the
first 10 days, digestate was added manually using pH, NH,", and NO, levels in the reactor as
guidelines for appropriate timing of digestate injections. Ultimately, more digestate was not
added until the NH4" and NO, levels in the reactor were close to zero in order to avoid
accumulation; levels that are too high result in the inhibiting of ammonia-oxidizing and
nitrite-oxidizing bacteria. When proportioning the digestate doses, consideration also had to
be given to keep pH oscillations as low as possible in the reactor in order to optimize the
conditions for the bacteria. (Since the reactor had a pH of 6.7, the digestate had a pH of 8.1,
and the first step in the nitrification reaction has an acidifying effect, every digestate load
caused a pH oscillation). The automatic digestate injection system was enabled on day 10, and
the dose and injection frequency were incremental increased to reach 60 mL with an interval
of 2 hours 40 minutes as a maximum loading rate (Table 2).

On day 11, a large volume of digestate was accidently pumped into the reactor at once. The
pH, NH,", and NO; levels rose to suboptimal levels (Table 2). However, after five days, the
conditions in the reactor had returned to favorable levels.

On day 22, the pH set point was lowered to 6.0 in an attempt to use less K,COj; and to avoid
high levels of K in the final digestate nutrient solution. On day 27, the set point was lowered
to 5.6. On day 30, the pH regulation was turned off. Nitrification worked well at a pH of both
6.0 and 5.6, and as the amount of digestate added to the reactor was raised, the nitrification
rate reached its maximum of around 10 g NH4-N m™ day™' on days 28-29. However, when the
pH regulation was turned off, and the pH dropped below 5.0, NH4-N accumulated and
nitrification was slowed down. Digestate injections were stopped, and during the following
days, the pH dropped to 3.0 and nitrification stopped completely. On day 48, pH regulation
was turned on again for 24 hours (pH set to 5.5) in an attempt to start the nitrification process
again. It worked, but as the reactor had to be shut down in two days and there was still around
1.5 liters of digestate with a pH of 8.1 to be added to the solution in the reactor (in order to
reach the nutrient concentrations necessary for the treatments), the pH regulation was turned
off again. Thus, the pH could drop again to levels low enough, when mixed with the
unnitrified digestate, to create a nutrient solution with an acceptable pH.

At shut down, the volume in the reactor had decreased from the initial 70 liters to 49 liters. In
order to keep concentrations of N high enough in the final nutrient solutions, the vaporized 29
liters of water were not replaced during the MBBR’s running time. The larger volume in the
beginning made it possible for the reactor to process larger volumes of digestate while
keeping the initial NH4 concentration well below 2 mg L™

To create enough nutrient solution to serve all digestate treatments, the volume was increased

again with some water, and raw digestate was added to reach 250 mg Np,iy L™, resulting in
35% NH4-N and 65% NOs-N in the final digestate nutrient solutions. The final pH was 7.7.
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Table 2: Digestate input, pH, NH;", NOy, and NOs*" concentrations and calculated
nitrification rate in the MBBR running for 51 days at 18—20°C.

pH (a) Nitrification
Contribution rate
Digestate NH4-N  of added NH,- NH," NO, NO;* NH;— NO;
added added N to[NH,']in mg/L mg/L mg/L gN)/m’/day
Day (mL/day) (mg/day) reactor (mg/L) Max Min (b) (b,c) (b) (d)
1 26 100 14 6.7 0.29
6-7 8 32 0.5 7.0 6.7 <20 <0.6 0.47
8 17 64 1.0 6.9 6.7 <0.6 0.95
9 8 32 0.5 7.0 6.8 <0.6 0.48
10 8 32 0.5 6.9 6.7 <0.6 18 0.48
11 216 834 12.6 7.8 7.8 0.53
12 - 7.8 7.8 0.53
13 - 7.8 7.8 11.1 4.1 20.3 0.53
14 - 6.7 6.7 3.9 5.5 32 5.53
15 - 6.7 6.7 <2.0 2.8 >35 5.53
16 17 64 1.0 6.9 6.7 <0.6 1
17 27 103 1.6 6.9 6.7 <20 <0.6 1.61
18-21 50 192 3.0 6.9 6.7 3.06
22-24 75 289 4.7 6.4 6.0 <20 <0.6 4.71
25-26 135 520 8.6 6.4 6.0 92.2 8.59
27 135 520 8.7 6.3 5.6 2.3 <0.6 8.7
28 180 693 11.7 6.4 5.8 <20 <0.6 11.68
29 180 693 11.8 6.4 5.6 2.1 <0.6 9.62
30 180 693 11.8 4.9 6.0 <0.6 8.02
31-34 180 693 11.9 3.6 9
35 - 3.6 3.6 20.6 186.6 9
38 - 3.5 3.5 19.5 0.01
41 - 3.0 3.0 15.3 0.03
42 - 3.0 3.0 15.6 -0.01
44 - 3.0 3.0 15.4 183.3 0.002
48 67 257 5.0 6.1 5.5 16.6 223.9 3.76
49 53 205 4.0 7.1 6.9 20.5 1.3 209.7 0.1
50 5.1 5.1
51 454 1747 34.81 4.4 3.9 182 <0.6 202.6
51 Reactor shut down.
51 1000 (e) 3849 7.3 7.3 71.1  <0.6 202.1

(a) A pH controller set to keep the pH above 6.6 (using 0.1 M K,CO3). On day 22, the setting point was
changed to a pH of 6.0, and on day 27 to a pH of 5.6. On day 30, the pH controller was turned off in order to
avoid levels of K that were too high in the final nutrient solution. It was turned on again on day 48 for 24
hours in an attempt to start the nitrification process again.

(b) Measurements taken just before the new digestate was added. Values are affected by the decreasing
volume in the reactor (volume drops from 70 liters to 49 liters during the running time).

(c) No access to nitrite analysis during days 31-48

(d) Nitrification rate calculated as the difference between the calculated [NH,4 '] in the reactor after digestate
injection and the measured [NH, ] in the reactor.
(e) Added 4 hours after shut down, when the pH had dropped to 3.4.



Treatments

The seven treatments were as follows: (1) nitrified digestate (D1); (2) nitrified digestate with
added minerals to resemble the nutrient levels in the standard mineral nutrient solution used in

the experiment (D2); (3) D2 in half dose (D3); (4) mineral nutrient solution designed to mimic
the nutrient levels in the nitrified digestate (M1); (5) standard mineral nutrient solution (M2);
(6) M2 in half dose (M3); and (7) water as a negative control (W). The treatments and the
variables tested are listed in Table 3.

Table 3: The treatments and the variables tested.

Treatment

Variable tested

Digestate D1
treatments D2

D3
Mineral M1
treatments

M2

M3
Negative w
control

Nitrified digestate

Nitrified digestate + P, Mg, S,
Mn, B, and Mo, to resemble the
nutrient composition of M2.

D2 in half dose.

Mineral nutrient solution
designed to imitate the total
nutrient composition of D1.

Standard mineral nutrient
solution, designed for optimal
growth.

M2 in half dose.

Water

Compared to D1: To assess the plant
availability of added minerals and
their effect on plant growth.

Compared to D1: (1) The plant
availability of nutrients in the
digestate. (2) The effect of digestate
components other than nutrients at
plain digestate nutrient levels.

Compared to D2: The effect of
digestate components other than
nutrients at optimal nutrient levels.

Compared to D3: The effect of
digestate components other than
nutrients at nutrient stress.

Negative control
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Preparation of nutrient solutions

The mineral nutrient solutions were mixed separately for each treatment and diluted to 250
mg N L and 125 mg N L™ for the full- and half-dose treatments respectively. Sodium
hydroxide (NaOH) was used to adjust the pH in M2 and M3. Table 4 shows the composition
of mineral salts in each nutrient solution.

The nitrified digestate from the MBBR was diluted with distilled water to the volume needed
for the treatments. It was then mixed with concentrated, not nitrified, digestate to reach a N
concentration (NO3-N + NH4-N) of 250 mg L. In the resulting solution, 35% of the N was
NH4-N and 65% NOs3-N. The D2 nutrient solution was created by mixing mineral salts
directly into a separated volume of the digestate in order to avoid diluting the digestate (and
keep the same NOs3/NHj4 ratio in both digestate treatments). The D3 nutrient solution was
created by diluting D2 to 125 mg N L™,

Table 4: Recipes of the nutrient solutions. Amounts give a total of 1000 mg N.

M1 M2 Amendments to D2

mmol mmol mmol
macronutrients macronutrients macronutrients
NH4NO; 9.75 Ca(NOs), * 4H,0 15.88 MgSO, * TH,0 1.96
KNO; 37.84 KNO; 31.52 CaSO, * 2H,0 0.98
NH,4Cl 4.22 (NH4),SO4 2.41 H,POy4 1.51
K,SO, 1.86 MgSO, * TH,0 2.78
MgSO, * TH,0 0.65 KH,PO, 341
KCl1 5.1 NaNO; 3.39
(NH4),HPO, 4.82 H;POy4 2.94
CaCl, * 2H,0O 1.37
micronutrients micronutrients micronutrients
CioH2FeN;NaOg 1.6302 CioH2FeN;NaOg 0.2222 MnSO, * H,O 0.0367
MnSO, * H,O 0.0269 MnSO, * H,O 0.0636 Na,MoO, * 2H,0 0.0022
MnSO, * H,O 0.0396 ZnSO4 * TH,0 0.0255 H;BO; 0.1114
CuSO, 0.0143 CuSO, 0.0032
Na,MoO4 * 2H,0 0.0004 Na,MoO, * 2H,0 0.0024
H;BO; 0.0155 H;BO; 0.1269
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Table 5: Total amounts of nutrients (in mg) supplied to each plant in the different treatments
(in total, 2.6 liters of nutrient solution per plant) and the pH of the nutrient solutions and
substrate. The total amount of Ca and Mg in the substrate of each pot, provided by the
dolomite lime, is also displayed. The numbers highlighted in red show which minerals were
added to the digestate in D2.

Treatment Substrate
Plain Amended  Mineral as Sténdard
digestate digestate digestate mlne'r al CaMg(C0s),
solution
D1 D2 M1 M2
NH4-N 230 230 214 43
NO;-N 420 420 432 605
K 1241 1241 1243 885
P 97 128 101 128
Ca 144 170 36 413 2391
Mg 10 41 10 100 1450
S 54 115 54 116
Cl 327 327 331 0
Na 145 145 24 101
Fe 59.1 59.1 59.1 8.05
Mn 0.95 2.26 0.96 2.26
Zn 1.68 1.68 1.68 1.08
B 0.11 0.89 0.11 0.89
Cu 0.59 0.59 0.59 0.13
Mo 0.02 0.16 0.02 0.16
Ni 0.02 0.02 0 0
pH 7.7 7.6 7.6 59 6.1
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Experimental design

The experiment was set up as a completely randomized design consisting of seven treatments
(three digestate treatments, three mineral treatments, and one negative control) with eight
replicate pots per treatment. In total, 56 pak choi seedlings were planted. The pots were
randomly placed on a greenhouse table and moved twice during the experiment

Data collection and measurements

The following data were collected on growing days 45 and 46 from the youngest mature leaf
of each plant: (1) chlorophyll content, using a MC-100 Chlorophyll Meter from Apogee
Instruments and (2) chlorophyll fluorescence, measured with a Pocket PEA Chlorophyll
Fluorimeter from Hansatech Instruments.

The following data were collected after harvest from each plant: (1) fresh and dry weight of
shoots, (2) number of leaves over 10 mm in length, (3) total leaf area of leaves over 10 mm in
length, measured with a LI-3100 Area Meter from LI-COR, (4) EC, pH, and concentrations of
minerals and sugars in plant sap, (5) total mineral content in shoot dry matter, and (6) mineral
content, EC, and pH in the substrate. The measurements of (4)—(6) were performed by an
accredited laboratory (LMI in Helsingborg, Sweden) using inductively coupled plasma optical
emission spectrometry (ICP-OES) for determination of mineral concentrations. The mineral
content of the substrate was measured in a Spurway extract (a weak acetic acid extraction of
the substrate) (Spurway, 1949). The fresh weight of shoots was measured directly after
harvest, and the dry weight after drying at 60°C for three days.

Phosphorus and sulphur recovery efficiency

The fertilizer’s P and S recovery efficiency was calculated using the partial balance method—
i.e., as the ratio of nutrients removed by crop harvest (nutrient content in shoots) to fertilizer
nutrients applied (Fixen et al., 2015).

Statistics

One-way analysis of variance (ANOVA) together with Tukey’s HSD test for differences of

means, with a confidence interval set to 95%, was used for statistical analysis of the data from
the experiment. The software used was Minitab Express version 1.5.1.
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Results

Visual observations

At harvest, the plants in the full nutrient dose treatments D1, D2, M1, and M2 had reached a
height of about 30 cm and showed no signs of nutrient deficiency (Figure 1). There were no
obvious visible differences between the plants in these treatments. The plants in the half
nutrient dose treatments D3 and M3 were 5—10 cm shorter and the older leaves displayed a
light green color indicating a deficiency of N (Figures 1 and 2). The plants in both D3 and M3
displayed similar phenotypes. The plants in the negative control had grown to about 10 cm in
height and showed severe symptoms of nutrient deficiency (Figure 2).

digestate treatments mineral treatments

Figure 1. One representative plant from each treatment at harvest. D1 = digestate; D2 = digestate with amendments; D3
= D2 in half dose; M1 = mineral nutrient solution designed to have the same nutrient composition as D1; M2 = mineral
nutrient solution designed for optimal growth; M3 = M2 in half dose.
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Figure 2: One representative plant from each digestate
treatment and a negative control plant. D1 = plain digestate;
D2 = digestate with amendments; D3 = D2 in half dose; C1 =

negative control.

The root systems showed distinct characteristics at harvest (Figure 3). The root systems of the
plants in D1 and M1 had similar characteristics with short and crispy roots while the plants in
D2, D3, M2 and M3 exhibited longer, softer roots.

Figure 3: Root systems in substrate turned upside down at harvest. The vertical rows
display the six treatments: D1 = plain digestate; D2 = digestate with amendments; D3 = D2
in half dose; M1 = mineral nutrient solution designed to have the same nutrient
composition as D1; M2 = mineral nutrient solution designed for optimal growth; M3 = M2
in half dose.
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Quality parameters at harvest

Shoot dry and fresh matter yield

As displayed in Table 6, D2 resulted in the highest mean for shoot DM, which was
significantly higher compared to M2 (17% higher). However, it did not differ significantly
from the two other full nutrient dose treatments. The nutrient-stressed plants in D3 and M3
had significantly lower DM compared to the plants in the full nutrient dose treatments, with
the exception of the plants in M2. The shoot fresh matter (FM) also differed between the full-
dose treatments (Table 6). The D2 treatment, with the highest DM mean, also resulted in the
highest FM mean. The FM yield in D2 was 10% higher than in D1. The M2 treatment, which
resulted in the lowest DM among the full nutrient dose treatments, resulted in a FM yield
which was not significantly lower than D2. The lowest FM mean was found in D1 and was
significantly lower than in D2 and M2, but not M1.

There were no significant differences in water content between the full nutrient dose
treatments; they all resulted in plants with approximately 94% water content (Table 6). The
half nutrient dose treatments resulted in plants with 92% water content, which was
significantly lower. The plants in the negative control had a water content of 89%.

Table 6. Growth and quality parameters at harvest. Means within each column that do not
share a letter are statistically different (P < 0.05).

Chlorophyll Chlorophyll

Shoot fresh ~ Shoot dry content Leaf Leafarea fluorescence Water

weight (g)  weight (g) (CCI) number (dm?) (Fv/Fm)  content (%)
Treatment (n=348) (n=4) (n=348) (n=4) (n=4) (n=3§8) (n=4)
D1 368 b 22.1 ab 29.8 a 19.5 ab 30.6a 0.8la 93.7 ab
D2 402 a 244 a 242b 17.8 abc 30.5a 0.8la 94.1a
D3 228 ¢ 19.0 ¢ 213D 15.3d 225D 0.80a 91.8¢
M1 385 ab 23.1 ab 31.0a 19.6 a 29.6a 0.80a 94.0a
M2 393 a 20.8 be 223D 17.5 be 283 a 0.81a 944 a
M3 232 ¢ 18.8 ¢ 16.0 ¢ 16.5 cd 22.0b 0.80a 92.0 be
W 10d 1.3d 24.1b 63e 1.8¢ 0.72b 89.4d
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Chlorophyll fluorescence and chlorophyll content

The chlorophyll fluorescence (calculated as Fv/Fm) did not differ between the nutrient
treatments at harvest (Table 6), unlike the chlorophyll content which did. The plants in D1
and M1 had significantly higher chlorophyll content compared to the other treatments. The
nutrient-stressed plants in M3 had significantly lower chlorophyll content compared to all
other treatments. D3, however, did not result in lower chlorophyll content compared to D2
and M2.

Leaf area and number of leaves

There was no difference in the total leaf area between the full nutrient dose treatments (Table
6). The means varied between 30.6 dm” (D1) and 28.3 dm? (M2). The leaf area in the nutrient-
stressed treatments was significantly lower: 22.5 dm* (D3) and 22.0 dm* (M3).

The number of leaves at harvest varied between the full nutrient dose treatments. The M1
treatment resulted in a mean of 19.6 leaves per plant, and the M2 treatment in 17.5 leaves per
plant, which was significantly lower. The nutrient-stressed plants in D3 had a mean of 15.3
leaves per plant and the negative control resulted in 6.3 leaves per plant.
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Nutrients in shoots and substrate

Nitrogen

The nitrogen (N) concentrations in shoot DM in M2 and M1 were significantly higher those
of the D1 treatment, but not the D2 treatment (Table 7). The total N uptake was significantly
lower in D1 compared to the other full-dose treatments (but the DM was not). The
concentration of NH4 and NOj in the plant sap at harvest varied widely within each treatment,
so although the mean values differed greatly, the treatments did not differ statistically (Table
9). The levels of plant-available N in the substrate at harvest also differed between treatments:
the substrate in the M2 treatment had significantly lower N levels compared to the substrate in
the D2 and M1 treatments, but not compared to the substrate in the D1 treatment (Table 10).
The total N uptake, N concentration in shoots, N concentration in plant sap, and N levels in
substrate were all found to have a significant positive correlation with DM yield (Pearson
correlation; P-value = < 0.0001, 0.0007, 0.0069, 0.022, respectively).

Table 7. Concentration of nutrients in shoot dry matter at harvest (n=4). Means within each
column that do not share a letter are statistically different (P < 0.05).

glkg

Treatment N P K S Ca Mg Na
Dl 224D 2.80de 42.7 ab 1.62 ¢ 152abc 7.31abc 6.61Db
D2 23.0 ab 392b  372bc  3.45b 143bc  6.66¢ 6.94b
D3 152¢ 2.63 ¢ 26.9d 224d 15.6abc 7.82abc 5.59b
M1 269a 3.65bc  46.6a 2.24d 13.5¢  7.15bc  3.85¢c
M2 27.0a 4.89 a 357¢ 4.26 a 16.5ab 7.59abc 7.02a
M3 17.1¢ 322cd  262d 2.79¢ 172 a 8.55a 5.82b
W 14.4c 0.69 f 943 ¢ 2.21d 16.2ab 8.14ab 9.00a

mg/kg
Treatment Mn Fe Zn B Cu Mo
Dl 86.3bc 493ab 41.8ab 10.1¢ 4.1 ab 1.0d
D2 1155a 51.5ab 41.5ab 330a 4.4 ab 3.7b
D3 102.0ab 403D 35 be 223D 350 26¢c
M1 46.4 d 533a 31.8¢ 8.6¢c 56a 1.5d
M2 94.5abc  54.8a 46 a 348 a 3.6b 3.4 bc
M3 70.4cd  46.5ab 42.8a 2450 350 27¢
W 70.6cd 443 ab 43 a 89c 34b 6.2a
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Potassium

The plants in the M1 treatment had the highest mean for potassium (K) in shoot plant tissue
(Table 7). The concentration was significantly higher compared to D2 and M2, but was not
higher than in the D1 treatment. The M2 plants had the lowest levels of K in the plant sap at
harvest among the full nutrient dose treatments. Furthermore, the plant-available K in the
substrate in the M2 treatment was the lowest among the full nutrient dose treatments (Table
10). A significant correlation between the concentration of K in dry matter and dry weight

was found, as well as between the total K uptake and dry weight (Pearson correlation, P-value

= <0.0001).

Table 8. Total uptake of nutrients (n=4). Means within each column that do not

share a letter are statistically different (P < 0.05).

mg/plant

Treatment N P K S Ca Mg Na
D1 502 ¢ 63 ¢ 958 b 36¢ 340 ab 164 ab 148 b
D2 560 b 95a 906 b 84a 349 a 162 ab 169 a
D3 289d 50d 510d 43 ¢ 296 ¢ 148 b 106 ¢
M1 615a 84b 1066 a 51b 311 be 164 a 88 d
M2 564 ab 102 a 747 ¢ 89a 345 a 159 ab 147 b
M3 321d 60 c 490 d 52b 323 abc 161 ab 109 ¢
w 19e le 12e 3d 22d Ilc 12e

mg/plant
Treatment Mn Fe Zn B Cu Mo
D1 1.94 b 1.10a  094ab  023d 0.093bc 0.023d
D2 2.81a 1.25a 1.01a 0.80a  0.106b  0.090 a
D3 1.94b 0.77b 0.66 ¢ 042c¢  0.067d 0.050c
M1 1.07 ¢ 122 a 0.73 ¢ 020d 0.127a 0.034d
M2 1.97b 1.15a 0.96a 0.73b 0.076cd 0.072Db
M3 1.32¢ 0.88b  0.80bc 0.46c  0.065d 0.051c
w 0.10d 0.06 ¢ 0.06d 0.0le 0.004e 0.008e
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Table 9. Concentration of macronutrients, pH, EC, and sugar content in plant sap at harvest
(n=4). Means within each column that do not share a letter are statistically different (P <

0.05).
mg/L
Treatment  NH4-N  NO3-N P K S Ca Mg Na Cl
D1 6.3 69 86 ¢ 2800 a 77d 1103 560 290 a 2200 a
D2 5.8 88 185a 2800 a 318 a 1133 603 338 a 2150 a
D3 43 2 133bc 2175bc 205 ¢ 1218 698 343 a 2075 a
M1 6.34 56 120 bc 2625 ab 115d 923 523 170 b 1750 a
M2 5.4 37 183 a 1725 ¢ 283 ab 1123 613 303 a 945 b
M3 5.7 24 150 ab 1650 ¢ 240 be 995 565 265 a 808 b
n.s n.s n.s n.s
mg/L
Treatment Mn Fe Zn B Cu Mo
D1 6.8 ab 0.93 3.1 0.09¢ 0.20 0.16d
D2 104 a 1.17 3.2 2.38a 0.24 0.41a
D3 10.0 a 1.06 2.5 1.04b 0.18 0.36 ab
M1 33D 0.96 3.2 0.18 ¢ 0.20 0.20d
M2 9.1a 1.72 33 1.88 a 0.30 0.32bc
M3 51b 1.01 2.7 1.32b 0.14 029 ¢
n.s n.s n.s

Treatment pH (m]SE/Ccm) ?:légj)r
D1 6.1 ab 10.5a 5.5
D2 6.2 ab 11.0a 5.3
D3 6.1 ab 9.1ab 5
M1 63a 9.4 ab 4.8
M2 6.1b 7.7 be 5.3
M3 6.1 ab 69c 5

n.s

n.s. = no significant differences
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Table 10. Plant-available nutrients (Spurway, 1949), pH, and EC in substrate at harvest
(n=4). Means within each column that do not share a letter are statistically different (P <
0.05).

mg/L

Treatment ‘N_ NH4-N P K S Ca Mg Na Cl
Kjeldal
D1 2.13 ab 2.0 2.5ab  20.8ab 3.0 345 abce 243 d 513a <6
D2 245a 2.3 33a 22.5a 4.8 335 be 248d 383D <6
D3 1.64 ab 1.8 2.0 ab 17.8 ab 4.8 343 be 280bc 373D N/A
M1 2.40a 2.3 1.5b 18.0 ab 3.5 315¢ 265cd 265D <6
M2 1.16 b 1.0 1.8b 15.8b 4.8 358 ab 278 bc  26.0b <6
M3 1.80 ab 2.0 2 ab 1550 4.5 378 a 300ab  30.0b N/A
W 1.1 ab 1.0 1.0b 12.0b 3.0 360 abc 300a 365D 16
n.s. n.s.
mg/L

Treatment Mn Fe B pH (mg:/(:;m)
D1 0.31ab 045ab 0.13a 6.7 a 0.25
D2 041a 041b 0.13a 6.5 ab 0.25
D3 0.31abc 0.54ab 0.13a 6.7 a 0.25
M1 0.21 be 095a 0.12ab 63D 0.25
M2 0.29abc 049ab 0.13a 6.6 ab 0.25
M3 0.19¢ 0.30b 0.13a 6.6 a 0.25
W 020bc  042ab  0.09b 6.7 ab 0.4

n.s.

n.s. = no significant differences
N/A = data not available

Phosphorus

The shoot phosphorus (P) content differed between the treatments (Table 7). The nutrient
solutions with the highest total P content—D2 and M2—resulted in the highest P values for
shoots, plant sap, and substrate (Tables 7, 9, and 10). However, although the total P uptake
was similar in D2 and M2, the higher dry weight of the D2 plants resulted in a lower shoot P
concentration in this treatment (Table 7 and 8). The P recovery efficiency (calculated as P-
uptake by shoots/P added with nutrient solution) in the plain digestate (D1) was significantly
lower than M1: only 65% of the applied P was found in shoots at harvest compared to 83% in
MI1. The low recovery rate in D1 resulted in lower shoot P concentrations than M1, but not
lower DM yield.
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The addition of H3;PO4 to the digestate nutrient solution significantly increased the shoot P
concentration from 2.8 g kg (D1) to 3.9 g kg™ (D2) (Table 7). It also resulted in a P recovery
efficiency similar to the mineral treatments M1 and M2 (Table 11).

The P content in the nutrient solutions did not reflect the P content in the substrates at harvest
(Table 10). The M2 treatment resulted in significantly lower plant-available P levels in the
substrate than D2 (1.75 mg L™ compared to 3.25 mg L™).

Table 11. Nutrient recovery efficiency of P and S, calculated as the ratio of nutrients removed
by crop harvest (nutrient content in shoots) to fertilizer nutrients applied (n=4). Means within
each column that do not share a letter are statistically different (P < 0.05).

Nutrient recovery
efficiency (shoot Concentration in

Total amount applied Total shoot uptake uptake/nutrient shoots at harvest
Treatment (mg/pot) (mg/plant) added) (g/kg)
Phosphorus
D1 97 63 ¢ 65% ¢ 2.80 ¢
M1 101 84 b 83% a 3.65b
D2 128 95a 75% b 392b
M2 128 102 a 80% ab 4.89 a
Sulphur
D1 54 36¢ 67% ¢ 1.62d
M1 54 51b 95% a 224 ¢
D2 115 84 a 73% bc 345b
M2 115 89 a 77% b 426a

Sulphur

The nutrient solutions with the highest sulphur (S) levels—D2 and M2—resulted in the
highest plant-tissue and plant-sap S concentrations (Tables 7 and 9). However, M2 resulted in
a higher S uptake than D2, and M1 resulted in a higher S uptake than D1. The substrates did
not differ significantly in S content at harvest (Table 10).

The addition of CaSO, and MgSOj4 to the digestate nutrient solution significantly increased

the shoot S concentration from 1.62 g kg (in D1) to 3.45 g kg™ (in D2) (Table 7). It also
resulted in a S recovery efficiency similar to that of M2 (Table 11).

50



Sodium

The M1 treatment, with the lowest levels of sodium (Na) in the nutrient solution, had
significantly lower Na concentrations in both plant tissue and plant sap at harvest (3.85 g kg™
and 170 mg L™, respectively) than the other full nutrient dose treatments (Tables 7 and 9).
The negative control had the highest Na plant-tissue content (9.00 g kg™"), followed by M2
(7.02 g kg™). Among the full nutrient dose treatments, D2 had the highest mean for Na in
plant sap (337.5 mg L") (Table 9). The D1 substrates had the highest Na levels at harvest
(51.25 mg L) and M2 had the lowest (26.00 mg L™).

Micronutrients

In general, the differences in shoot micronutrient content reflected the differences in nutrient
content in the nutrient solutions (Table 5). The plants in D2, which was the digestate
treatment with the added micronutrients Mn, B and Mo, had higher Mn, B, and Mo shoot
concentrations than the plants in the plain digestate treatment D1 and had the same Mn, B,
and Mo content as M2 (Table 7). However, when M1 and D1, with the same lower levels of
micronutrients in the nutrient solutions, were compared, M1 had significantly lower shoot
tissue concentrations of Zn and Mn (Table 7).

Nutrient-stressed treatments

The only differences found between the two nutrient-stressed treatments was the chlorophyll
content and the electrical conductivity (EC) of the plant sap: the plants in the M3 treatment
had significantly lower values for chlorophyll content and plant-sap EC compared to the
plants in the D3 treatment (Tables 6 and 9). The chlorophyll levels in the half-dose digestate
treatment did not differ from the levels in the full-dose digestate treatment. The shoot DM of
the nutrient-stressed plants was about 80-85% of the non-stressed plants in treatment D1, D2,
and M1, and about 90% of the M2 plants (Table 6). The fresh weights were about 60% of the
non-stressed plants and the total leaf area was about 75% of the non-stressed plants. The
water content was about 2% lower in the nutrient-stressed treatments.

The concentrations of nutrients in shoots in the nutrient-stressed plants were lower for most
nutrients compared to the full-dose treatments (Table 7). The concentrations of N, K, and P
were about 70% of the full-dose treatments (N = 65%, K = 73%, P = 66%.) However, the Ca
and Mg content was similar to the full-dose treatments.

pH in plant sap and substrate
The plant sap pH at harvest varied between 6.1 (M2) and 6.3 (M1). The substrate pH at

harvest varied between 6.3 (M1) and 6.7 (D3). The substrate pH in M1 was significantly
lower than in D1 and both of the half-dose treatments.
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Electrical conductivity in plant sap and substrate

The electrical conductivity (EC) means in the substrate varied between 0.2 (M2 and M3) and
0.25 (D1 and D2), but there were no significant differences (Table 10). However, the EC in
the plant sap differed significanly at harvest: the M2 treatment in both the full and half dose
(M3) resulted in significantly lower EC than the other treatments. The EC was 6.9 in M3 and
11.0 in D2.

Shoot sugar content
The sugar content (measured in °Bx) in the shoots did not differ at harvest.
In summary

The plain digestate (D1), and its mineral equivalent (M1), resulted in the same dry matter
yield, fresh matter yield, and chlorophyll content. However, the recovery of P and S was
significantly lower in D1 than in M 1. The addition of P, S, Mg, Ca, Mn, B, and Mo mineral
salts to the digestate was found to significantly increase the shoot tissue concentrations of P,
S, Mn and B. It was also found to increase the fresh weight but not the dry weight, and to
decrease the chlorophyll content. The supplemented digestate (D2) performed as well as the
standard mineral nutrient solution (M2) with respect to fresh matter yield, and outperformed it
with respect to dry matter yield.
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Discussion

The plant availability of S and P in the digestate

Sulphur

The content of S in the Karpalund digestate was relatively low, probably as a result of S
losses in the biogas reactor (Fontaine et al., 2020; Mass¢ et al., 2007; Peu et al., 2011; Wahid
et al., 2018). The total content of S in the D1 treatment and its mineral equivalent M1 was the
same according to the analysis of the digestate performed after filtration but before the
nitrification (54 mg per plant). As could be expected, the S concentration in plant tissues at
harvest differed between the two treatments: the digestate-fed plants had significantly (P <
0.0001) lower values for S. According to current research, the plant-available S can be very
low even in digestates with a relatively high S content and narrow C:S ratios (Assefa, 2013;
Fontaine et al., 2020).

The result in this trial was probably, at least partly, due to a low SO4>:S ratio in the digestate.
According to Yekta (2014), when Fe-salts are used as process additives, the S speciation in
digestates is dominated by insoluble iron sulphides (27-62%) and the second most abundant S
group is reduced organic S (22-46%). The plant-available SO4> is only reported to make up
3-8% of the total S in digestates (Fontaine et al., 2020). In cases when Fe-salts are not added,
the SO4> concentration might rise after application to soil/substrates, as sulphides in the
solution are expected to be readily oxidized to SO4> under oxic conditions (Eriksen et al.,
1995). The high amount of total Fe in the digestate in this trial (59 mg Fe and 54 mg of S per
pot, corresponding to 1.1 mmol Fe and 1.7 mmol S) indicates that a large share of the
sulphide-S was probably precipitated with Fe. Considering the short cultivation period and the
absence of a soil microflora in this trial, oxidation of iron sulphides to SO,* at any relevant
rate could not be expected. The organic-bound S, on the other hand, is more readily available
for microbial degradation (Kertesz, 2004). However, the low plant-uptake of S in D1 indicates
that the microflora in the limed peat substrate, originating from the nitrified digestate, was not
capable of mineralizing the organic-bound S to SO, or, alternatively, was outcompeted by
microbial SO4> immobilization, as has been reported by Fontaine et al. (2020). Additionally,
any microbial activity in the peat substrate was probably limited by low C-bioavailability.

It might also be speculated that the S content was lowered by volatilization during storage and
handling as the digestate might have contained potentially volatile S compounds not
precipitated with the added Fe (Mdller and Miiller, 2012).

Contrary to the findings in this trial, Pelayo Lind et al. (2020) reported high uptake of S by
pak choi plants grown with nitrified digestate as fertilizer in a hydroponic setup. Similar to the
digestate in this trial, the digestate was collected at a large-scale biogas plant using 2% FeCl
as process additive. However, the feedstock was plant based, whereas the feedstock in the
Karpalund biogas plant consisted of a large share of animal manure (29%) and slaughterhouse
waste (21%), resulting in different (approximate) N:P:K:S:Fe ratios of 7:2:9:1:0.4 for Pelayo
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Lind et al. (2020) and 12:2:23:1:1 for this trial. The higher amount of S in relation to N in the
former (resulting in a higher total S application), as well as the higher S:Fe ratio, provides a
good explanation for at least part of the higher plant-uptake of S. However, in the trial of
Pelayo Lind et al. (2020), the digestate-fertilized plants outperformed the inorganic control in
plant uptake of S, despite the S content in the latter being almost twice as high. This is
remarkable, considering the literature discussed above. The explanation might be found in the
hydroponic setup. However, this has to be further investigated.

The low levels of plant-available S in digestates pose a problem when considering using
digestates as sole fertilizers, as S deficiency has been recognized as a constraint in crop
production all over the world in the two last decades (Eriksen et al., 2004; Scherer, 2001).
Brassica crops are considered extra sensitive to S deficiency, and low levels of S have been
found to result in lower yields as well as lower contents of valuable S-containing metabolites
such as glucosinolates (Scherer, 2001). According to Hawkesford et al. (2012), the S
requirement varies between 0.1 and 0.5% of the dry weight of plants. For oilseed rape,
Brassica napus, the critical concentration for visible deficiency symptoms has been reported
to be 0.3-0.35% S, and up to 0.65% S for deficiency without visible symptoms (Schnug and
Haneklaus, 1998). For optimal growth of the Brassica oleracea crops broccoli, cabbage, and
cauliflower, a S content between 0.4—1.3% in plant tissues is recommended (Magnusson et
al., 2006). Accordingly, the 0.16% S content in the D1 plants has to be considered very low
and in the deficiency range, with potential negative effects on yield and quality. The values
were only about 10-15% of the values reported by Pelayo Lind et al. (2020), who reported
1.1-1.4% S in plant tissues.

A lower S availability in the digestate treatments might also provide an explanation of the
lower N concentrations observed in the plants in these treatments, as S interacts closely with
N uptake in plants (Eriksen et al., 2001). However, the lower S and N concentrations in plant
dry matter did not have any negative effects on biomass yield.

As a consequence of iron sulphide precipitation, the plant-available Fe was also probably
much lower in D1 than M 1. However, this was not visible in differences in plant uptake,
probably because Fe was present in excess amounts in all treatments, shown by the similar Fe
uptake in all full-dose treatments, including M2 with an Fe content that was 87% lower than
MI1. The high Fe concentration in M1, similar to D1, did not result in immobilization of S (at
least not to the same degree as in D1), showing that high Fe-levels alone do not explain a
lower uptake of S. This is explained by the fact that precipitation of FeS requires reducing
conditions (i.e., the presence of Fe*" and S*), and that sulphate reduction is a microbially
mediated process (Rickard and Luther, 2007).

Phosphorus

The total P content in the Karpalund digestate was relatively high (N:P ratio of 6.7:1). As a
comparison, the commonly used Hoagland lettuce solution for hydroponics has a N:P ratio of
7:1 (Smith et al., 1983) and the synthetic reference solution in this trial, M2, had a N:P ratio
of 5:1. However, a considerable fraction of the total P was not plant available: only 65% of P
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was recovered in shoots, compared to 83% in the digestate synthetic equivalent, M1. The
lower uptake of P resulted in a P tissue concentration of 0.28%, which is just within the range
recommended for optimal growth of the Brassica oleracea crops broccoli, cabbage, and
cauliflower (0.3-0.5%) (Magnusson et al., 2006). Accordingly, P was not found to limit
growth in the digestate treatment. However, as the value was just on the verge of possible P
shortage, the risk of P deficiency when using digestates with a similar or higher N:P ratio to
the digestate in this trial (see Table 1) has to be considered. As reviewed in the background
section, Stoknes et al. (2018) reported a risk of P limitation in tomatoes even after maximizing
the P levels by using the digestate solids as the substrate (N:P ratio of 1.4:1) and the whole
digestate instead of the liquid fraction as the nutrient solution (N:P ratio of 6:1). Losak et al.
(2016) also reported P limitations on growth when a digestate with a 6:1 N:P ratio was used as
fertilizer. However, this trial was performed in a soil low in P, where P fixation could be
expected (Menezes-Blackburn et al., 2016). To summarize, when digestates are used as
fertilizers, a P recovery rate that is lower than that experienced when using synthetic
fertilizers has to be accounted for.

Another explanation for the lower recovery rate of the P in the digestate treatment D1 might
be P losses through precipitation during the nitrification pretreatment, as was reported by
Kamthunzi (2015). However, Pelayo Lind et al. (2020) reported a slight decrease in the Ny;,:P
ratio during nitrification in a MBBR similar to the one used in this trial (5.5:1 and 4.4:1,
before and after nitrification, respectively). The fate of P during nitrification, and the factors
influencing its speciation, must be further investigated.

The effect of added mineral P, S, Mg, Mn, B, and Mo

The addition of P to the digestate nutrient solution significantly increased the shoot P-
concentration (P < 0.0001) and P-recovery efficiency (P = 0.0139). The results confirm those
of Liedl et al. (2004), who reported positive effects of adding H;PO4 to a pig-slurry digestate.
The direct addition of K;HPOy, into a diluted digestate has also had good results (Liu et al.,
2011). The pH of the nutrient solution determines the speciation of P through the dissociation
of H3PO, to either H,PO*" (dominating P species between pH 2.1-7.2), or HPO,” (pH > 7.2)
(Lindsay, 1979; Marschner, 1995). Both H,PO,~ and HPO,* have a strong tendency to form
ion-ion pairs, complexes, or precipitates with several metal ions such as Fe, Al, Ca, or Mg,
influencing the plant availability of P (Hinsinger, 2001). The solubility and concentration of
these cations are determined by pH, and in alkaline conditions, Ca and Mg are the dominating
cations (Hinsinger, 2001). The slightly alkaline pH of the digestate nutrient solution (7.6)
therefore posed a risk for precipitation of the added P to poorly soluble compounds such as
calcium- or magnesium phosphates, struvite, and hydroxylapatite (Hinsinger, 2001; Moller
and Miiller, 2012). However, the recovery efficiency of the added P was > 100% (adding 31
mg of extra P per pot resulted in an average increase in P uptake by shoots of 32 mg),
showing that the (bio)chemical properties of the digestate did not negatively influence the
plant availability of the added P. An important factor for the high P recovery was probably the
decrease in digestate pH after application to the pots. In D2, the substrate pH was 6.5 at
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harvest. Around this pH, the solubility of P is at its maximum, as the concentration of Al and
Fe ions on the one hand, and Ca ions on the other, is minimized (Sims and Sharpley, 2007).
There might also have been synergistic effects of P and the other added nutrients. For
example, Mo fertilizer has been reported to increase P accumulation in shoots in Brassica
napus (Liu et al., 2010).

Doubling the total S content in the digestate by adding MgSO,4 and CaSO, to D2 (Table 2)
significantly (P < 0.0001) increased shoot-tissue S concentration levels from 0.16% to 0.36%,
which is close to the minimum level recommended for optimal growth of Brassica crops (0.4—
1.3%) (Magnusson et al., 2006). The shoot recovery efficiency of the added S was 79 %
(adding 61 mg extra S per pot resulted in an average increase in S uptake by shoots of 48 mg).
Considering this, a higher S addition (e.g., tripling the total S content in the digestate) would
have been more optimal. No correlation was found between the Mg content in nutrient
solutions and Mg plant uptake, which was probably a result of the high Mg levels in the
substrate due its dolomite content.

The addition of the micronutrients B, Mn, and Mo to the digestate resulted in significant
increases in shoot mineral content of the added nutrients. Boron concentration increased from
10 to 33 mg kg in supplemented plants. For most dicotyledonous species, the critical
deficiency range for B is 20—70 mg kg™ (Broadley et al., 2012). For the Brassica oleracea
species broccoli and cauliflower, 30—100 mg kg™ B in shoots (the whole plant) has been
recommended for optimal growth (Magnusson et al., 2006). Considering these numbers, the
D1 plants suffered from B deficiency, and the supplemented D2 plants were just within the
range recommended for optimal growth. One of the most rapid responses to B deficiency is
inhibition of root elongation which results in stubby and bushy roots (Broadley et al., 2012).
The very low tissue concentrations of B in D1 and M1 (10.1 and 8.6 mg kg™, respectively),
might therefore provide an explanation of the distinctly shorter (but not bushy) roots observed
in these treatments. However, no aboveground symptoms of B deficiency were detected.
Further, there were no differences in DM yields between D1 and D2. This seems strange as
inhibited shoot growth is a typical early symptom of B deficiency (Broadley et al., 2012).
However, the fresh matter yield was significantly higher in D2, which might be explained by
an increase in root volume when B was supplied at sufficient levels, allowing for a higher
water uptake. The tissue concentrations of Mn and Mo were above the threshold level for
deficiency (10-20 mg kg™ for Mn and 0.1-1.0 mg kg™’ for Mo) in both D1 and D2 (Broadley
et al., 2012), showing that these nutrients were present in sufficient levels in the digestate.

To summarize, adding mineral nutrients to the nitrified Karpalund digestate increased the
fresh matter yield, or, in other words, the marketable yield, which is a parameter of economic
importance. In fact, the D2 treatment had the highest mean for fresh weight among all the
treatments. The increase might have been a result of S and/or B addition, as the shoot tissue
concentration of these nutrients increased from deficient levels to sufficient levels after
supplementation.
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The influence of digestate beyond its nutrient value

Biostimulatory effects of digestates have been reported in bioassays and growth-trials (Ertani
et al., 2013a; Fascella et al., 2015, 2018; Guilayn et al., 2020; Massa et al., 2018; Sortino et
al., 2014). The observed effects on growth and stress tolerance have been attributed to high
concentrations of auxin and auxin-like compounds in the digestate (Kostenberg et al., 1995;
Lietal., 2016; X. Liet al., 2018; Lu et al., 2019; Scaglia et al., 2017, 2015). High
concentrations of the auxin IAA in digestates have been related to protein-rich feedstocks, and
high levels of the IAA persecutor L-tryptophan after protein hydrolysis (Kostenberg et al.,
1995; Liet al., 2016; X. Li et al., 2018). The feedstock of the digestate in this trial consisted
of 21% protein-rich slaughterhouse waste as well as relatively protein-rich manure and
organic household waste. Therefore, IAA, or other auxin-like compounds derived from
protein hydrolysis, could be expected to be contained within the digestate (Nardi et al., 2016;
Scaglia et al., 2017). The metabolism of L-tryptophan is dependent on environmental factors
and strains of micro-organisms (reviewed by Li et al., 2018), which varies between reactors
and feedstocks, and therefore make results from previous studies difficult to apply when
discussing the possible content of the digestate in this trial. However, the environmental
parameters in the above-mentioned reports varied greatly with regard to process parameters
such as the scale of the reactor, temperature, feedstock, and retention time, making it possible
to regard [AA, or auxin-like compounds, as a common product of alkaline anaerobic
fermentation of protein-rich feedstocks. Other compounds with reported growth-promoting
effects could also be expected to be contained within the digestate, such as protein
hydrolysates and large molecular weight compounds. In many cases, especially in complex
organic matrices, the compound responsible for an observed biostimulatory effect is not
known (Yakhin et al., 2017).

Biostimulatory effects at full-nutrient dose

The full-nutrient dose digestate treatments (D1 and D2) and mineral treatments (M1 and M2)
resulted in similar yields and quality values in all but one parameter; the amended digestate,
D2, resulted in higher shoot DM yield compared to M2, which might indicate a
biostimulatory effect. Since the digestate was low in some nutrients, nutrient limitations might
have camouflaged these biostimulatory effects in D1. Increased biomass yields with
digestates compared to synthetic fertilizers have been reported in previous growth trials
(Abubaker et al., 2012; Barzee et al., 2019; Gunnarsson et al., 2010). Furthermore, digestates
and their alkaline extracts have been reported to have biostimulatory properties (Ertani et al.,
2013; Fascella et al., 2018; Guilayn et al., 2020; Massa et al., 2016; Scaglia et al., 2017;
Sortino et al., 2014). However, in the mentioned trials, it cannot be excluded that the positive
plant-growth response might be related to the addition of extra plant nutrients with the
digestate or digestate extracts compared to the controls. This might also be the case in this
trial, as D2 contained more K, Na, Cl, Fe, Zn, and Cu than M2. In addition, the standard
nutrient solution (M2) might not have been optimal for pak choi growth even though it was
formulated to optimize growth of Asiatic vegetables including pak choi in hydroponic sytems
(Bergstrand and Hultin, 2014). If M2 was too low in any of the nutrients supplied at sufficient
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levels with D2, this would provide a straightforward explanation of the higher DM yield in
D2. However, the higher content of K, Na, Fe, Zn, and Cu in D2 did not result in higher DM
concentrations of these nutrients compared to M2 (Table 6). On the contrary, the levels of N,
K, Na, Fe, and Zn were higher in M2 than D2 at harvest (no values available for CI),
indicating that these nutrients were not limiting growth in M2. However, the plant sap
concentration of K was significantly higher in D2 compared to M2, indicating differences in
K dynamics with a potential effect on growth, as K can accelerate photosynthesis and also
allow for a higher N-uptake, and thus a higher biomass (Mengel, 1987). However, the total N-
uptake in M2 was greater than in D2, showing that higher N-assimilation was not the cause
behind the higher DM in D2. Another explanation for the lower biomass yield in M2 might be
to do with Mg limitations on growth caused by a high K:Mg ratio, which was 3:1 and 9:1 in
the D2 and M2 nutrient solutions respectively. However, taking into account the relatively
large amounts of Mg applied with the dolomite to the substrate, the ratios in the substrate
solution were probably much smaller and more similar. Accordingly, no statistical differences
in Mg uptake between the treatments were observed (Tables 6 and 7). Considering the
nutrient composition of the M2 nutrient solution, the absence of chloride (Cl) in the solution
might provide an explanation of the lower DM yield, although some was applied with tap
water (~100 mg per pot in total). Chloride is essential for photosynthesis as well as stomatal
regualtion, osmotic adjustment, vacuolar transport, and activation of certain enzymes, and is
required in micronutrient concentrations by higher plants (Broyer et al., 1954; Heckman,
2007). Moreover, the addition of Cl to growth mediums above the micromolar levels needed
for, for example, photosynthesis, has been shown to significantly increase growth and
biomass in plants (reviewed by Wege et al., 2017). The D2 treatment contained about four
times more Cl than the M2 treatment, including the Cl provided by the tap water. However,
considering the total amount of Cl applied, both treatments contained Cl well above
micronutrient concentration levels. The supply, on the other hand, was unequally distributed
over the cultivation period in the M2 treatment, as a consequence of the limited need for
irrigation during the first weeks, when most water was supplied via the nutrient solutions.
Therefore, the M2 plants might have suffered from low Cl levels in the beginning of the
experiment. In summary, that there were positive growth effects of having more K and Cl in
D2 compared to M2 cannot be ruled out. Another trial, with an additional mineral control
attempting to mimic the nutrient content of D2, would be needed to be able to draw any
conclusions on possible growth-enhancing biostimulatory properties in the Karpalund
digestate.

Biostimulatory effects at half-nutrient dose

It has been reported that many biostimulants only induce genes and enhance plant growth
when the plant is challenged by biotic or abiotic stress (reviewed by Yakhin et al., 2017). To
assess any such properties of compounds in the digestate, the digestate with amendments (D2)
was applied at half dose (D3) in order to induce nutrient stress. The result was compared to
the mineral equivalent at the same low dose (M3).
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In a previous study, Massa et al. (2018) reported significantly increased biomass production
after application of extracts from a muncipal solid waste digestate to nutrient-stressed
Hibiscus plants, grown in a mixture of peat and pumice. Even though alkaline digestate
extracts do not necessarily reflect compounds present in the whole digestate, and the
concentrations of certain compounds are expected to be higher, the total applied dose of active
substances might not be higher with extracts compared to digestate used as fertilizers when
considering the larger volumes applied. Alkaline extractions are estimated to extract 30—50%
of the organic carbon (Lehmann and Kleber, 2015), and even though the numbers are rough
estimates, it can be concluded that the amount of organic material supplied with the digestate
in this trial was in the same range as in the trial by Massa et al. (2018). Therefore, their results
might also have relevance for understanding the properties of digestate fertilizers.

However, contrary to the results by Massa et al. (2018), the nutrient-stressed plants in the
digestate treatment in this trial did not have a higher yield than the plants in the mineral
treatment. The only differences found between D3 and M3 was the chlorophyll content and
the plant sap EC, which were significantly (P = 0.0476 and 0.0322, respectively) higher in the
digestate treatment (Table 5). Increased chlorophyll content has been reported as a common
mechanism of action of animal- and organic waste-derived biostimulants (reviewed by
Yakhin et al., 2017). However, it cannot be excluded that the result in this trial was a
consequence of a slightly higher—though not significant—water content in the mineral
treatment, causing a dilution of the pigments and salts. This is supported by the fact that the
lower chlorophyll content in M3 did not result in lower biomass yield, indicating that the total
photosynthetic capacity was not lower in this treatment. The higher EC in the digestate
treatment was probably a result of its higher content of K, Na, and CI.

Absence of biostimulatory effects

The absence of visible hormone-like effects on the tolerance of nutrient stress might be
explained by the fact that any IAA present in the digestate may have been degraded prior to
fertilization. Although IAA has been found in concentrations sufficient to regulate plant
development in some digestates (Li et al., 2016; X. Li et al., 2018), it is known to be an
unstable compound which is rapidly broken down into inactive products by light and micro-
organisms (Lee, 2003). Consequently, IAA has been found to degrade in digestates during
storage (Li et al., 2016). If nitrification of the digestate prior to application is needed, which
was the case in this trial, the process is likely to decrease the IAA content, as it exposes the
digestate to oxygen and temperatures of around 20°C for an extended period of time.

Additionally, application of exogenous IAA does not per se entail positive effects on plant
growth or response to nutrient stress. As an example, the deficiency of N in Arabidopsis was
not reported to be alleviated by exogenous application of auxin even though auxin has been
shown to mediate plant response to N deficiency (Zhang et al., 2007). This indicates that
auxin is not the only factor regulating the response and that the lack of interacting factors can
cause the response to fail.
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Finally, although digestates were not found to alleviate the plants’ response to nutrient stress
in this trial, it would be interesting to further investigate its effect on other stress responses,
such as the response to draught.

In summary

The result showed that the recovery of P and S was significantly lower in the digestate
treatment compared to the mineral control with the same total P and S content (65% for P and
67% for S was recovered in the above-ground parts of the plant in the digestate treatment in
contrast to 83% for P and 95% for S in the mineral control). The shoot tissue concentrations
of S (1.6 gkg") and B (10 mg kg™") in the digestate treatment were below the threshold
recommended for optimal growth. The value for P (2.8 g kg'1) was within the recommended
limits, but on the verge of a possible shortage of P. Supplementing the digestate with mineral
P, S, Mg, Mn, Mo, and B resulted in sufficient plant tissue concentrations of all nutrients with
the exception of S, and in higher fresh matter yields. The supplemented digestate performed
as well as the synthetic control with respect to fresh matter yield, and outperformed it with
respect to dry matter yield. It might be speculated that the higher dry matter yield was a result
of biostimulatory compounds contained in the digestate; however, it cannot be excluded that it
was caused by higher concentrations of K and Cl. Finally, the digestate was not found to
alleviate plant response to nutrient stress.
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Conclusion

In conclusion, the results were promising and showed that, after some modifications, the
Karpalund digestate can be used successfully as a fertilizer in the production of leafy
vegetables in peat-based substrates. From a climate change mitigation perspective, this is
encouraging because the replacement of inorganic fertilizers with digestate fertilizers in
protected horticulture reduces the sector’s dependence on fossil fuels. This is crucial in the
agricultural intensification that lies ahead if the targets of the Paris Agreement are to be
reached. What is needed now is development and optimization of technology for separating
the digestate into solids and liquids, and for its application. In addition, the use of digestate
fertilizers in more nutrient-demanding, long-cycle crops, with varying nutrient needs during
plant development needs to be further investigated.

The results showed that if a digestate is low in plant-available P and S, which is often the
case, the fertilizer value can be improved by adding these nutrients in mineral form to the
digestate. When calculating the amount of nutrients to add, the lower nutrient recovery rate of
P and S in digestates compared to synthetic nutrient solutions must be taken into account.
This is of additional importance when Fe-salts are used as process additives in the biogas
reactor. However, more knowledge is needed to understand the factors influencing the
recovery efficiency of S in digestate fertilizers as previous trials have reported conflicting
results.

When digestates are used as fertilizers to crops grown in soil or compost, as is the case for
organic producers in Sweden, the need for nutrient supplementation might be different, taking
into account the specific soil’s/compost’s capacity to provide the crop with macro- and
micronutrients. However, according to the literature reviewed and discussed in this thesis, the
immobilization of S might be greater in soils than in soilless systems, and greater with
digestates than with other organic fertilizers. Supplementing the digestate or the soil with, for
example, potassium- or magnesium sulphate (depending on the K and Mg content in the
digestate) which are water soluble and allowed in organic production, could therefore
probably be generally recommended. However, this has to be further investigated.
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