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Abstract

In an era of population growth, increasing food prices, scarcity of arable land, and
environmental degradation of farmlands, demand for novel solutions has emerged. This
entails introducing innovative fertilizer products designed to mitigate their environmental
footprint. Synergized with complementary strategies, these innovations can bolster food
production while safeguarding the food production system's sustainability. Nitrogen Enriched
Organic fertilizer (NEO) is produced using a new method, where dinitrogen (N>) is captured
from the air and through a plasma process mixed with bio-based fertilizers as nitrate (NO3")
and nitrite (NO2"). However, a thorough product assessment is necessary to unveil potential
adverse effects before introducing it to the global markets. In this context, our research has
centered on examining the fertilizer's impact on soil fauna activity (measured through
substrate breakdown), the abundance of key soil species (springtails and earthworms), as well
as critical processes like nitrification and nutrient uptake (yield). Different fertilization
regimes were employed, including mineral fertilizer, NEO, untreated biobased fertilizers, and
no fertilizer across various experimental setups. Regarding soil fauna feeding activity, there
were discrepancies between our two studies. However, we observed a tendency for higher
feeding activity in unfertilized soil or under lower fertilization amounts, irrespective of
fertilizer type. However, the initial perturbative effect of fertilization on soil fauna feeding
activity subsided within a few weeks after application. Likewise, NEO and other fertilizers
demonstrated no detrimental effects on the abundance and weight of earthworms or the
abundance of springtails. The study also investigated the impact of NEO on soil nitrification
potential and observed that although NEO initially stimulated nitrification rates in controlled
settings, this effect did not persist = six months after fertilization in the field. Concerning crop
yields, while yielding slightly less grass than mineral fertilizers under controlled conditions
with equivalent N-min input, NEO exhibited a grain yield approximately 20% lower than
mineral fertilizer in the field. Albeit, NEO unveiled an advantage, yielding 20—-30% more than
the original cattle slurry supply. This signifies a noteworthy enhancement in crop
productivity, achieved solely through using electricity and cattle slurry as inputs. In brief, the
explorations did not detect any harmful effects of NEO on soil functions and key species,
while improved crop yields than the feedstock from which it was derived. Thus, our research
findings demonstrate that NEO constitutes a meaningful contribution despite its incremental

role in transitioning global food production systems toward sustainability.
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Sammendrag

I en tid med befolkningsvekst, skende matpriser, knapphet pé dyrkbar jord og store
miljoutfordringer, kreves det nytenkning. Til dette herer innovative gjodselprodukter med
minimal miljepavirkning, som sammen med andre tiltak kan bidra til ekt matproduksjon
samtidig som produksjonssystemets barekraft ivaretas. Nitrogenberiket organisk gjodsel
(NEO) produseres ved hjelp av en ny metode, der nitrogengass (N2) fanges fra luften og
gjennom en plasmaprosess gar over til nitrat (NO3") og nitritt (NO2"), som deretter kan blandes
med biobaserte gjodselstoffer som husdyrgjedsel eller biorest. En grundig testing av NEO er
nedvendig for & avdekke eventuelle skadelige effekter pd jord, planter og milje for det lansers
pa verdensmarkedet. Vart bidrag i denne sammenheng har vaert & undersoke effektene pé
jordfauna-aktivitet (malt som nedbrytning av et gitt substrat) og pa forekomst av ngkkelarter 1
jord (spretthaler og meitemark), samt pa viktige prosesser som nitrifikasjon og naringsopptak
(avling). Forskningen omfattet forsek i felt vekstkammer og laboratorie, og med varierte
eksperimentelle oppsett. Forskjellige gjodselregimer ble benyttet, inkludert mineralgjedsel,
NEO, ubehandlet organisk gjodsel og ingen gjedsel. Nar det gjelder jordfauna-aktivitet var
det uoverensstemmelser mellom vare to studier, men sé vi en tendens til gkt aktivitet 1
ubehandlet jord eller ved de laveste gjedselmengdene, og dette var uavhengig av gjedseltype.
Dette utjevnet seg riktignok kun fa uker etter tilforsel. Videre viste NEO og de andre
gjodselregimene ingen skadelige effekter, hverken pa meitemark eller pa spretthaler. Hva
gjaldt jordas nitrifikasjonspotensiale sa ble det observert gkt nitrifikasjon kort tid etter tilforsel
av NEO, men dette vedvarte ikke. Etter seks méneder var det ingen forskjell mellom NEO og
de andre gjedslingene. Nar det gjaldt neringsopptak og plantevekst registrerte vi noe lavere
avling etter tilfersel av NEO sammenlignet med mineralgjodsel med tilsvarende
naringsinnhold. Samme resultat ble observert 1 feltforsekene hvor NEO viste 1 sterrelsesorden
20% lavere avling enn mineralgjodsel med tilsvarende naeringsinnhold. Sammenlignet med
ubehandlet husdyrgjedsel ga derimot NEO 20-30% heyere avling. Dette viser en betydelig
avlingseffekt av plasmabehandlingen. Dette er oppnadd utelukkende ved & bruke elektrisitet
og husdyrgjedsel som innsatsfaktorer. Kort sagt fant vi ingen skadelige effekter av NEO pa
nekkelarter og viktige funksjoner i jorda, samtidig som avlingene gkte sammenlignet med
ubehandlet husdyrgjodsel. Vare forskningsresultater viser derfor at NEO representerer et
verdifullt bidrag, selv om dette er bare en liten del av hva som ma gjeres for & endre de

globale matproduksjonssystemer 1 baerekraftig retning.
Nokkelord: Berekraftig landbruk; nitrogen; gjedsling; jordhelse; avlingsproduktivitet.
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1. Background
1.1. Digging up history

The first traces of agriculture go back to 12000 years ago when human beings turned
permanent settlers and farmers from nomadic hunter-gatherers (National Geographic Society,
2022). Since plant domestication started, increasing agricultural productivity has fascinated us
(Diamond, 2002). Egyptians, Romans, Babylonians, and early Germans are assumed to have
used minerals and manure to enhance their farms' productivity. Also, a common farming
practice was using wood ash as an amendment (Kiiski, Scherer, Mengel, Kluge, & Severin,
2009). Although presumably Neolithic man used some agricultural amendments, the first
modern fertilizer manufactured through chemical means was ordinary superphosphate
produced in the early 19" century by exposing bones to sulfuric acid (Russel & Williams,

1977).

The first synthetic nitrogen (N) fertilizer was calcium nitrate, manufactured for the first time
in 1903, and from nitric acid generated by the electric arc method (Rouwenhorst, Jardali,
Bogaerts, & Lefferts, 2021; Russel & Williams, 1977). Kristian Birkeland, a Norwegian
industrialist and scientist, and Sam Eyde, a business partner, were the men behind the process
(F. A. Ernst, 1928; Eyde, 1909). However, the Birkeland—Eyde process was energy-inefficient
and soon outcompeted by Fritz Haber's method, which was developed in 1913. As a result, the
Haber—Bosch method was enhanced and has become dominant in the N fertilizer industry

(Rouwenbhorst et al., 2021).

The Haber-Bosch method is a process for synthesizing ammonia (NH3) from hydrogen gas
(H2) and nitrogen gas (N2) in the presence of iron catalysts at elevated temperatures and
pressures. The reaction is exothermic, meaning it releases heat energy, and is described by the
following equation: N2 + 3H> — 2NHj3 (Brightling, 2018; Travis, Travis, & Costa, 2018). The
Haber—-Bosch method revolutionized the production of ammonia, which is a crucial
component in producing fertilizers and many other industrial products (Smil, 2004). This
transition allowed the survival of billions of people at the beginning of the 20" century,
whereas almost every second person living today owes their existence to this innovation

(Erisman, Sutton, Galloway, Klimont, & Winiwarter, 2008).



1.2. Population growth Kicks in

Concurrently with the advancements in the agriculture amendments sector, the world's
population more than quadrupled during the last century (Roser, Ritchie, Ortiz-Ospina, &
Rodés-Guirao, 2013) (Figure 1). The leading causes for this increment are improved human
fertility rates, prolonged life expectancy, and cross-border immigration (Roser M. & Ritchie,
2019; United Nations, 2022). Nonetheless, this is not going to stop. According to the United
Nations (UN), the world population is anticipated to increase by almost 2 billion over the next
30 years, from 8 billion to 9.7 billion in 2050 and nearly 10.9 billion in 2100 (United Nations,
2017).

Figure 1: 400 years of world population growth, history and anticipations, Retrieved from (Roser et al., 2013)
Overpopulation has severe environmental consequences (Roser et al., 2013). The two
primary impact forms are elevated resource consumption, e.g., land, food, water, air, fossil
fuels, and minerals, and increased waste production, e.g., air and water pollutants, toxic

materials, and greenhouse gases (Hedberg, 2020).



1.3. Overpopulation and agricultural ecosystems

On the agriculture side, the world's overpopulation occurs in parallel with 12 million hectares
of arable land being lost from production annually (D66s, 2002; Pravalie et al., 2021; United
Nations, 2019). Multiple threats exert pressure on the world's soils owing to population
growth, economic development, and climate change (Montanarella et al., 2016). Land
degradation strongly correlates with food security, whereas 99% of our food is produced in
terrestrial systems and only 1% in aquatic systems (Pimentel, 2006). Thus, global arable lands
progressively encounter challenges ensuring global food security and the substantial demand
for increased food production. The grounds mentioned above imply that providing space,
food, and resources sustainably for the future global population is undoubtedly one of our
generation's foremost challenges (Roser et al., 2013). Simultaneously, agroecosystems
encounter significant societal demands to promote sustainable food production within this
context (Augustin et al., 2016; Janker, Mann, & Rist, 2019; Vermeir & Verbeke, 2006).
Hence, developing new environmentally friendly fertilizers or carefully utilizing existing
fertilizers emerges as potential pathways to attain greater sustainability, equity, and resilience
in agroecosystems. These approaches promise to advance global food security and foster a

more secure future.

1.4. The elemental power of Nitrogen (N)

Nitrogen (N) is an essential element in agroecosystems. N contributes to several essential
processes in plants, e.g., growth, leaf area development, and biomass production. Numerous
N-structured molecules, including amino acids, chlorophyll, nucleic acids, ATP, and
phytohormones, are engaged in the plants' physiological processes, e.g., carbon and N
metabolism, photosynthesis, and protein assimilation (Crawford & Forde, 2002; Frink,

Waggoner, & Ausubel, 1999).

The favorable influence of N fertilization on plant productivity is widely explored and well-
recognized (Basso et al., 2016; Dong & Lin, 2020; Houlton et al., 2019). N enhances root
extension and nutrient uptake (Diaz et al., 2006; Good, Shrawat, & Muench, 2004; Stitt &
Krapp, 1999). N deficiency can diminish plants' growth and development (Ding et al., 2005).
Thus, N availability is one of the most crucial requirements in plant production (Bondada &

Oosterhuis, 2001; Riitting, Aronsson, & Delin, 2018).



N in the biological systems is found in mineral and organic forms (Mann, 1983). Mineral N
refers to inorganic forms of N found in soil and fertilizers. Nitrate (NO3") and ammonium
(NH4") are the primary mineral N forms, which are readily available to plants because they
can be directly up taken through their roots (R. L. Mulvaney, 1996). Mineral N can come
from various sources, including mineral fertilizers, organic fertilizers, decomposition of
organic matter, and atmospheric deposition (such as N gas converted into nitrate by lightning

or industrial processes) (Ghaly & vasudevan ramakrishnan, 2015).

Nitrate (NO3") is a highly mobile form of N in soil. It dissolves in water and can be easily
transported to plant roots. Plants can uptake nitrate ions through their root systems, making it
a readily available N source for their growth and development (Miller & Cramer, 2005).
Ammonium (NH4") is another form of mineral N. It is positively charged and less mobile in
soil compared to nitrate (Muratore, Espen, & Prinsi, 2021). Plants can also directly absorb
ammonium ions through their roots (Miller & Cramer, 2005). Ammonium is often used as a N

source in mineral fertilizers (Marschner, 2002a, 2002b, 2002c).

Mineral N is generally more readily available to plants than organic N (Muratore et al., 2021).
Plant roots can directly take up nitrate and ammonium without further microbial
decomposition. However, plant mineral N availability depends on soil pH, temperature, and

moisture content (Masclaux-Daubresse et al., 2010).

Organic N refers to N in complex organic compounds, such as proteins, amino acids, and
organic matter like plant residues, animal manure, and compost. Organic N is not immediately
available for plant uptake; it must undergo microbial decomposition to convert it into mineral
forms (nitrate or ammonium) that plants can use. Soil bacteria and other microorganisms

carry out this decomposition (Eulene Francisco da et al., 2019).

The availability of organic N to plants depends on soil microorganisms' decomposition rate
and mineralization of organic matter. Factors such as temperature, moisture, and carbon-to-
nitrogen ratio (C/N ratio) in the organic material influence how quickly organic N is

converted into mineral forms (Eulene Francisco da et al., 2019).

The N content in manure can vary widely depending on the source and management of the
manure. For instance, chicken manure typically contains more N than cow or horse manure.
On average, poultry manure may contain 3-4% N by weight, while other types might have
lower N content, usually ranging from 1% to 2% (Sundermeier, 2016). The N in manure is

primarily organic and requires time to mineralize and become available to plants (Masclaux-
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Daubresse et al., 2010). However, mineral fertilizers are fabricated to provide plants with
readily available N. Common mineral fertilizers include urea, ammonium nitrate, and
ammonium sulfate. These fertilizers can have N content ranging from 10% to 82% (Isleib,

2017). For example, urea typically contains about 46% N.

1.5. The good, the bad, and the ugly

N fertilizers are vital for global food production and food safety. Not so many innovations
have changed the history of humankind as much as mineral N. N fertilizers also maintain
enormous environmental benefits where a reduced area is used to harvest increased crop
yields (Ritchie, 2021). Therefore, N fertilizers contribute to safeguarding forests and
preserving natural habitats. However, despite positive effects, overusing N fertilizers could be
associated with severe drawbacks (Upendra, Rajan, & Gautam, 2019). The use of N (N) in the
agroecosystem has undergone a remarkable transformation over the past few decades. The
global input of N has increased exponentially by eight-fold since the 1960s (FAO, 2019;
Matson, Parton, Power, & Swift, 1997). This staggering increase in N usage, which is well-
illustrated in Figure 2a, is a testament to the technological advancements in agriculture and

reflects the growing demand for food production worldwide.

Interestingly, the geographical distribution of major fertilizer use hubs has significantly
shifted over time. In the 1960s, the United States and Western Europe were the dominant
players in the fertilizer market. However, this trend has changed dramatically in recent years.
As of the early 21st century, Eastern Asia has emerged as the primary hub for fertilizer use

(Lu & Tian, 2017) (Figures 2a and 2b).



Figures 2a and 2b: The major global consumers of N fertilizers per hectare cropland 2020, retrieved from FAO stat and
OurworldInData.org/fertilizers (FAO, 2022a; Ritchie, Roser, & Rosado, 2022)



Unfortunately, N Use Efficiency (NUE) is a cause for concern worldwide, as depicted in
Figure 3. This is compounded by the rising costs of fertilization, coupled with the fact that
more than half of the supplemented N is lost to the environment in various forms (Chen,
Chen, Tseng, & Tsay, 2020; Lassaletta, Billen, Grizzetti, Anglade, & Garnier, 2014;
McAllister, Beatty, & Good, 2012; R. Mulvaney, Khan, & Ellsworth, 2009).

Figure 3: Nitrogen Use Efficiency (NUE) worldwide, retrieved from OurworldInData.org/fertilizers.

As a result of the widespread use of mineral fertilizers, there is now a staggering two-fold
increase in the amount of mineral N present in biological systems compared to a century ago
(United Nations, 2020b). The consequences of such growth are far-reaching, leading to
environmental pollution, disruption of natural processes, and significant negative impacts on

biodiversity and the climate (European Commission, 2022).

1.6. N fertilization and soil life

Although we consume N fertilizers to boost agroecosystems' fertility and profitability, how
they influence soil organisms is typically disregarded. Disagreements are yet noticeable even
if several studies explored the effect of nutrient manipulation on soil-dwelling organisms

(Biinemann, Schwenke, & Van Zwieten, 2006; Siebert et al., 2019). N fertilization imposes



variations on soil communities by altering the soil nutrient spectrum and favoring the
ecosystem for particular groups (Bell, Asao, Calderon, Wolk, & Wallenstein, 2015).
However, soil functional groups' response to frequent mineral N differs notably within

environmental and management factors (Geisseler & Scow, 2014).

Mineral fertilizers could enhance soil biodiversity and organic activity by promoting plant
productivity, crop residue return, and soil organic matter (Siebert et al., 2019). Similarly,
organic amendments, e.g., manure, compost, biosolids, and humic substances, provide C and
N resources for soil organisms (Wei et al., 2017). However, in the long run, a surplus of
mineral N might acidify the soil and damage soil organisms (Biinemann et al., 2006). Albeit
the vulnerability of soil invertebrates to mineral N varies from those of microbial

communities (Biinemann et al., 2006).

The susceptibility of soil fauna and invertebrates to elevated N levels varies significantly. For
instance, studies indicated a detrimental effect of N on soil organisms' feeding activity in
short-term (Siebert et al., 2019) and long term (Pelosi, Boros, van Oort, & Schmidt, 2020;
Tao, Slade, Willis, Caliman, & Snaddon, 2016) but positively influenced soil fauna's
composition and diversity (Graenitz & Bauer, 2000; Silva et al., 2016; Wahyuningsih,
Marchand, Pujianto, & Caliman, 2019). In a separate investigation, the application of cattle
slurry led to a temporary decrease in the abundance of springtails, which later partially
recovered during the same growing season but did not return to the initial levels

(Pommeresche, Loes, & Torp, 2017).

Conversely, some reports highlight the positive impact of fertilizers on soil faunal structure,
diversity, and feeding activity (Graenitz & Bauer, 2000; Wahyuningsih et al., 2019),
particularly in the case of springtails within the topsoil layer (Silva et al., 2016).

The impact of fertilizers on earthworm populations reveals that a combination of mineral and
organic fertilizers exerts a more significant influence than using mineral fertilizer alone, as
indicated by multiple studies (C. A. Edwards, 1977; C. A. Edwards & Lofty, 1982; Hendrix,
Mueller, Bruce, Langdale, & Parmelee, 1992; Tiwari, 1993) Additionally, one study
highlights the positive effect of mineral fertilizer on the abundance of springtails and mites,

although it comes at the cost of reduced species diversity (Gudleifsson, 2002).

On the contrary, N-based fertilizers, particularly those rich in ammonium N, have the
potential to negatively affect soil biological activity due to soil acidification and alterations in

soil functional communities, as documented by various sources (Biinemann et al., 2006; Clive
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A Edwards & Bohlen, 1996; Mc Laughlin & Mineau, 1995). Furthermore, the repeated
application of mineral fertilizers may suppress specific soil enzymes involved in nutrient
cycles, such as the amidase in the N cycle, as observed in prior research (Mc Laughlin &
Mineau, 1995). A study indicated a diminishing effect of N input on microbial biomass in
grassland soil, i.e., presumably due to restriction in plant species richness, but not in annual

cropland soil (Geisseler, Lazicki, & Scow, 2016; Herren et al., 2020; Siebert et al., 2019).

These contrasting findings underscore the significance of exploring the effects of fertilizers on

soil biota, especially in the context of innovative fertilizers.

1.7. The fundamental role of soil life

Soil is one of the most critical 'global reservoirs' of biodiversity, home to more than 25
percent of the world's biological diversity (United Nations, 2020a). However, the contribution
of life in soil remains vastly underrated. That being said, we estimate that we know nearly 1%
of the microorganisms living in the soil (FAO, 2022b). Furthermore, over 40 percent of living
organisms in terrestrial ecosystems are linked with soils during their life cycle (United

Nations, 2020a) (Figure 4).



Figure 4: What is living in a handful of soil, retrieved from (European Commission et al., 2014)

The activities of soil organisms are critical for the maintenance of healthy soils. These
organisms can alter the soil's physical structure by digging burrows, adding nutrients to the
soil by decomposing dead leaves, and helping regulate the populations of other soil organisms
(Bottinelli, Hedde, Jouquet, & Capowiez, 2020). Soil organisms are also essential for most
soil ecosystem services, including providing healthy food and improving agricultural output,
water filtration, carbon sequestration, the degradation of target contaminants, and the

medicine supply.

Soil fauna, a vital group of primary heterotrophs in soil ecosystems, promotes bacterial and
fungal diversity and activity within soils (Hattenschwiler, Tiunov, & Scheu, 2005).
Invertebrates profoundly impact nutrient cycling by directly consuming plant materials and

organic substrates. These materials' physical breakdown or comminution accelerates their
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decomposition process by increasing the surface area of plant structural materials and
exposing the inner cytoplasm, making it more accessible to microbial activity (Coleman &

Wall, 2015).

Furthermore, invertebrates' feeding habits often lead to N translocation from the soil to the
substrate in the form of fecal material and through fungal hyphae. Grazing by invertebrates is
vital in disseminating microbes from one organic source to another. Many of these microbes
adhere to the exoskeletons and cuticles of invertebrates and can survive their journey through
the digestive tracts. This mechanism further contributes to the interconnectedness of soil
ecosystems, facilitating the movement and distribution of crucial microorganisms (Coleman

& Wall, 2015; Meier, Scherrer, & Honegger, 2002).

In agroecosystems, soil organisms transform nutrients, making nutrients accessible to plants
(Coleman & Wall, 2015). In addition, certain soil microbiota can reduce agricultural costs and
reliance on mineral N and P fertilizers and improve soil fertility, agricultural output, and

environmental sustainability (FAO, 2022b).

Due to numerous links between above and belowground, soil biodiversity controls the
primary processes allowing life to exist on earth. Nonetheless, the loss of soil biodiversity is
deemed one of the most serious global threats to soils in many regions of the globe (FAO,
2022b). Therefore, it is vital to incorporate policies that reduce soil degradation and safeguard
soil biodiversity from threats into biodiversity conservation and ecosystem restoration efforts

at all levels.

1.8. Sowing the seeds of change: Practices, policies, and projections

Conserving soil biodiversity requires advanced monitoring systems, standardized procedures
for sampling and analysis, and global cooperation to compile datasets for scientific evidence.
In addition, research into soil communities can help us understand the complex relationships
between soil organisms and their environment and develop effective conservation strategies.
Investing in these efforts will promote sustainable land use practices and ensure the well-

being of the planet and all its inhabitants.

Farmers and land users/owners should employ sustainable soil management practices to
prevent and reduce soil biodiversity loss. Unfortunately, N fertilizers are over and under-
applied in many countries worldwide, with a 100-fold distinction between countries (Mueller

et al., 2012; Ritchie, 2021). For instance, a large-scale study in China indicated that modest
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interventions could produce massive improvements; for ten years, 21 million smallholder
farmers followed recommended management practices, including reduced N fertilization by
15%, and remarkably, these adjustments were coupled with a notable increase in average
yields by 11%. Besides the economic profit of US$ 12.2 billion, the environmental impact of
farming has decreased just by educating and training farmers on proper management practices

(Cui et al., 2018).

While educating farmers on sustainable management practices is essential, developing and
implementing innovative strategies and guidelines is equally important to help steer the
agricultural sector toward a more sustainable future. One example is the United Nations
Environment Program's "Halve Nitrogen Waste" campaign, which aims to reduce N waste by
50% by 2030. This campaign can generate a staggering $100 billion economic return globally
(50% of the global mineral fertilizer market). The European Commission's "Farm to Fork
strategy" is another example of a comprehensive plan to promote sustainability in the
agricultural sector. This strategy takes a holistic approach, encompassing everything from
reducing pesticide use to promoting organic farming practices (European Commission, 2022;
United Nations, 2020b). Therefore, by setting clear goals and targets, such a strategy provides
a roadmap for the entire agricultural sector to work toward a more sustainable future as part of

the European Green Deal for achieving climate neutrality by 2050.

One more practical approach is developing sustainable, organic-based agricultural
amendments. Recently, affordable, renewable energy growth has drawn interest in N fixation
by the neglected Birkeland—Eyde plasma technology (Winter & Chen, 2021). By utilizing
renewable energy sources, non-thermal processes, and reducing carbon footprint and waste,
plasma-backed N fixation maintains milder operation conditions and a greener environmental
profile than the Haber-Bosch process. It also enables decentralized fertilizer production (Li,
Medrano, Hessel, & Gallucci, 2018). However, despite its potential, this technology still holds
shortcomings. These include scale-up challenges, high initial investment costs, lower
ammonia yield compared to traditional methods, safety concerns, and negative environmental
impacts, specifically when fossil fuel-based electricity is utilized (Tsonev, O’Modhrain,

Bogaerts, & Gorbanev, 2023).

A study indicated that benefiting from the recent developments, the energy consumed for
generating NOx using plasma technology could be comparable with the Haber-Bosch process.
However, further plasma reactor improvements and efficient plasma—catalyst coupling are
needed (Rouwenhorst et al., 2021). After all, using plasma technology, the Norwegian
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company N2 Applied (Asker, Norway) has been inspired to develop a unit for enriching
organic amendments like manure and biogas digestate with atmospheric N (N2 Applied,

2022).

1.9. The rise of Nitrogen-Enriched Organic fertilizer (NEO)

Nitrogen oxide assimilation through plasma processes has been a well-established concept for
over a century. However, incorporating nitrate enrichment in organic fertilizers is a recent
development (Ingels & Graves, 2015; N2 Applied, 2022). However, one of the main
challenges in this field is the high energy consumption of plasma reactors. Despite this, the

production of reactive N has significantly improved compared to 100 years ago.

The recent technological advancements enabled N2 Applied to develop a patented unit that
uses a plasma-arc process to enrich atmospheric N into the organic slurry or biogas digestate.
The warm or cold plasma process fixes N from the air as nitrogen oxides (NOx), which in
reaction with water results in the formation of nitrous (HNO>) and nitric (HNO3) acids,
combined with slurry or biogas digestate and lowering the pH and microbial activity of the
mixture (Graves, Bakken, Jensen, & Ingels, 2019). The final product is NEO, a biobased
fertilizer rich in nitrogen (with approximately double the N content compared to the native

feedstock) that has been acidified.

N2 Applied claims that NEO's high acidity and lower biological activity minimize greenhouse
gas emissions compared to conventional, organic-based fertilizers. Moreover, NEO-treated
slurries are filtered and highly liquefied, making them easier to manage in precision
agriculture (N2 Applied, 2022). N2 Applied also asserts that their unit provides a novel
solution to the conventional fertilizer production model by decentralizing the production

process. As a result, farmers can invest in N2 units and produce fertilizer on their farms.

Besides the company's ambition to enhance the agricultural industry with advanced
technology, its goal is to reduce reliance on traditional fossil-fuel-based N fertilizers.
Nonetheless, N2 Applied's success relies strongly on the availability of low-cost energy
sources and the performance of the fertilizer product in the field, which need to be further
elucidated. As such, guaranteeing the fertilizer meets the required quality standards is
paramount. It must deliver the expected crop yields while remaining harmless to the soil
system. Only then can N2 Applied claim that their technology revolutionizes farming

practices and promotes sustainable agriculture.
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2. Scientific Aims and Methods
2.1. Grounds

Since NEO represents an innovative and ambitious product, it is imperative to conduct
precautionary assessments. These assessments serve to uncover its benefits and potential
drawbacks, as well as to verify its environmental and agricultural safety. Additionally, for a
holistic understanding, it is crucial to evaluate the fertilizer's impact on plant yields

thoroughly and to make comparisons against the conventional alternatives used by farmers.

From a soil health standpoint, the elevated nitrite content and acidity of NEO raise concerns,
as they could potentially lead to the formation of toxic compounds like radicals and other
oxidative byproducts. Although there is currently no evidence pointing to potential
disruptions in these aspects, it remains crucial to investigate and elucidate potential drawbacks

before the product's global market availability.

Accordingly, as part of the fine-tuning process in collaboration with N2 Applied, we aim to
assess NEO's compatibility with soil-living organisms and ensure it delivers satisfactory plant
yields. To achieve this, we have undertaken extensive studies to map and compare the effects
of NEO with those of other conventional fertilizers (Paper 1, paper 2, paper 3, paper 4)
(Cottis, Mousavi, & Solberg, 2023; Mousavi, Cottis, Hoff, & Solberg, 2022; Mousavi, Cottis,
Pommeresche, Dorsch, & Solberg, 2022; Mousavi, Solberg, Cottis, & Dorsch, 2023). By
proactively identifying potential downsides, the company can implement necessary

adjustments to NEO, thereby ensuring its safety and effectiveness.

For our studies, we hypothesized that utilizing NEO as an amendment in agriculture would
not cause any detrimental effects on soil functions and species compared to other
conventional fertilizers commonly used in modern-day agriculture. Furthermore, our
hypothesis posited that employing an equivalent quantity of N-min in NEO could produce

comparable crop yields to mineral fertilizer.

2.2. Approaches

Multiple studies were conducted across diverse settings, encompassing field conditions,
growth chambers, and laboratories. These comprehensive investigations aimed to thoroughly
examine the potential impact of NEO on various soil-dwelling organisms and crop yields,

facilitating a deeper understanding of the ecological consequences of this phenomenon. The
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core focus of the soil-related investigations was to evaluate the impact of NEO on a wide
range of soil-inhabiting communities, including mesofauna, macrofauna, and microbes. We

utilized the following methodologies in our investigations to accomplish our goals:

1. Evaluating changes in soil nutrient cycling, e.g., the biological activity of soil
fauna through feeding activity (Paper 1 and Paper 2).

il. Evaluating changes in abundance and biomass of key species in the soil, e.g.,
mesofauna springtails (Collembola sp.) and macrofauna, earthworms (Lumbricus
sp.) (Paper 2).

iii. Evaluating changes in the soil N cycle, e.g., nitrification performed by soil
nitrifying microbes (Paper 3).

v. Evaluating the NEO’s impact on crop yields (Paper 1 and Paper 4).

2.3. Methods

2.3.1. Evaluating changes in soil nutrient cycling through soil fauna feeding activity
(Paper 1 and Paper 2)
One of the functional activities of the soil fauna, namely feeding activity, is fundamental for
decomposition and nutrient cycling in soil (Hamel, Schellenberg, Hanson, & Wang, 2007;
Jansch, Scheffczyk, & Rombke, 2017; Kratz, 1998; Schinner, Ohlinger, Kandeler, &
Margesin, 1996). As a practical, rapid, and duplicable method, the Bait-lamina strip method
(Terra Protecta GmbH, Berlin, Germany) (Terra Protecta, 2020) was used for evaluating soil

fauna feeding activity in our studies (Hamel et al., 2007; Torne, 1990) (Figure 5).
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Figure 5: Bait-lamina strips used to investigate the soil fauna feeding activity.

The method has been used in screening different soil management practices and provides
valuable insights into the feeding activity of soil fauna (Hamel et al., 2007). The method
involves perforated PVC strips (I mm x 6 mm x 120 mm) with 16 1.5 mm diameter holes
located 5 mm apart. These holes are filled with bait substrates containing 5% activated
carbon, 25% wheat fiber, and 70% cellulose powder (ISO18311(E), 2015). After exposure to
the soil for a certain period, the degree to which substrate is consumed in the holes indicates
the feeding activity of soil fauna, with soil microbes having a negligible effect (Gardi et al.,
2009; Rozen, Sobczyk, Liszka, & Weiner, 2010; Simpson, Slade, Riutta, & Taylor, 2012;
Terra Protecta, 2020).

For this study, the pot experiments were conducted in a growth chamber at Inland Norway
University of Applied Sciences using perforated pots (13 x 13 x 18 cm) filled with 2.5 L of
field soil (Figure 6). Four replicates were used to randomize each fertilizing treatment. Two
trials were performed (Paper 1), with trial one consisting of 14 fertilizing treatments and trial
two with 11 treatments to investigate and compare the impact of different fertilizer treatments

on soil fauna feeding activity under controlled conditions.

The treatments included five fertilizing regimes: no fertilizer, different amounts of mineral
fertilizer (Yara, 2021b), three types of NEO (N2 Applied), organic fertilizer (untreated cattle
slurry), and organic fertilizer with different amounts of N in mineral fertilizer (Yara, 2021a).
The two types of mineral fertilizers used were chosen to create a similar N-min profile to
NEO (nitrate and ammonium components) in the mineral fertilizer and organic + mineral

fertilizer treatments.

Figure 6: Experimental setup in the growing chamber investigating the effects of different fertilization regimes on soil fauna
feeding activity.
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In trial one, the range of fertilization was from no fertilizer to a maximum of 235 kg N-min
ha!. In contrast, in trial two, it was from no fertilizer to a maximum of 175 kg N-min ha™'. In
addition, the Yara mineral fertilizers were added as pellets, while the untreated slurry and all

NEO types were added in liquid form.

The fertilizing treatments in trial one were (1) No fertilizer, (2) Mineral fertilizer 115 kg N-
min ha™!, (3) Mineral fertilizer 145 kg N-min ha™!, (4) Mineral fertilizer 175 kg N-min ha !,
(5) Mineral fertilizer 205 kg N-min ha™!, (6) Mineral fertilizer 235 kg N-min ha™!, (7) NEO
type A 175.4 kg N-min ha!, (8) NEO type B 175.4 kg N-min ha"!, (9) NEO type C 175.4 kg
N-min ha™!, (10) Organic fertilizer 73 kg N-min ha !, (11) Organic fertilizer + MF 115 kg N-
min ha™!, (12) Organic fertilizer + MF 145 kg N-min ha™!, (13) Organic fertilizer + MF 175
kg N-min ha™!, and (14) Organic fertilizer + MF 205 kg N-min ha™'.

The fertilizing treatments in trial two were (1) No fertilizer, (2) Mineral fertilizer 60 kg N-min
ha™!, (3) Mineral fertilizer 80 kg N-min ha™!, (4) Mineral fertilizer 115 kg N-min ha™!, (5)
Mineral fertilizer 135 kg N-min ha™!, (6) Mineral fertilizer 155 kg N-min ha™!, (7) Mineral
fertilizer 175 kg N-min ha ! (8) NEO type A 175.4 kg N-min ha ™!, (9) NEO type B 175.4 kg
N-min ha™!, (10) NEO type C 175.4 kg N-min ha !, and (11) Organic fertilizer 73 kg N-min
ha™l.

Studies used three types of NEO from different production batches and methods. They
differed in acidity, nitrate, and nitrite content. NEO A had a pH of 5.42 and contained 1530
mg/L NH4", 800 mg/L NO>~, and 1180 mg/L NOs", while NEO B had a pH of 5.35 and
contained 1480 mg/L NH4", 777 mg/L NO2 ", and 1250 mg/L NOs . NEO C had a pH of 4.24
and contained 1100 mg/L NH4", 444 mg/L NO ", and 1910 mg/L NOs". The cattle slurry used
had a pH of 7.13 and contained 1320 mg/L of NH4". The untreated manure target amount was
55 tons ha ! (1.33 kg plant-available N). However, after processing by the N2 Applied unit,
the final product (NEO) had a plant-available N content of 3.51 kg per ton.

Furthermore, another trial (paper 2) was performed, differing from the first two trials
regarding the amount of mineral and organic fertilizers and the type of NEO (Type D) used.
This trial consisted of five fertilization regimes distributed in seven fertilization treatments: no
fertilizer; mineral fertilizer (Yara Mila 18-3-15); NEO type D (N2 Applied); organic fertilizer
(untreated cattle slurry); and organic fertilizer + mineral fertilizer (Yara Liva 16-0-0). NEO
and untreated slurry were applied in liquid form, while Yara Mila and Yara Liva were

pelleted. The two types of mineral fertilizers used were chosen to create a similar N-min
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profile to NEO (nitrate and ammonium components) in the mineral fertilizer and organic +

mineral fertilizer treatments.

Treatments were (1) no fertilizer, (2) mineral fertilizer 73 kg N-min ha™!, (3) mineral fertilizer
175 kg N-min ha™!, (4) NEO type D 73 kg N-min ha™!, (5) NEO type D 175 kg N-min ha !,
(6) organic fertilizer 73 kg N-min ha !, (7) organic fertilizer + MF 175 kg N-min ha™.

NEO type D had a pH of 5.22 and contained 1746 mg L' NH4", 1131 mg L"! NO,", and 1562
mg L' NOs™, totaling 4439 mg L' N. The untreated slurry had a pH of 7.32, containing 1804
mg/L NHs" and 149 mg L' NO, ", totaling 1953 mg L' N. Therefore, we targeted a slurry
amount of 55 tons ha™!. A ton of untreated slurry contained 1.95 kg of plant-available N,
while each ton of NEO contained 4.44 kg of plant-available N.

The soil used in these studies was sandy clay loam with over 10% clay and 4.5% soil organic
matter, as analyzed by Eurofins before the experiment. The soil pH was high (pH = 7.4),
while the phosphorus status was normal (P-AL =11 mg/100 g), and the potassium status was
low (K-AL =5 mg/100 g). The soil had a field water capacity of 33.6% of soil volume and a
pore capacity of 41.4%.

We conducted preliminary tests to determine appropriate intervals for bait-lamina sampling in
a pot experiment. Our experiments showed that the proportion of bait consumed in the strips
ranged from 3% to 29% after four weeks of soil fauna feeding activity. Eight weeks into the
experiment, we noticed some strips that had 100% of their holes empty, suggesting 100%

feeding activity. So, we decided that seven weeks would be a suitable evaluation duration.

In our experiments, we planted three Bait-lamina strips diametrically in each pot (replicate)
after sowing (week 1) to assess and compare the early effect of fertilization on soil fauna
feeding activity (Paper 2). To assess the mid-term impact, we removed the first set of strips
after seven weeks and replaced them with the second group in the same order (Paper 1 and
Paper 2). To assess the late effects of fertilizing soil fauna feeding activity, we removed the
second set and inserted the third set at week 14 and week 21 after sowing/fertilizing (Paper 1

and Paper 2, respectively).

Thirty-six Italian ryegrass seeds (Lolium multiflorum Lam.), variety 'Barpluto' (NAK
Nederland/Ref. DE148-214011) were sown in the pots, and plant growth and irrigation were

maintained until the experiment's termination to replicate field circumstances. The plants were
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harvested twice: once six weeks after sowing/fertilization and again 14 weeks after

sowing/fertilization. The yield results represent the total from these two harvesting occasions.

We visually checked the strips during each sampling for the disappearance of the bait
substrate and scored each strip according to its degree of disappearance: empty (score 1),
partly empty (score 0.5), or filled (score 0) (Siebert et al., 2019). With the highest percentage
of feeding activity (all 16 empty holes, 100 %), each empty hole (score 1) was equal to 6.25%
feeding activity.

2.3.2. Evaluating changes in abundance of soil mesofauna, e.g., springtails
(Collembola sp.) (Paper 2)
Springtails are soil-dwelling creatures living in different soil layers depending on moisture
(Verhoef & Brussaard, 1990). They have diverse forms and diets, ranging from grazing on
fungi, algae, and bacteria to consuming plant detritus or organic substances (Hopkin, 1997).
Springtails are critical bio-indicators of soil health, particularly in shallow soils, and play a

significant role in the food chain as prey for other arthropods (Schinner et al., 1996).

To study the abundance of springtails, we conducted sampling in two field trials that received
different fertilization treatments, including NEO, mineral fertilizer, organic fertilizer, and no
fertilizer, one year before the first sampling. The trials were conducted on a cereal field at the
Inland Norway University of Applied Sciences' Blestad experimental farm (60°49'11.7" N
11°10'48.4" E) (Figure 7) and on a grass field in Stjerdal, Trendelag (63°20'33.4"” N
10°17'56.9" E). The experimental design was a conventional randomized complete block

design with four replicates for each trial.

Figure 7: The experimental cereal field used to conduct experiments investigating the effects of different fertilization regimes
on the abundance of soil mesofauna (springtails) and soil nitrification potential.
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The fertilization regimes for both fields were identical, and the fields were fertilized for two
consecutive years. The fertilizers used were mineral fertilizer (Yara Mila 18-3-15) (Yara,
2021b); NEO type B produced from cattle slurry at the Norwegian University of Life
Sciences (NMBU) research barn (N2 Applied, 2022); organic fertilizer (untreated cattle
slurry, same as the slurry used for the NEO production); and no fertilizer. The grass field
underwent bi-annual fertilization - first in the early spring to stimulate growth and again after
the initial harvest to replenish vital nutrients - while the cereal field was meticulously

fertilized once prior to sowing.

The annual fertilizer dosing at the cereal field was mineral fertilizer at 666.6 kg ha™! (120 kg
N-min ha!), NEO at 37.6 tons ha ! (120 kg N-min ha™'), organic fertilizer at 41 tons ha™! (65
kg N-min ha!), and no fertilizer. The grass field annually received mineral fertilizer at a dose
of 650 kg ha! (120 kg N-min ha!) in the spring and 500 kg ha™! (90 kg N-min ha™') after the
first harvest, NEO at 37.5 tons ha ' (120 kg N-min ha!) in the spring and 28 tons ha! (90 kg
N-min ha™') after the first harvest, organic fertilizer at 41 tons ha ' (65 kg N-min ha'!) in
spring and 30.5 tons ha ! (50 kg N-min ha™') after the first harvest, and no fertilizer.

NEO type B had a pH of 5.35 and contained 1480 mg L™! NH4*, 777 mg L' NO» ", and 1250
mg L' NO;, totaling 3507 mg L™! N. The cattle slurry used in this experiment had a pH of
7.32, and it contained 1804 mg L' NH4" and 149 mg L' NO, ", totaling 1953 mg L"! N.

Mineral fertilizer was administered in pellet form, while NEO and untreated slurry were
liquids. Before being bottled or distributed, the containers were thoroughly stirred to dissolve
the sediments, ensuring the homogeneity of the liquid fertilizers. The fertilizers were
manually applied using containers and quickly mixed with the soil using a tractor before

sowing or dispersed on the top of the grass canopy.

The cereal field had a soil texture that was categorized as sandy clay loam, with a pH value of
7.4 and an organic matter content of 4.5%. The available phosphorus content was average (P-
AL =11 mg/100 g), while the available potassium content was below average (K-AL =5
mg/100 g). The total pore volume was 41.4%, and the field water capacity was 33.6%
Volumetric Water Content (VWC). Additionally, the grass field had a soil texture classified as
clay loam, consisting of approximately 10% clay. It had a pH value of 5.7 and an organic
matter content of 5.1%. The phosphorus and potassium statuses were average (P-AL = 8, K-

AL =7, res). However, the potassium reserve was high (KHNO3; = 140).
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The cereal field was sown with spring wheat 'Mirakel' (Graminor, Norway) (220 kg ha™!) in
2021 and barley 'Rodhette' (Graminor, Norway) (180 kg ha'') in 2020. The grass field was
seeded in 2019 with a combination of timothy, meadow fescue, and red clover. The cereal
field received two applications of herbicides: Ariane S (Corteva Agriscience, Puerto Rico) in
June and Roundup (Bayer, Germany) after the growing season. There was no irrigation. With
a comparatively cool May and slightly above-average precipitation of 78 mm in May and 62
mm in June, the 2021 season at Blastad was reasonable regarding cereal growth (yr.no,

2023). The season was favorable, and precipitation amounts were about average in Treondelag.

The abundance of springtails was measured in the cereal and grass fields, which were sampled
twice in 2021. The first sampling was conducted on June 15, 2021, a few weeks after
fertilization, while the second was completed on October 20, 2021, after harvesting. The
temperature during the first sampling was 20°C, while it was 6°C during the second sampling,

carried out after some rainy days.

Soil sampling involved collecting three diametric samples from each replicate's corners and
center of the field plots. A corer (5 cm tall, 5 cm diameter = 98.17 cm® volume) was
hammered into the surface soil, and the samples were collected into zipper bags using a spade
(Schinner et al., 1996) (Figure 8). The samples were immediately transported to the lab and
overturned on slightly modified Berlese funnels (Berlese, 1905; Schinner et al., 1996;
Tullgren, 1918).

Figure 8: Soil sampling for determining the abundance of springtails in different fertilized plots. Three diametrically samples
were collected from each plot replicate.
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The samples were exposed to moisture, heat, and light gradients, which caused the springtails
to flee the heat source (60 W lamp) (O'Connor, 1962). The organisms then passed through a
mesh screen and fell into a collection tube filled with 91% ethanol, allowing us to preserve
them for further investigation. The samples were left in extraction units for a week on each
sampling occasion (Figure 9). After the extraction, the abundance of springtails in the samples
was estimated using a light microscope. The springtail abundances were scaled up to 1 m? and

— 5 cm depth based on the number of soil cores that could fit into 1 m? (169.8 corers).

Figure 9: Experimental setup using Tullgren funnels to extract springtails from soil samples collected at each sampling
occasion.

2.3.3. Evaluating changes in abundance and weight of soil macrofauna, e.g.,
earthworms (Lumbricus sp.) (Paper 2)

Earthworms, medium to large-sized oligochaetes, are substrate feeders that play a vital role in
soil decomposition, leading to increased soil fertility (Schinner et al., 1996). Their distribution
is influenced by environmental factors such as moisture, soil type, pH, and vegetation.
Earthworms can be categorized into three ecological groups: litter dwellers, horizontal
burrowers, and deep burrowers (Bouché, 1977). They comprise a significant portion of the
biomass in loamy meadows but are scarce in shallow or acidic soils (Graff, 1984; Sims,

Gerard, London, & Association, 1985).

In our study, we aimed to develop a protocol for assessing the immediate impact of fertilizers

on earthworms. We used a mixture of juveniles and adults of the most common Norwegian
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earthworms - geophagous field worms (dporrectodea caliginosa) and pink worms
(Aporrectodea rosea) - along with other species found in Norwegian arable soil such as dew
worm Lumbricus terrestris, L. rubellus, and a few of the less common Allolobophora
chlorotica (Pommeresche & Laes, 2009). The earthworms used in our trials were collected

from an organic vegetable garden near the experimental field.

The experiment was conducted twice, in June 2021 and June 2022, with three replicates each.
The study was carried out at Blaestad experimental farm, Innlandet (60°49'11.7" and N
11°10'48.4" E). Four fertilizer treatments were used, including (1) no fertilizer, (2) mineral
fertilizer (Yara Mila) at a rate of 666 kg per hectare, (3) NEO type B (in 2021) and type D (in
2022) at a rate of 3.4 tons per hectare, and (4) untreated slurry at a rate of 3.7 tons per hectare
as an organic fertilizer. The NEO and mineral fertilizers contained almost equal amounts of

N-min per hectare in both experiments. Each experiment lasted eight days.
The developed protocol was as follows:

1. Dig holes with a diameter of 30 cm and a depth of 20 cm in the field. Inspect the soil
visually to ensure no earthworms are present.

2. Place earthworm-proof but water-permeable textile, previously tested, into the holes.

3. Collect earthworms (Lumbricidae) from soil with similar conditions to the
experimental field two days before the experiment and store them in a pile of soil until
the experiment day. On the experiment day, detach the earthworms from the soil pile,
sort them, and weigh them. Choose an equal number of worms with a similar total
weight and deposit them in separate containers, marking them accordingly. Do not
rinse the worms before weighing them, i.e., handle them carefully and minimize their
detachment from the soil (Figure 10).

4. Fill 10 cm of soil back into the holes and place the earthworms on top.

5. Thoroughly mix the fertilizer with the following 5 cm of soil and fill it back into the

hole.

Spread 100 g of grass over this layer as a food source for the worms.

Scatter 2 cm of loose soil over the grass layer.

Finally, scatter the last 3 cm of loose soil on top.

e N

Gather the outer edges of the textile and close them over the top. Place a heavy
substance, such as a stone, on top to prevent wind opening or bird feeding. Cover the
experimental units with white plastic tarpaulin on sunny days to avoid excessive
temperature caused by the sun and the black textile.
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10. At the end of the 8-day experiment, lift the soil bags and disperse them over a flat
surface. Next, handpick the living earthworms, count them, and weigh them in less

than five minutes to avoid desiccation.

Figure 10: Earthworms separated and weighed before being placed into the designated experimental holes.
2.3.4. Evaluating changes in the soil nitrogen cycle, e.g., nitrification performed by
soil nitrifying microbes (Paper 3)
As the ultimate approach, we investigated and compared the effect of NEO on soil
nitrification potential with other conventional fertilizers. To determine how NEO affected soil
potential nitrification, we employed three experimental setups: 1) fertilized soil from the
fields, 2) fertilized soil in the lab incubated as stirred soil slurries, and 3) fertilized soil in the

lab incubated as non-agitated loose soil.

Field fertilized soil samples were collected on the same date from the same fields for
springtail abundance studies (see section 2.3.2) (Figure 7). First, we sampled ten
representatives from each experimental plot to a depth of 20 cm using an 80 mm diameter
corer. Then, the representatives for each plot were blended to create a bulk sample in a
bucket, and coarse rocks or roots were removed (Figure 11). Finally, we transferred each bulk
sample to a plastic zipper bag to prevent desiccation and stored them in a cooling room at 4°C

until processing in the laboratory (Ohlinger, Eibelhuber, & Vinzenz, 1993).
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Figure 11: A corer was utilized to collect samples from the experimental plots treated with different fertilizers. Ten
representative samples were extracted diametrically from each plot replicate.

To prepare the soil samples for laboratory analysis, we sieved them to 3 mm and removed any
remaining plant debris to ensure homogeneity. Since the soil moisture was still higher than
required for lab analysis, we placed the sieved soil in open zipper bags at room temperature
for 24 hours before transferring them back to the refrigerator. The soils were refrigerated until

laboratory experiments (Ohlinger et al., 1993) (Figure 12).

26



Figure 12: To prepare the soil samples for potential nitrification investigations, they were sieved down to 3mm, and the
remaining plant debris was removed.

Sieving soil increases soil biological activity by exposing soil fractions to oxygen and making
more nutrients available. To recover the original biological activity in the soil, we stored the
soil for six days before experimentation (Schinner et al., 1996). Then, to evaluate the
gravimetric soil moisture, we followed the protocol of drying (Kellogg Biological, 2019). We
estimated the gravimetric water content of the cereal field soil to be 24.9% and the grass field

soil to be 33.9% on average.

Next, we meticulously measured and weighed 12.5 grams of soil from different treatments
and replicates in the cereal field and 13.5 grams from those in the grass field. This quantity
approximated 10 grams of soil when considering its dry weight, factoring in the gravimetric
water content. These soil samples were collected from various fertilization treatments and
transferred into 120-milliliter serum bottles. We added 50 milliliters of deionized (DI) water

to each bottle, ensuring uniform conditions across all samples.

We promptly sealed all the bottles with rubber septa and secured them with aluminum crimp
seals. In order to establish a consistent incubation environment, we placed the sealed bottles

onto a horizontal shaker and incubated them at room temperature for a duration of 66 hours.

As mentioned, in addition to examining the impact of field fertilization on soil nitrification
potential, we conducted experiments using two laboratory fertilization and incubation setups
(agitated soil slurries and loosely incubated soil). This allowed us to investigate and compare

the immediate effects of different fertilizers on nitrification potential.

First, to eliminate any long-term field treatment confounding factors, we combined soil
samples from different treatment plots and created two bulk samples: cereal and grass fields.
Then we weighed 12.5 g of cereal field soil and 13.5 g of grass field soil, equal to 10 g of dry
soil weight, into 36 serum bottles of size 120 ml each (18 bottles per field).

Six fertilization treatments with three replicates were prepared (Figure 13), including
untreated cattle slurry (Raw S), untreated biogas digestate (Raw D), NEO made from cattle
slurry (NEO S), NEO made from biogas digestate (NEO D), untreated cattle slurry acidified
with HCI (Raw S acidified), and a concentrated NH4Cl solution (positive control). We
adjusted the amount of each fertilizer based on NH4" content (the nitrification’s primary
substrate), aiming to provide 170 kg NH4"-N ha™! for the 5 cm depth soil, translating to 17 g
fertilizer m?, 0.283 mg N g™ dry weight soil, or 2.83 mg NH4"-N bottle™.
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Figure 13: The lab-fertilized soil samples, incubated as agitated soil slurries, are being prepared to assess the impact of
different fertilizers on soil nitrification.

Raw S, Raw D, NEO S, NEO D, and acidified raw S had NH4"-N concentrations of 1606 mg
L1, 3020 mg L, 1732 mg L', 2580 mg L', and 1606 mg L', respectively. Therefore, we
added 1.76 ml raw S, 0.94 ml raw D, 1.64 mI NEO S, 1.10 ml NEO D, and 1.76 ml acidified
raw S to the designated bottles, followed by 50 ml of DI H,O. Next, we mixed the soils with
50 ml of a solution containing 216.5 mg N L™! for the ammonium chloride treatments. We
then capped all the bottles using rubber septa and aluminum crimp seals and placed them on a

horizontal shaker for incubation at room temperature for 43 hours.

Additionally, to investigate the impact of soil disintegration and shaking on nitrification
activity, we conducted an experiment where lab-fertilized soils were loosely incubated for 73
hours. We chose to use soil from the cereal field, as the fertilization effects on the slurried
soils were similar for both cereal and grass soils, and the cereal field soil had a higher pH and

better buffering capacity than the grass field soil.

We arranged three sets of 15 x 50 ml sterile centrifuge tubes containing 12.5 g of cereal field
soil (equivalent to approximately 10 g of dry-weight soil). We then applied five fertilization
treatments with three replicates to all three sets simultaneously: raw S, raw D, NEO S, NEO

D, and ammonium chloride (Figure 14).

28



Figure 14: The lab-fertilized soil samples, incubated as loose soil, are being prepared to assess the impact of different
fertilizers on soil nitrification.

To ensure consistency, we adjusted the fertilizer amounts to 85 kg NH4*-N ha™! (the
nitrification’s primary substrate), based on a bulk density of 1.2 g cm™ and a soil depth of 5
cm, yielding 8.5 g fertilizer per square meter, or 0.142 mg N per gram soil, equated to 1.42
mg NH4"-N per tube. Thus, we applied 0.88 ml of raw S, 0.47 ml of raw D, 0.82 ml of NEO
S, and 0.55 ml of NEO D to designated tubes, and we prepared a solution of ammonium
chloride by mixing 0.54 g of NH4Cl in 100 ml of DI H>O, of which we applied 1 ml to
designated tubes. Finally, we capped the tubes and incubated them for 73 hours at room

temperature.

To determine the nitrification rates, colorimetric assays and a spectrophotometer (Infinite®
F50, TECAN Life Sciences, Mannedorf, Switzerland) were used to measure the NO3™ + NOy”
accumulation rate. The Greiss reaction assay (Griess, 1858; Keeney & Nelson, 1983; Killham,
1998; Thion & Prosser, 2014; Z. Wang, 2010) was used to measure nitrite concentration
(NO2"). The nitrite + nitrate (NO3™ + NOy") concentration was determined using the assay
adapted from (Doane & Horwéth, 2011), using Vanadium (III) chloride (VCI3) to oxidize

nitrite to nitrate.

The potential nitrification rates of field-fertilized soil were estimated by plotting the NO3™ +
NO>™ accumulation in soil slurries during incubation using polynomial regression. The soil
slurries were sampled four times at 0, 19, 44.5, and 66 h into the incubation, with 1 ml of the
liquid extracted using a syringe and transferred to 2 ml Eppendorf tubes (Figure 15). The
extracted subsamples were centrifuged at 10000 rpm and 4°C for 10 minutes before

determining NO> and NO3™ + NO;" concentrations as described above. In addition, soil pH
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was screened before and after the experiment using a handheld pH meter (Hach- H-Series
H160, Loveland, CO, USA) equipped with an ISFET sensor (Mettler Toledo, Stockholm,

Sweden) due to the pH sensitivity of nitrification.

Figure 15: The soil slurries were sampled at different time points after the incubation, with 1 ml of the liquid extracted using
a syringe and transferred to 2 ml Eppendorf tubes.

Also, lab-fertilized soil incubated as soil slurries followed the abovementioned procedure
(Figure 15), except for three extraction rounds at 0, 19, and 43 hours after incubation. The
extracts had to be diluted ten times with DI H>O after the first extraction round and 20 times
after the second and third extraction due to the high nitrate contents coming along with the

NEO fertilizers. Soil pH was screened before and after incubation for all samples.

For lab fertilized soil incubated as non-agitated loose soil, NO3” + NO; accumulation over
time was measured by sacrificing each of three tubes per treatment 1, 25, and 73 h into the
incubation. NO3™ + NO;  was extracted by adding 30 ml 2 M KCL and shaking for one hour,

then using 1 ml of the supernatant for NO3™ + NO,™ analysis as described above.

2.3.5. Evaluating the NEO’s impact on crop yields (Paper 1 and Paper 4)
To assess and compare the impact of NEO on crop yields against conventional fertilizers, we
conducted experiments in both controlled (Paper 1) and field conditions (Paper 4). Under
controlled conditions, we assessed the performance of grasses within a growth chamber, while
our field experiments were centered on cereals. For a comprehensive description of the

experimental setup under controlled conditions, see section 2.3.1.

The field studies' experimental setup involved a randomized complete block design with four
replicates, encompassed Series 1 and Series 2. In Series 1, the fertilizer plots measured 10%3

m, with a harvested area of 1.5x8.5 m within each plot. In Series 2, the fertilizer plots were
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smaller, measuring 2.5%8 m, with harvest plots at 1.5x6.5 m. The reduced harvesting area

than the plot area was to mitigate the marginal impacts of fertilization on our crop yields.

The field trials took place over three years in Norway's four indicative regions known for
cereal production: Tensberg, Arnes, Hamar, and Stjerdal. Elaborated information concerning

these locations and their corresponding soil types can be found in Table 1:

Table 1: The trial numbers, location coordinates, and soil quality information at the trial sites. The barley and wheat were
all spring-sown types.

Series Trial Location Crops, varieties, and years Detailed location and Soil type and key
coordinates soil parameters
1 1 3 Barley' Salome' 2020, 3 km east of Hamar Loam, 4,5 %
Wheat 'Betong' 2021, (60,81830°N, 011,17968°E)  organic, pH 7,4
Barley' Bente' 2022
1 2 3 Wheat Mirakel' 2020, 3 km east of Hamar Loam, 4,5 %

Barley' Anita' 2021, Wheat  (60,81830°N, 011,17968°E)  organic, pH 7,4
'Betong' 2022

1 3 2 Wheat 'Helmi' 2021 3 km west of Arnes Silt loam, 4,0 %
(60,12604°N, 11,39471°E) organic, pH 6,0

1 4 2 Barley 'Brage' 2021 3 km west of Arnes Silt loam, 4,0 %
(60,12604°N, 11,39471°E) organic, pH 6,0

2 5 1 Wheat 'Betong' 2021 5 km west of Tensberg Silt loam, 6,5 %
(59.294937°N, organic, pH 6,2
10.318813°E)

2 5 1 Wheat 'Betong' 2022 15 km north of Tensberg Silt loam, 4,8 %
(59.384537°N, organic, pH 6,9
10.232651°E)

2 6 4 Barley ‘Thermus’ 2021 4 km north of Stjerdal Loam, 2,7 %
(7041109°N, 593647°E) organic, pH 6,1

2 6 4 Barley ‘Thermus’ 2022 4 km north of Stjerdal Loam, 2,7 %
(7037496°N 597733°E) organic, pH 6,1

The fertilizers employed in our trials were: 1. Untreated slurry, sourced from the Norwegian
University of Life Sciences farm and made from cattle slurry; 2. NEO (Nitrogen Enriched
Organic Fertilizer), Derived from the same slurry as the "Untreated slurry" but processed
through the N2 Applied unit. NEO contains approximately 50% ammonium, 30% nitrate, and
20% nitrite, reducing its pH to around 5.2; the nitrate and nitrite levels vary significantly
yearly; 3. Mineral Fertilizer 18-3-15: A commercially available mineral fertilizer
manufactured by Yara. It contains 18% N, 3% phosphorus (P), and 15% potassium (K). The
N in this fertilizer comprises slightly more ammonium than nitrate. This choice was made due
to the similarity in plant-available nutrients to NEO; 4. Mineral Fertilizer Opti-NS (27-0-0):
This fertilizer is a combination of N and sulfur (S) at a ratio of 27-0-0. The N content in Opti-

NS consists of equal amounts of ammonium and nitrate.

Our main target was to evaluate the impact of NEO on crop yield compared to other

alternatives used by farmers. To establish a benchmark, we set a target of 120 kg N-min ha’!
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for both wheat and barley, considering it a typical level for barley in Norway's grain regions,

though slightly lower than the common usage in spring wheat.

The treatments and their labels used in our trials are as follows:

In Series 1 for the year 2020, the treatments were:

MaF51: 51 kg N-min ha™! in Filtered untreated slurry.

Ma56: 56 kg N-min ha™! in untreated slurry.

NEO102: 102 kg N-min ha! in NEO.

MiINEO 104: 12 kg N-min ha™! in mineral fertilizer 18-3-15 applied to the trial plots
before sowing, combined with 92 kg N-min ha'! in NEO at Zadoks GS13 (three leaves
stage).

Mi51: 51 kg N-min ha™! in mineral fertilizer 18-3-15.

Mi91: 91 kg N-min ha™! in mineral fertilizer 18-3-15.

Mi123: 123 kg N-min ha™! in mineral fertilizer 18-3-15.

MaMi123: 56 kg N-min ha! in untreated slurry, combined with 67 kg N-min ha! in
mineral fertilizer Opti-NS.

For Series 1 in both 2021 and 2022, the treatments were:

Ma65: 65 kg N-min ha! in untreated slurry (manure).

NEO120: 120 kg N-min ha™! in NEO.

MiINEO 120: 12 kg N-min ha™! in mineral fertilizer 18-3-15 applied to the trial plots
before sowing, along with 108 kg N-min ha™' in NEO at Zadoks GS13 (three leaves
stage).

Mi65: 65 kg N-min ha™! in mineral fertilizer 18-3-15.

Mi91: 91 kg N-min ha™! in mineral fertilizer 18-3-15.

Mi120: 120 kg N-min ha'! in mineral fertilizer 18-3-15.

MaMi120: 65 kg N-min ha™! in untreated slurry combined with 55 kg N-min ha! in
mineral fertilizer Opti-NS.

NoF: No fertilizer.

In Series 2 for both 2021 and 2022, the treatments were:

NEO120: 120 kg N-min ha! in NEO.
Ma65: 65 kg N-min ha™! in untreated slurry.
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- MaMil20: 65 kg N-min ha™! in untreated slurry and 55 kg N-min ha™! in mineral
fertilizer Opti-NS.

- Mi30: 30 kg N-min ha'! in mineral fertilizer 18-3-15.

- Mi55: 55 kg N-min ha! in mineral fertilizer 18-3-15.

- Mi80: 80 kg N-min ha! in mineral fertilizer 18-3-15.

- Mil05: 105 kg N-min ha! in mineral fertilizer 18-3-15.

- Mil120: 120 kg N-min ha! in mineral fertilizer 18-3-15.

- NoF: No fertilizer.

All fertilization treatments were administered on the day of sowing except for the MiNEO120
treatment. For this treatment, we applied 12 kg N-min ha™! of mineral fertilizer Yara Mila
complete fertilizer 18-3-15 to the trial plots before sowing. Additionally, 108 kg N-min ha™! of
NEO was applied at the three-leaf stage Zadoks GS13 (Zadoks, Chang, & Konzak, 1974). The
fertilization involved spreading the fertilizers onto the trial plots and incorporating them into
the soil using a disc harrow or spreading them manually on plants. The sowing of grains

occurred shortly after the fertilization process.
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3. Main findings
3.1. Paperl1

The main objective of Paper 1 was to assess the impact of the novel Nitrogen-Enriched
Organic fertilizer (NEO) on Italian ryegrass (Lolium multiflorum Lam.) yield and soil fauna

feeding activity, as well as to investigate any potential correlation between the two.

3.1.1. Dry matter (DM) yields

In trial one, the dry matter yield was influenced by the N content provided through
fertilization, resulting in a significant difference (p = 0.001) among the various fertilizing
treatments. Linking the DM yields from the first and second harvests, it was observed that the
highest amount of mineral fertilizer (235 kg N-min ha™!) yielded between 12% and 46% more
than other fertilization treatments and 81% more compared to no fertilizer. Notably, NEO
with 175 kg N-min ha! yielded higher than untreated manure (73 kg N-min ha'!) and was
comparable to mineral fertilizer with the same N-min content as in NEO (175 kg N-min ha™).

Conversely, the lowest DM yields were obtained with no fertilizer (Table 2A).

Like trial one, trial two demonstrated a significant effect of the N amount in the fertilizer on
DM yields (p = 0.001). Mineral fertilizer with 175 kg N-min ha™! and 155 kg N-min ha!
resulted in higher DM yields than other treatments. Specifically, mineral fertilizer containing
175 kg N-min ha ! resulted in a yield increase ranging from 3% to 63% compared to other
fertilization treatments and 81% higher yield than no fertilizer. The different NEO fertilizers,
all with 175 kg N-min ha™!, yielded within the same range as mineral fertilizers with 115-155
kg N-min ha™'. On the other hand, DM yields were lower in mineral fertilizer with 80 kg N-
min ha!, organic fertilizer with 73 kg N-min ha™!, and mineral fertilizer with 60 kg N-min
ha! treatments compared to the other treatments. The lowest DM yields were observed in no

fertilizer treatment among all the treatments (Table 2B).

3.1.2. Soil fauna feeding activity
In trial one, soil fauna feeding activity was evaluated for both early and late fertilization
effects (Figure 16). Regarding the early effects, a significant difference (p = 0.001) was
observed among the different fertilizing treatments. Mineral fertilizer with 205 kg N-min ha™'
exhibited higher soil fauna feeding activity than mineral fertilizer with 115 kg N-min ha™',
NEO type B with 175.4 kg N-min ha™!, and NEO type C with 175.4 kg N-min ha™' (Table
2C).
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Figure 16.: Examples of Bait-lamina strips with consumed bait material; each empty hole represents 6.25% soil fauna feeding
activity.

Similarly, in trial two, significant differences (p = 0.001) were observed among the different
fertilizing treatments concerning early effects. No fertilizer, NEO type B with 175.4 kg N-min
ha™!, and mineral fertilizer with 60 kg N-min ha ' showed higher soil fauna feeding activity
than other treatments. However, 175 kg N-min ha ! of mineral fertilizer exhibited the lowest

soil fauna feeding activity (Table 2D).

For the late effects of fertilizers on soil fauna feeding activity in trial one, there was a
significant difference (p = 0.001) among the different fertilizing treatments similar to the
early effects. Mineral fertilizer with 205 kg N-min ha ! resulted in higher soil fauna feeding
activity than organic fertilizer with 73 kg N-min ha ™!, all types of NEO with 175.4 kg N-min
ha™!, and all combinations of organic fertilizer + mineral fertilizer. NEO type A with 175.4 kg
N-min ha! and organic fertilizer + mineral fertilizer with 205 kg N-min ha™! exhibited the

lowest soil fauna feeding activity (Table 2E).

Furthermore, a consistent pattern was observed, where the highest feeding activity occurred
below 5 cm from the soil surface. In trial one, the feeding activity was lowest at a depth of 2
cm (p =0.001) (Table 2F). In trial two, although the differences were insignificant (p = 0.08),
the same pattern of feeding activity at different depths was observed during the early effects
after fertilization (Table 2G). The late fertilization effects followed a similar pattern, but the

differences were not statistically significant (p = 0.37) (Table 2H).
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In general, no correlation was observed between dry matter yields and the soil fauna feeding

activity, and NEO fertilizers did not negatively impact feeding activity more than the other

fertilizers.

Table 2: Effects of different fertilization treatments on ryegrass dry matter yields (g pot”) in two trials (4, B) and soil fauna
feeding activity (%) in different evaluation time points and depths (C-H). Games-Howell pairwise comparison method at a
95% confidence interval is used to compare the differences between means. Means that do not share a letter are significantly

different.

A: Ryegrass dry matter yields in trial one | Yield (g) | Group
Mineral fertilizer 235 kg N ha-1 16.9 A
Mineral fertilizer 175 kg N ha-1 14.9 AB
NEO type B 175.4 kg N ha-1 14.2 AB
NEO type C 175.4 kg N ha-1 14.1 AB
Mineral fertilizer 205 kg N ha-1 14 AB
Organic fertilizer + MF 175 kg N ha-1 13.4 AB
Organic fertilizer + MF 205 kg N ha-1 13.3 AB
NEO type A 175.4 kg N ha-1 13.1 AB
Mineral fertilizer 145 kg N ha-1 12.8 AB
Organic fertilizer + MF 145 kg N ha-1 12.7 AB
Organic fertilizer + MF 115 kg N ha-1 11.9 B
Mineral fertilizer 115 kg N ha-1 11.6 B
Organic fertilizer 73 kg N ha-1 9.1 B
No fertilizer 3.2 C
B: Ryegrass dry matter yields in trial two | Yield (g) | Group
Mineral fertilizer 175 kg N ha-1 14.1 A
Mineral fertilizer 155 kg N ha-1 13.8 A
NEO type A 175.4 kg N ha-1 13.4 A
NEO type C 175.4 kg N ha-1 13.2 A
Mineral fertilizer 135 kg N ha-1 13.1 A
Mineral fertilizer 115 kg N ha-1 12.4 A
NEO type B 175.4 kg N ha-1 11.9 AB
Mineral fertilizer 80 kg N ha-1 10.6 B
Organic fertilizer 73 kg N ha-1 10.3 BC
Mineral fertilizer 60 kg N ha-1 9.1 C
No fertilizer 2.7 D
C: Soil fauna feeding activity, early effects in trial one | Feeding activity (%) | Group
Mineral fertilizer 205 kg N ha-1 48.4 A
Mineral fertilizer 175 kg N ha-1 46 AB
No fertilizer 40.6 AB
Organic fertilizer 73 kg N ha-1 39.1 AB
Organic fertilizer + MF 205 kg N ha-1 37.2 AB
Organic fertilizer + MF 145 kg N ha-1 34.6 AB
Mineral fertilizer 145 kg N ha-1 33.1 AB
Organic fertilizer + MF 115 kg N ha-1 322 AB
Mineral fertilizer 235 kg N ha-1 28.1 AB
Organic fertilizer + MF 175 kg N ha-1 25.2 AB
NEO type A 175.4 kg N ha-1 22.6 AB
Mineral fertilizer 115 kg N ha-1 21.6 B
NEO type B 175.4 kg N ha-1 20.3 B
NEO type C 175.4 kg N ha-1 19.2 B
D: Soil fauna feeding activity, early effects in trial two | Feeding activity (%) | Group
No fertilizer 48.7 A
Mineral fertilizer 60 kg N ha-1 48.7 A
NEO type B 175 kg N ha-1 46.3 A
NEO type A 175 kg N ha-1 42.7 AB
Mineral fertilizer 80 kg N ha-1 41.9 AB
Mineral fertilizer 135 kg N ha-1 40.1 AB
NEO type C 175 kg N ha-1 38.8 AB




Organic fertilizer 73 kg N ha-1 37.5 AB
Mineral fertilizer 115 kg N ha-1 36.7 AB
Mineral fertilizer 155 kg N ha-1 26.8 AB
Mineral fertilizer 175 kg N ha-1 13.8 B

E: Soil fauna feeding activity, late effects in trial one | Feeding activity (%) | Group
Mineral fertilizer 205 kg N ha-1 69.7 A
Mineral fertilizer 175 kg N ha-1 69 AB
No fertilizer 68.7 ABC
Mineral fertilizer 145 kg N ha-1 59.9 ABCD
Mineral fertilizer 115 kg N ha-1 55.4 ABCD
Mineral fertilizer 235 kg N ha-1 53.1 ABCD
NEO type C 175.4 kg N ha-1 42.1 BCD
NEO type B 175.4 kg N ha-1 41.9 BCD
Organic fertilizer + MF 115 kg N ha-1 41.4 BCD
Organic fertilizer + MF 175 kg N ha-1 41.4 BCD
Organic fertilizer 73 kg N ha-1 36.7 CDh
Organic fertilizer + MF 145 kg N ha-1 359 CD
NEO type A 175.4 kg N ha-1 343 D
Organic fertilizer + MF 205 kg N ha-1 30.1 D

F: Depth of feeding activity, early effects in trial one | Feeding activity (%) | Group
8 cm 43 A

6.5 cm 39 AB
7.5 cm 37 ABC
7 cm 36 ABC
5.5cm 35 ABC
6 cm 32 ABC
0.5 cm 31 ABC

1 cm 31 ABC
3cm 30 ABC
1.5cm 30 ABC
5cm 29 ABC
3.5cm 29 ABC
2.5 cm 29 ABC
4 cm 26 BC
4.5 cm 25 BC

2 cm 23 C

G: Depth of feeding activity, early effects in trial two | Feeding activity (%) | Group
5.5cm 43 A

7 cm 42 A

4.5 cm 42 A

6 cm 41 A

8 cm 41 A

6.5 cm 41 A

4 cm 40 A
5cm 39 A

7.5 cm 38 A

0.5 cm 38 A
3.5cm 37 A
3cm 37 A

2.5 cm 36 A

1 cm 36 A

2 cm 28 A

1.5 cm 28 A

H: Depth of feeding activity, late effects in trial one | Feeding activity (%) | Group
7 cm 55 A

8 cm 53 A

6.5 cm 53 A

7.5 cm 51 A

6 cm 51 A

2.5 cm 48 A
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5 cm
35cm
4.5 cm
1 cm
55cm
1.5cm
0.5cm
3cm
2 cm
4 cm

48
48
47
47
46
46
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43
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3.2. Paper?2

According to N2 Applied, NEO can serve as a sustainable replacement for traditional
fertilizers used in agriculture. Nonetheless, the impact of this product on soil-dwelling
organisms needs to be elucidated. Therefore, Paper 2 aimed to investigate and compare the
effects of NEO on the changes in soil fauna feeding activity 7, 14, and 21 weeks after

fertilization, as well as the abundance of springtails and earthworms.

3.2.1. Soil fauna feeding activity

To evaluate the influence of different fertilization treatments on soil fauna feeding activity,

we conducted a growth chamber experiment where all variables, except fertilization, were

kept constant. We examined the early effects (seven weeks), mid-term effects (14 weeks), and

late effects (21 weeks).

A significant early fertilization effect on the feeding activity was observed (p = 0.001).
Nevertheless, this effect was attributed to the quantity of fertilizer applied rather than the

specific fertilizer type. After seven weeks, soil fauna feeding activity was increased with

mineral fertilizer 73 kg N-min ha !, organic fertilizer 73 kg N-min ha !, NEO type D 73 kg N-

min ha™!, and organic + mineral fertilizer 175 kg N-min ha™! compared to no fertilizer. NEO
type D 175 kg N-min ha ' and mineral fertilizer 175 kg N-min ha™! showed lower soil fauna
feeding activity than unfertilized soil. Notably, the mixture of organic and mineral fertilizers

was the only high N content treatment that significantly improved soil fauna feeding activity

compared to no fertilizer (Table 3A).

Table 3: Effects of different fertilization treatments on soil fauna feeding activity (%) in different evaluation time points (C-
H), springtail abundance across different sampling points and locations (M-P), abundance and weight change (g per

experimental plot) of earthworms (Q-T). Games-Howell pairwise comparison method at a 95% confidence interval is used to

compare the differences between means. Means that do not share a letter are significantly different.

A: Soil fauna feeding activity (early effects, 7 weeks), trial three

| Feeding activity (%)

| Group

Mineral fertilizer 73 kg N ha-1
Organic fertilizer 73 kg N ha-1
NEO type D 73 kg N ha-1
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78.13
74.74
73.7

A
A
AB




Organic fertilizer + MF 175 kg N ha-1 61.98 ABC
No fertilizer 54.17 BC
NEO type D 175 kg N ha-1 49.22 C
Mineral fertilizer 175 kg N ha-1 46.35 C

B: Soil fauna feeding activity (mid-term effects, 14 weeks), trial three | Feeding activity (%) | Group
Mineral fertilizer 73 kg N ha-1 58.44 A
NEO type D 73 kg N ha-1 55.99 A
Organic fertilizer + Mineral fertilizer 175 kg N ha-1 49.48 A
Organic fertilizer 73 kg N ha-1 48.96 A
NEO type D 175 kg N ha-1 45.57 A

No fertilizer 41.41 A
Mineral fertilizer 175 kg N ha-1 34.38 A

C: Soil fauna feeding activity (late effects, 21 weeks), trial three | Feeding activity (%) | Group
NEO type D 73 kg N ha-1 49.74 A
Mineral fertilizer 73 kg N ha-1 49.48 A
Organic fertilizer 73 kg N ha-1 46.35 A

No fertilizer 46.09 A
NEO type D 175 kg N ha-1 45.83 A
Mineral fertilizer 175 kg N ha-1 45.57 A
Organic fertilizer + Mineral fertilizer 175 kg N ha-1 45.05 A

D: Soil fauna feeding activity all treatments (early, mid-term, and late . . .

effects averages), trial three Feeding activity (%) Group
7 weeks 62.61 A

14 weeks 47.75 A

21 weeks 46.88 A

E: Springtail abundance summer sampling crop field | Abundance per m? | Group
Organic fertilizer 509.4 A
NEO 467 A
Mineral fertilizer 297.1 A

F: Springtail abundance summer sampling grass field | Abundance per m? | Group
Organic fertilizer 1528 A
NEO 807 A
Mineral fertilizer 467 A

G: Springtail abundance fall sampling crop field | Abundance per m? | Group

Organic fertilizer
No fertilizer
NEO

Mineral fertilizer

212.3
212.3
169.8
169.8

H: Springtail abundance fall sampling crop field

Abundance per m?

roup

Organic fertilizer
No fertilizer
NEO

Mineral fertilizer

1486
1486
1401
1316

I: Earthworm abundance change June 2021

Abundance change plot’!

roup

Organic fertilizer
Mineral fertilizer
NEO

No fertilizer

433
4
2.33
-1

J: Earthworm weight change June 2021

Weight change (g) plot!

roup

Mineral fertilizer
Organic fertilizer
NEO

No fertilizer

4.07
2.87
1.93
-1.67

QP> > Q> Q> Q> Q > >

K: Earthworm abundance change June 2022 | Abundance change plot’! | roup
Organic fertilizer 7

NEO 7

No fertilizer 6

Mineral fertilizer 3.67

L: Earthworm weight change June 2022 | Weight change (g) plot’! | roup
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No fertilizer 0.5 A
Organic fertilizer 0.22 A
NEO 0.05 A
Mineral fertilizer -0.95 A

Regarding the mid-term effect at 14 weeks after fertilization, the initial differences in soil
faunal feeding activity between treatments converged and became more consistent. However,
the reduction was more noticeable among treatments with higher feeding activity in the early
weeks. The average feeding activity decreased significantly (p = 0.001) from 62.61% at seven
weeks to 47.75% at the mid-term evaluation (Table 3D).

Furthermore, there were no significant differences (p = 0.08) in feeding activities among the
fertilization treatments at the mid-term evaluation. However, mineral fertilizer 73 kg N-min
ha™!, NEO type D 73 kg N-min ha !, organic + mineral fertilizer 175 kg N-min ha™!, organic
fertilizer 73 kg N-min ha ™!, and NEO type D 175 kg N-min ha! exhibited higher soil faunal
feeding activity compared to no fertilizer. Mineral fertilizer 175 kg N-min ha! showed the

lowest feeding activity (Table 3B).

The late fertilization effect on feeding activity was similar to the mid-term effect, with a
slight, insignificant average reduction from the mid-term to the late effect among all

fertilization treatments (Table 3D).

Regardless of the type, lower amounts of fertilizer supported higher feeding activity. NEO
type D 73 kg N-min ha ™!, mineral fertilizer 73 kg N-min ha™!, and organic fertilizer 73 kg N-
min ha™! exhibited higher feeding activity than no fertilizer. However, higher fertilizer
amounts, NEO type D 175 kg N-min ha™!, mineral fertilizer 175 kg N-min ha!, and organic +
mineral fertilizer 175 kg N-min ha™!, resulted in lower feeding activity (Table 3C).
Nonetheless, the difference in feeding activities between the highest and lowest amounts was

a maximum of 4.2% and was not statistically significant.

In summary, lower quantities of NEO type D, mineral fertilizer, organic fertilizer, and to
some extent, the combination of organic and mineral fertilizer seemed to enhance soil fauna
feeding activity in the early weeks following fertilization. However, this initial effect
gradually diminished over time, while other treatments, including the no fertilizer, exhibited

relatively stable soil fauna feeding activity throughout the experiment.

3.2.2. The abundance of springtails
We investigated and compared the effects of different fertilization treatments on the

abundance of springtails in two field locations, one under cereal cultivation and the other
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under grass cultivation. Both fields were fertilized for two consecutive years, and samplings

were conducted before fertilization in early summer and during the fall.

During summer, the abundance of springtails in the cereal field was slightly higher for organic
fertilizer than NEO and mineral fertilizer (Table 3E). However, the difference was not
statistically significant (p = 0.25). The same pattern was observed during the fall, with slightly
higher numbers of springtails for organic fertilizer and no fertilizer than NEO and mineral
fertilizer (Table 3G, Figure 17). Again, the difference between the fertilization treatments in

the fall sampling was not statistically significant (p = 0.669).

Figure 17: Assessing the abundance of springtails in the extracted samples from different field fertilized plots.

Similarly, no significant fertilization effects on springtail abundance were found in the grass
field during summer and fall (p = 0.404, p = 0.943). However, organic fertilizer showed a
higher springtail abundance during summer than NEO and mineral fertilizer (Table 3F). In the
fall, slightly higher abundances were observed for organic fertilizer and no fertilizer than

NEO and mineral fertilizer (Table 3H).
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In general, springtail abundance was higher in the grass field during the fall compared to
summer and remained almost identical in the cereal field throughout both seasons. However,
none of the fertilizer treatments significantly affected springtail abundance, regardless of the

field and season.

3.2.3. The abundance and weight of earthworms
In the 2021 trial, the abundance of earthworms increased for all treatments after eight days,
except for the no fertilizer treatment. However, the difference in abundance among the
fertilization treatments was not statistically significant (p = 0.38) (Table 31, Figure 18).
Further, a similar pattern was observed for the average weight change among all captured
earthworms (Table 3J). Similarly, the weight change differences among fertilization

treatments were insignificant (p = 0.27).

Figure 18: Assessing the weight and number of earthworms eight days after fertilizing the plots (immediate effect)

In the 2022 trial, earthworm abundance increased across all treatments compared to the initial
count (Table 3K). However, the differences were not statistically significant (p = 0.56).
Similar trends were observed in the weight change of captured earthworms, except for
mineral fertilizer treatment, with no fertilizer showing a higher weight increment than organic
fertilizer and NEO treatments (Table 3L). Nevertheless, the differences in weight change were

minimal and inconsequential (p = 0.33).

Overall, the outcomes suggest that the various fertilization treatments, including NEO, had no

notable impact on earthworm abundance and weight change.

3.3. Paper3

The elevated acidity and nitrite (NO2") levels found in NEO raise hypothetical concerns due to

their potential to generate hazardous inorganic or organic N compounds. Consequently, Paper
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3 aims to examine and contrast the effects of NEO on soil nitrification with those of
conventional fertilizers. Soil nitrification refers to the process wherein aerobic bacteria and

archaea convert NH4" into NO>” and NOs".

3.3.1. Field-fertilized soil
The nitrification potentials in cereal or grassland field soil samples subjected to different
fertilization treatments were not significantly influenced (p = 0.98 and p = 0.68 in the cereal

and grass fields, respectively).

In the cereal field, the control treatment (no fertilizer) had a slightly higher, but statistically
non-significant, (NO2 + NO3")-N accumulation rate compared to soils that received mineral
fertilizer, organic fertilizer, and NEO (Table 4A). In the grassland experiment, organically
fertilized soil had a slightly higher nitrification rate than soil that received mineral fertilizer,
no fertilizer, or NEO (Table 4B). However, these differences were negligible and
insignificant. Remarkably, the nitrification rate was generally lower in the grass field

compared to the cereal field (Figure 19).

Table 4: Effects of different fertilization treatments on soil potential nitrification rates (ug (NO2- + NO3-)-N accumulation g
DW soil”! day™) in different experiment setups (A-E). Games-Howell pairwise comparison method at a 95% confidence
interval is used to compare the differences between means. Means that do not share a letter are significantly different.

A: Field-fertilized soil (Cereal field) | pg (NO2. + NO3)-N g DW soil ! day! | Group
No fertilizer 32.84 A
Mineral fertilizer 31.41 A
Organic fertilizer 31.37 A
NEO 31.16 A

B: Field-fertilized soil (Grass field) | pg (NO2-+ NO3.)-N g DW soil ! day’ | Group
Organic fertilizer 19.25 A
Mineral fertilizer 18.08 A

No fertilizer 17.44 A
NEO 15.94 A

C: Lab-fertilized soil incubated as agitated soil slurries (Cereal field) | ng (NO2 + NO3)-N g DW soil! day’! | Group
NEO D 257.37 A
NEO S 108.49 B
Ammonium Chloride 54.016 C

Raw D 46.52 C

Raw S acidified 41.89 C

Raw S 34.98 C

D: Lab-fertilized soil incubated as agitated soil slurries (Grass field) | ug (NO2- + NOs3)-N g DW soil ! day! | Group
NEO D 253.751 A
NEO S 123.788 B
Ammonium Chloride 28.770 C

Raw D 20.327 C

Raw S 17.713 C

Raw S acidified 12.174 C

E: Lab-fertilized soil incubated as non-agitated, loosely placed soil | pg (NO2. + NO3)-N g DW soil! day! | Group
NEO D 60.1540 A
Ammonium Chloride 24.5337 B
NEO S 20.5479 B

Raw D 12.9446 BC
Raw S -1.5813 C
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Figure 19: The nitrification (NOz + NOs-N accumulation rate) was assessed at different time points after incubation and
calculated by plotting the NOs + NO2™ accumulation in the samples during incubation using a polynomial regression.

The native pH in cereal and grass field soils was 7.4 and 5.7, respectively. At the beginning of
the incubation, the average pH of fertilized cereal soils (n=4) varied between approximately
6.7 and 7.1, among different treatments. However, the pH of fertilized grass field soils (n=4)
varied between 5.4-5.6. The pH slightly decreased during the 66-hour incubation, whereas the

grass field samples' pH decreased more than the cereal field samples.

3.3.2. Lab-fertilized soil incubated as agitated soil slurries
Measuring nitrification potentials in agitated soil slurries immediately after amending with
different fertilizers indicated significant differences in nitrification rates between fertilization

treatments in cereal and grass field soils (p <0.001 and p < 0.001, respectively).

In cereal field soil, NEO made from biogas digestate (NEO D) exhibited the highest
nitrification rates, with average values of approximately 250 pg N g DW soil! day!, followed
by NEO S, indicating a higher (NO™ + NO3’)-N accumulation rate compared to ammonium
chloride, untreated biogas digestate (Raw D), acidified untreated slurry (Raw S acidified), and
untreated slurry (Raw S) (Table 4C).

Similarly, within treatments in grass field soil, NEO D and NEO S showed a higher
nitrification rate compared to ammonium chloride, raw D, raw S, and raw S acidified (Table
4D). Except for NEO D and NEO S, which indicated identical nitrification rates in cereal and

grass field soils, nitrification rates were lower in the grass field soil compared to the cereal

field soil.
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Furthermore, the pH variations were less evident throughout the 43-hour incubation than in
the previous (66-hour incubation) experiment. Within the cereal field samples, only raw S and
raw D exhibited a slight pH reduction, whereas other treatments had a similar pH to the
beginning. Also, within grass field samples, NEO S, NEO D, raw S acidified, and ammonium
chloride slightly increased average pH, whereas raw S and raw D had relatively the same pH

as the start.

3.3.3. Lab-fertilized soil loosely placed
When incubating freshly amended soil without agitation, significant differences in NO,™ +

NOs3™ accumulation were observed between fertilization treatments (p < 0.001).

Similar to the slurried soil experiment, NEO D showed the highest nitrification rate,
significantly higher than ammonium chloride and NEO S. Nevertheless, the lowest average

nitrification rates were observed in the case of Raw D and Raw S (Table 4E).

3.4. Paper4

3.4.1. Barley and wheat grain and nitrogen yield — series 1
Exploring barley grain and N yield in Series 1, 2020 indicated that NEO102 yielded on par
with MiNEO104, Mi91, and MaMil23. Notably, Mi123 displayed a significantly higher yield
compared to all other treatments. In addition, MaF51 exhibited a significantly higher yield
than Ma56 (Figure 20).

Turning to wheat grain yield, it was evident that NEO102 outperformed MiNEO104 while
maintaining similar yields to Mi91 and MaMil23. Once again, Mi123 stood out with a
significantly higher yield than the other treatments. Likewise, MaF51 achieved a higher yield
than Ma56 (Figure 20).

The N yield for both barley and wheat followed a similar pattern to the grain yield, albeit with

more differences emerging between the treatments (Figure 20).

In terms of barley grain yield in Series One for 2021 and 2022 across the treatments, Mil20
emerged as the lead, outperforming MiNEO120, NEO120, and MaMi120 by margins of 586
kg ha!, 610 kg ha!, and 793 kg ha™!, respectively (Figure 20). Notably, both MiNEO120 and
NEO120 displayed comparable yields, significantly surpassing Ma65 and aligning within the
range of Mi9l.
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Regarding the wheat grain yield, in contrast to the barley findings, MiNEO120 yielded
slightly higher than other treatments, with insignificant differences between Mil120, NEO120,
and MaMi120 (Figure 20). While NEO120's yield fell within the range of Mi91, it still
significantly outperformed Ma65.
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Figure 20: Grain yield (15 % water content, kg ha™') (left), and Nitrogen yield (kg N ha'') (Right) + standard error of the
means—results from Series 1 in 2021 and 2022, six trials, wheat and barley combined.

Furthermore, the observed pattern paralleled grain yield among treatments regarding barley N
yield. However, considering wheat N yield, MiNEO120 exhibited the highest N yield at 106.1
kg N ha'. This outcome significantly surpassed both NEO120 and MaMi120. In addition, it
had an insignificant 8.7 kg N ha-1 advantage over Mi120 (Figure 20).

3.4.2. Barley and wheat grain and nitrogen yield — series 2
In the context of Series Two, the barley grain yield of MaMi120 was 5064 kg ha™!, akin to the
yield of Mi120. However, Mi120 exhibited a slightly higher but insignificant yield of 170 kg
ha! over NEO120; NEO120 yielded between the extents of Mil105 and Mi120, with a
significantly higher yield than Ma65 (Figure 21).

Regarding the wheat grain yield, MaMi120 significantly outperformed NEO120 by 451 kg ha
! In contrast, NEO120's yield aligned with that of Mi105, but it demonstrated a significant
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Grain yield (kg ha-1)

superiority compared to Ma65 (Figure 21). Thus, a similar pattern was observed for barley
and wheat N yield. However, the variations between treatments were more pronounced,

reflecting an increased divergence in N yield (Figure 21).
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Figure 21: Grain yield (15 % water content, kg ha™) (left), and Nitrogen yield (kg N ha™') (Right) + standard error of the
means—results from Series 2 in 2021 and 2022, four trials, wheat and barley combined.

3.4.3. Sum up all average yields
When consolidating outcomes across all barley and wheat trials, MaMi120 exhibited a barley
grain yield of 5083 kg ha™! and a wheat grain yield of 5290 kg ha™!. These results equated to
the barley yield of NEO120, while MaMi120 outperformed NEO120 by 135 kg ha™! for
wheat. MaMi120 and NEO120 yielded over 1000 kg ha™! more than Ma65. Mi120 achieved a
barley grain yield 425 kg ha™! higher and a wheat grain yield 968 kg ha™! higher than NEO120.

Focusing exclusively on Series 1, akin yield discrepancies appeared as in the cumulative
results. In barley, MiNEO120 aligned with NEO120, whereas in wheat, it outperformed
NEO120 by 743 kg ha! and MaMi120 by 935 kg ha!. Interestingly, MiNEO120 even
surpassed Mil120 in wheat grain yield.

In short, NEO120 demonstrated a similar impact on grain yield as 95 kg N ha™! in mineral
fertilizer and an equivalent effect on N yield as 100 kg N ha! in mineral fertilizer. To
simplify, when considering wheat and barley grain yield, replacing 95 kg N ha™! in mineral
fertilizer with 120 kg N ha™! in NEO is realistic. Likewise, 100 kg N-min ha™! in mineral
fertilizer can be exchanged for 120 kg N-min ha in NEO for N yield assessment.

Ma65 displayed a grain yield effect akin to 50 kg N ha'! in mineral fertilizer, although the N
yield from Ma65 slightly trailed. MaMi120 also displayed the same grain yield N effect as 95
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kg N ha! in mineral fertilizer. However, the N yield from MaMil20 was marginally lower in

comparison.
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4. Discussion

The production of Nitrogen-Enriched Organic fertilizers (NEO) is an innovative technology
supplementing atmospheric N in biobased fertilizers. The technology could potentially hold
promise for sustainable agriculture by reducing agriculture's carbon footprint by using N from

the air and converting it into a form that plants can easily absorb.

However, to fully achieve the benefits of this technology, it is essential to prioritize using
renewable energy sources, which can significantly reduce our dependence on fossil fuel-based
fertilizers, a significant contributor to greenhouse gas emissions (Li et al., 2018; Rouwenhorst
etal., 2021; Tsonev et al., 2023). Nonetheless, before NEO can be scaled and
commercialized, it is crucial to thoroughly evaluate its potential impact on soil life and crop

yields.

This requires comprehensive explorations under both field and laboratory conditions to map
and document any adverse effects that may arise. Furthermore, it is essential to explore this
new fertilizer's competitiveness in crop productivity compared to other alternatives farmers

have.

By identifying and addressing potential risks associated with using NEO, we can ensure it is
safe, effective, and environmentally friendly. This highlights the significance of responsible
innovation within the agricultural sector, underscoring the need for thorough evaluation and
refinement of innovative technologies to mitigate any potential adverse effects on soil health

and ecosystem services.

The impact of N fertilization on soil faunal communities, their population dynamics, and
feeding activity is well researched. However, whether soil-dwelling organisms can adapt to
external factors remains elusive (Birkhofer, Baulechner, Diekotter, Zaitsev, & Wolters, 2022),
particularly in the case of a newly developed fertilizer such as NEO. Even though NEO is
biobased, it holds substantial nitrite content and low pH, which can hypothetically form
harmful radicals and toxic compounds. Thus, assessing NEO's potential adverse impact on

soil biota by different approaches is crucial.

Thus, our studies aimed to investigate and compare the effects of fertilization with NEO to
commonly used mineral and organic fertilizers on soil fauna feeding activity, the abundance

of springtails, the abundance and weight of earthworms, soil nitrification potential, and crop
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yields. This was to highlight the effects of NEO on soil functions and biota and to document

its safety and agronomic efficacy before widespread adoption in agriculture.

4.1. NEO and soil fauna feeding activity

Our results revealed that low doses of fertilizer positively affected feeding activity in the early
weeks after fertilizer application, regardless of the type of fertilizer used. However, high
doses of fertilizer had a slightly negative effect on feeding activity. These findings are
consistent with a grassland study that showed decreased feeding activity in response to

excessive amounts of organic fertilizer (Birkhofer et al., 2022).

In the mid-term evaluation 14 weeks after fertilization, the pattern was similar to the early
effect evaluation but with more minor differences across fertilization treatments. Additionally,
high concentrations of NEO showed a slightly increased soil faunal feeding activity compared
to no fertilizer. However, the initial stimulation gradually started to fade over time after

fertilization.

During the late effect evaluation 21 weeks after fertilization, the initial positive effect of low
fertilizer levels on feeding activity disappeared. The difference among treatments was much
smaller than in the short- and mid-term evaluations, with less than a five percent difference

between the highest and lowest feeding activities.

Although higher amounts of fertilizer initially showed a negative effect on soil faunal feeding
activity, this detrimental effect gradually stabilized with time after fertilization. This
stabilizing effect has also been reported in a previous study (Wahyuningsih et al., 2019),
indicating the soil's buffering capacity and other soil chemical responses that diminish
fertilization's perturbative effect. Moreover, soil fauna may be functionally redundant,
conveying resilience to transient perturbations. In summary, neither NEO nor conventional

fertilizers used in the experiment adversely affected soil faunal feeding activity.

In contrast, the results from our other trials were inconsistent with those mentioned above,
where we observed that excessive amounts of fertilizers indicated high soil fauna feeding
activity. Despite the findings, it is essential to note that the studies were focused on
determining whether NEO harms the soil fauna's functional activity compared to other

fertilization treatments.

Therefore, it is rational to conclude that using NEO did not negatively impact soil fauna-

feeding activity compared to other fertilizers and that factors beyond fertilization may control
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soil fauna-feeding activity. Hence, it is critical to explore further the complex interactions

between soil fauna, fertilization, and other environmental factors.

4.2. NEO and key species in the soil

4.2.1. Springtails

During the summer, a few weeks after fertilization, the abundance of springtails was almost
equal in the cereal field plots fertilized with organic fertilizer and NEO. The abundance was
slightly lower in the plots fertilized with mineral fertilizer. However, in the grass field, the
plots fertilized with organic fertilizer exhibited nearly double and quadrupled the number of
springtails compared to those fertilized with NEO and mineral fertilizer. Similarly, during the
fall in the cereal and grass fields, there were slightly more springtails in the plots fertilized
with organic fertilizer and no fertilizer compared to the plots fertilized with NEO and mineral

fertilizer; however, the differences were not notable.

Our study did not find a decrease in the abundance of springtails due to organic fertilization,
which contradicts a previous study that indicated a reduction in springtail abundance
following cattle slurry application (Pommeresche et al., 2017). Interestingly, another study
also found almost no effect of fertilization on the abundance of springtails (Gergdcs et al.,
2022), while a different study reported an increase in the number of springtails following
fertilization (S. Wang, Chen, Tan, Fan, & Ruan, 2016). After all, our study found no harmful

impact of NEO or other fertilizers on the abundance of springtails.

Additionally, the abundance of springtails was generally lower during summer than in fall.
There are two potential explanations for this inconsistency. Given that springtails are
moisture-dependent organisms (Machado, Oliveira Filho, Santos, Paulino, & Baretta, 2019),
sampling on a warm, dry day with limited moisture in the surface soil may have forced a
significant portion of the springtail community to move deeper into the soil to avoid
desiccation (Butterfield, 1999). Similarly, more decaying plant matter may be available more
profoundly in the soil after harvest, which could serve as a source of food for springtails

(Christiansen, Bellinger, & Janssens, 2009).

4.2.2. Earthworms
The effects of agricultural amendments on soil biota can be investigated in the short and long

run. In our studies, we utilized our developed method to investigate and compare the
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immediate effects (8 days) of fertilization with NEO and other fertilizers on earthworms'

abundance and average total weight.

Results from both experiments revealed that none of the fertilizer treatments harmed
earthworm abundance or weight after eight days. The control group that received no fertilizer
was the only treatment with a slight reduction in abundance and weight. Interestingly,
comparable results were obtained in both years, except for the fact that the no-fertilizer
treatment did not result in any reduction in earthworm abundance or weight during the second

year.

We expected that adding organic matter to the soil through NEO and organic fertilizer would
promote the earthworm population (Clive A Edwards & Bohlen, 1996; Pommeresche & Loes,
2009). On the other hand, there was a concern that excessive liquid slurry in a single dose
might harm the earthworms (C. A. Edwards & Lofty, 1982). Nonetheless, this did not occur in

our experiments.

In addition, mineral fertilizers may directly or indirectly benefit earthworms (C. A. Edwards
& Lofty, 1982; Hendrix et al., 1992; Tiwari, 1993). Conversely, ammonium-based fertilizers
can also potentially lower soil pH and adversely affect earthworms in the long run (D. Ernst,

1995), but none of these were observed in our experiments.

The slight increase in the number of earthworms observed in our experimental plots after
eight days might raise concerns regarding the accuracy of our findings. However, we must
note that we implemented measures to prevent earthworms from escaping, ensuring
consistency across all experimental plots. Consequently, we can assert that any potential
sources of error were identical for all plots. Therefore, based on these considerations, it is
reasonable to conclude that applying fertilization with NEO or any other fertilizer did not

have a restrictive effect on the earthworm population in the soil.

4.3. NEO and nitrification potential in agricultural soils

Nitrification is a vital process that converts ammonium into nitrite and nitrate, an essential
nutrient for plant growth. We evaluated changes in potential nitrification by monitoring soil
microbial activity after fertilization with NEO and other fertilizers (Hu, Shen, Xu, & Zheng,
2011; Robertson, 2015).
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4.3.1. Field fertilized soil
The nitrification rate evaluation of field-fertilized soil samples collected in autumn, 5-6
months after fertilization, revealed no significant differences between fertilization treatments

in the cereal and grass fields.

Perhaps the extended period between fertilization and sample collection allowed for removing
added N from the soil through plant uptake or other measures, restricting potential effects.
Therefore, we can conclude that the application of NEO does not have a long-lasting impact

on soil nitrification, even after two consecutive years of application.

Based on previous studies, we expected to observe a distinction in potential nitrification rates
between fertilized and unfertilized soil (Mohanty et al., 2022; Raglin, Soman, Ma, & Kent,
2022). Surprisingly, this distinction was not observed in our experiments. This could be due
to the relatively short two-year treatment period or nitrification-sustaining mechanisms, such
as N mining from the relatively high soil organic matter (SOM) content in the unfertilized
treatment. Further treatment years would be necessary to draw definitive conclusions

regarding the long-term effects of fertilization, including NEO.

In addition, we observed lower nitrification rates in the grass field soil than in the cereal field
soil. This was expected due to the pH-dependent nature of nitrification (DeForest & Otuya,
2020), and the grassland soil had a significantly lower pH than the cereal field.

4.3.2. Lab fertilized soil
The utilization of NEO derived from biogas digestate (NEO D) and cattle slurry (NEO S)
yielded a pronounced enhancement in the stimulation of nitrification rates. This effect
surpassed the impact of alternative fertilization treatments in cereal and grass field soils.
These soils were supplemented with fertilizer and incubated as agitated soil slurries. The
pattern was also observed in loosely placed lab-fertilized soil samples, although the
nitrification rates were lower than the agitated soil slurries. Once again, NEO D led to more
stimulation of nitrification rates than other fertilization treatments. However, unlike in the
agitated soil slurries, the nitrification rates with NEO S and ammonium chloride were almost
identical in the loosely placed lab-fertilized soil samples. This confirms that active nitrifier
communities are not solely dependent on ammonium accessibility, as hypothesized in the

study conducted by Raglin et al. (2022).

One would expect lower nitrification rates in NEO slurries due to product inhibition caused

by considerably higher NO;™ and NOs™ contents and lower pH values than untreated slurries.
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Interestingly, the opposite was found, indicating that NEO stimulates nitrification transiently

regardless of its NH4" content through some other mechanism.

Although the organo-chemical composition of NEO is unknown, it is arguable that the plasma
process forms radicals that create volatile organic compounds (VOCs), which were found to
stimulate nitrification in one study (Mohanty et al., 2019). The fact that the same stimulation
pattern was observed across treatments in two different soils suggests that NEO has a factor

related to it, independent of soil.

Another potential reason for the stimulation by NEO could be that its C/N ratio is smaller than
that of untreated cattle slurry or biogas digestate due to N enrichment. A smaller C/N ratio
reduces the immobilization of NH4" and sustains a higher nitrification rate (Watson, Atkinson,

Gosling, Jackson, & Rayns, 2002).

Although the NEO's acidic nature was presumed to slow down nitrification temporarily,
nitrification rates increased with the addition of NH4" in our lab experiments. That being said,
this effect was more pronounced with NEO D and NEO S than in other amendments. It is
imperative to emphasize that the assessments of nitrification were conducted under carefully
controlled laboratory conditions, which may differ from the complexities of real-world

dynamics.

In contrast, nitrification potentials in NEO field treatments were indistinguishable from those
of other fertilizer treatments after two years of application, suggesting that NEO's low pH or
high nitrite content does not harm soil nitrifiers' activity throughout the year. Therefore, our
studies suggest NEO could be potentially harmless as a bio-based fertilizer in agroecosystems.
Nonetheless, we only investigated the effects of NEO and other fertilizers on nitrification

rates in two sub-boreal soils.

Thus, to broaden our understanding of the physiochemical drivers and changes in soil
microbial communities, future studies should explore the taxonomic composition of nitrifier
communities under fertilization. This will enable us to map the mechanisms regulating
nitrification rates under different fertilization treatments. It will eventually provide valuable
insights into the complex interactions between soil microorganisms and their environment,
leading to a more nuanced understanding of soil ecology and nutrient cycling under

fertilization.
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4.4. NEO and crop yields

We have also thoroughly explored the impacts of NEO on Italian ryegrass yields under
controlled conditions and its effects on cereals under field conditions. Our study was designed
to comprehensively address and compare the influence of NEO on crop yields in both
controlled and field environments. A series of pot and field experiments were meticulously
conducted to accomplish this objective, examining NEO alongside various levels and

combinations of mineral and organic fertilizers, particularly cattle slurry.

The primary observation emerging from our controlled conditions study was the anticipated
positive correlation between N application and ryegrass yields. As mineral fertilization levels
increased, so did the yield, reaffirming existing knowledge of the beneficial impact of mineral
N on plant growth (Abraha, Truter, Annandale, & Fessehazion, 2015; Cinar, Ozkurt, & Cetin,
2020; Harris, Thom, & Clark, 1996).

Notably, the designed N ladder in mineral fertilizer application served as a benchmark to
evaluate the fertilization efficacy of NEO. When applied at 175 kg N-min ha !, NEO
demonstrated yields within the same range or slightly lower than mineral fertilizers with
identical N content. Therefore, this outcome underscores NEO's potential as a viable

alternative.

Comparative analyses between NEO and untreated manure unveiled NEO's advantage, with
31-36% higher yields achieved through NEO application. Notably, despite variations in the
nitrite and nitrate percentages within different NEO types, all NEO variants produced similar

yields. This suggests that total N content is more decisive in determining yield outcomes.

Our findings align with previous studies documenting the positive relationship between
mineral N and ryegrass yields (Cinar et al., 2020). Not surprisingly, the highest yields were
attained at maximum fertilization levels, with results congruent with studies conducted on
different soil types (Abraha et al., 2015). These results were consistent even on clay soils in
different geographical contexts. While specific studies have reported superior effects when
combining mineral and organic fertilizers (Korschens et al., 2013), our observations did not
replicate this outcome. Albeit acknowledging that experiments conducted under controlled

conditions possess inherent limitations when set against field studies is crucial.

Compatible with our findings under controlled conditions, our field study focusing on cereals

and assessing NEQ's capacity as an N alternative to mineral fertilizers revealed that the
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application of 120 kg N-min ha ' in NEO yielded grain outcomes like those obtained with 95
kg N-min ha™' in mineral fertilizer. This outcome indicates a reduction of 20% in yield
compared to the use of 120 kg N-min ha! in mineral fertilizer. Furthermore, when
considering N yield, applying 120 kg N-min ha™! in NEO demonstrated a performance that
closely resembled the outcomes achieved with 100 kg N-min ha! in mineral fertilizer,
resulting in a reduction of approximately 16.7% (Amon et al., 2022; Jackson & Smith, 1997;
Ladha, Pathak, J. Krupnik, Six, & van Kessel, 2005).

Furthermore, applying 65 kg N-min ha™! in untreated manure alongside 55 kg N-min ha™! in
mineral fertilizer yielded results equivalent to using 95 kg N-min ha™' in mineral fertilizer and
120 kg N-min ha ! in NEO for both barley and wheat. Notably, within 120 kg N-min ha ! in
NEO, 60 kg N-min was introduced to the manure through plasma treatment. This suggests
that NEO has the potential to replace the combination of untreated manure and mineral
fertilizers, offering a strategy to decrease reliance on mineral fertilizers while sustaining

comparable yields.

Although even higher yields were achieved when solely employing mineral fertilizers, it is
crucial to highlight that NEO consistently yielded 20-30% more than the native amount of
cattle slurry from which it originated. This implies an advantage in enhancing crop

productivity, achieved through only electricity and cattle slurry as inputs.

However, the unexpected outcomes observed regarding crop yield discrepancies between
NEO and mineral fertilizers call for further exploration. While the low pH in NEO is
commonly presumed to mitigate ammonia loss (Fangueiro, Hjorth, & Gioelli, 2015), it might
not be the sole contributing factor. The elevated soil nitrification potential shortly after NEO
application observed in our other study (Mousavi et al., 2023) could arguably result in
ineffective plant uptake. Undeniably, it is necessary to restate that the evaluations of
nitrification were executed within the laboratory's optimized conditions, which may deviate

from the dynamics of real-world scenarios.

Nevertheless, it remains noteworthy that approximately 15-25% of the N contained within
NEO does not translate directly to crop yields. Consequently, undertaking a comprehensive
research initiative becomes imperative to elucidate this phenomenon, pinpoint where the

irrecoverable N is directed, and understand the potential environmental ramifications of NEO.
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5. Conclusion and future perspectives

Our studies investigated and compared the effects of newly developed Nitrogen-Enriched
Organic fertilizer (NEO) to other conventional agricultural amendments. This was to
determine the effects of NEO on crop yields and that it does not harm biota in agricultural

soils.

In brief, the results indicated that NEO fertilizers did not negatively affect soil fauna feeding
activity, springtails' abundance, or earthworms' abundance and weight. Moreover, although
NEO immediately stimulated soil nitrification in the laboratory, the effect was not sustained

under field conditions.

Furthermore, regarding crop productivity, an equivalent N-min amount in NEO resulted in
slightly less grass yields than mineral fertilizers under controlled conditions. Consistent with
those results, NEO exhibited a cereal yield approximately 20% lower than mineral fertilizer in
the field. However, it is worth highlighting that NEO demonstrated a remarkable advantage,

yielding 20-30% more than the native cattle slurry from which it was derived.

Thus, utilizing NEO as a biobased fertilizer could yield advantages such as initiating soil
nitrification during the initial stages of the growth cycle and amplifying plant growth.

Nonetheless, it is vital to consider the potential downside of increased nitrate availability.

Further, our studies suggest additional long-term exploration to comprehensively understand
the impact of NEO on soil nitrification and other soil quality indicators. Besides, our results
could be supplemented by investigating the impact of NEO on other soil-dwelling organisms,
e.g., nematodes and mites, and the overall soil ecosystem's health. Eventually, molecular
methods, e.g., metabarcoding, could be employed to map and compare the impact of NEO on

soil-living communities to other conventional fertilizers.

After all, it is vital to acknowledge that NEO is an innovative product undergoing continuous
refinements and quality enhancements, primarily focusing on bolstering sustainability and
resilience within agricultural ecosystems while mitigating the product's overall climate
impact. The insights from our research play a pivotal role in shaping the development of a
sustainable and environmentally friendly NEO, thereby contributing significantly to the

ongoing refinement process.
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In a time of rapid human population growth, rising food prices, limited arable
land, and environmental farmland degradation, there is a growing demand for
eco-friendly fertilizer solutions. Nitrogen Enriched Organic fertilizer (NEO), an
innovative product, is produced using a method that captures nitrogen from the
air and blends it with bio-based fertilizers. Our research assessed NEO's impact
on soil health and crop yields. We observed that NEO, alongside other fertilizers,
had no adverse effects on soil fauna feeding activity, earthworms, springtails,

or nitrification. While NEQO initially increased nitrification rates in controlled
conditions, this effect did not persist after six months in the field. Regarding crop
yields, NEO produced slightly lower yields than mineral fertilizers in controlled
and field settings but outperformed cattle slurry, delivering 20-30% higher grain
yields. In conclusion, NEO can contribute to the journey towards sustainable
global food production systems.
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