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Abstract



The exponential growth of world population is leading to a high demand of food products and,
consequently, to the development of intensive agricultural and livestock systems. In this sense,
synthetic fertilizers are being used in a non-sustainable way to produce food and feedstock,
requiring massive amounts of energy and depleting mineral resources, with a volatile fluctuation
of their prices due to geopolitical conflicts. At the same time, intensive livestock production is
still inefficient in terms of nutrient use and contributes to a half of the amount of greenhouse gases

and most of ammonia emissions of agriculture.

In this context, the recovery of biobased fertilizers and bioenergy from animal manure to partially
replace synthetic mineral fertilizers and fossil fuels, as well as strategies to reduce emissions along
the manure management chain, should be considered as a key approach to move towards a more
sustainable and resilient agriculture and livestock production. This doctoral thesis has looked to
contribute to this aim by developing different innovative strategies at two main levels:

(i) At animal production level, precision feeding tools have been used to adjust diets in dairy
cows based on individual animal requirements, reducing the amount of nitrogen present on the
excreta, and the potential volatilization of ammonia. Nitrogen was reduced in urine and manure
by 28% and 19% respectively without affecting milk production, and a reduction trend on

ammonia emission of 20% during manure storage was observed.

Besides, samples of dairy cow ruminal fluid were obtained to isolate and identify hyper ammonia-
producing bacteria that highly contributes to ammonia production in cows’ metabolism. After the
identification of Clostridium sporogens, Terrisporobacter glycolicus (Clostridium glycolicum),
Megasphaera elsdenii, Clostridium argentinense, Streptococcus sp., Prevotella ruminicola, and
Acidaminococcus fermentans, an in vitro study using bacteriophages isolated from the same
ruminal fluid were inoculated as a population reduction strategy. Unfortunately, none of the

bacteriophages present in the rumen was able to interact with the bacteria.

(if) At manure treatment and valorization level, agro-industrial anaerobic digestate, the solid
fraction of the digestate, and a mixture of the solid fraction with a low nitrogen stream from a
stripping/scrubbing unit were dried in a solar drying greenhouse system, in some cases combined
with acidification with sulfuric acid, to produce organic NPK fertilizers, while reducing ammonia
and greenhouse gas emissions during the process. All dried products, both acidified and non-
acidified, meet the current European Regulation for solid NPK fertilizers with some exceptions
due to the zinc content. Moreover, acidification proved to reduce up to 94% ammonia emissions
during the process when comparing the acidified to the non-acidified products. In addition, the
resulting products were tested for phytotoxicity with germination and plant pot trials with lettuce.
Except for the acidified dried digestate, the rest of the products did not produce any toxicity effect

on germination, and the dried acidified digestate showed a biostimulator effect (Germination
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index > 120%). During the pot trials, the fertilizers showed an efficient performance, always lower
than the synthetic fertilizer, but similar in the case of the acidified products, and better than the
negative control. All of them fit the current regulations on heavy metals and potential toxic

elements in soil and edible parts of the plant.

This doctoral thesis has developed suitable innovative strategies to close nutrient cycles and to
move towards a more sustainable and resilient agri-food sector, by reducing nitrogen excretion
by animals, recovering and reusing nutrients from manure and minimizing pollutant emissions in

intensive livestock systems.
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Resum



El creixement exponencial de la poblacié mundial esta portant a una gran demanda de productes
alimentaris i, en consequéncia, al desenvolupament de sistemes agricoles i ramaders intensius. En
aquest sentit, els fertilitzants sintétics s'estan utilitzant de manera no sostenible per produir
aliments i matéries primeres, que requereixen quantitats massives d'energia i esgoten els recursos
minerals, amb una fluctuacié volatil dels seus preus per conflictes geopolitics. Al mateix temps,
la ramaderia intensiva és encara ineficient pel que fa a I's de nutrients i contribueix a la meitat
de la quantitat de gasos d'efecte hivernacle i a la majoria de les emissions d'amoniac de

I’agricultura.

En aquest context, la recuperacio de fertilitzants biologics i de bioenergia a partir de dejeccions
animals per substituir parcialment els fertilitzants minerals sintetics i els combustibles fossils, aixi
com les estratégies per reduir les emissions al llarg de la cadena de gestid de les dejeccions,
s'haurien de considerar com un enfocament clau per avancar cap a un sistema més sostenible, i
una agricultura i una producci6 ramadera resilients. Aquesta tesi doctoral ha volgut contribuir a

aquest objectiu desenvolupant diferents estrategies innovadores a dos nivells principals:

(i) A nivell de producci6é animal, s’han utilitzat eines d'alimentacié de precisio per ajustar les
dietes de les vaques lleteres en funcié de les necessitats individuals dels animals, reduint la
guantitat de nitrogen present a les excretes i la possible volatilitzaci6 de I'amoniac. El nitrogen es
vareduir en I'orina i les dejeccions en un 28% i un 19%, respectivament, sense afectar la produccio
de llet, i es va observar una tendencia de reduccio de les emissions d'amoniac del 20% durant

I'emmagatzematge de les dejeccions.

A més, es van obtenir mostres de liquid ruminal de vaques lleteres per aillar i identificar bacteris
hiper-productors d’amoniac que contribueixen substancialment a la produccié d'amoniac en el
metabolisme de les vaques. Després de la identificacio de Clostridium sporogens,
Terrisporobacter glycolicus (Clostridium glycolicum), Megasphaera elsdenii, Clostridium
argentinense, Streptococcus sp., Prevotella ruminicola i Acidaminococcus fermentans, es va fer
un estudi in vitro en el que es va inocular bacteriofags del mateix liquid ruminal com a estratégia
de reduccid de poblacié. Malauradament, cap dels bacteriofags presents al nostre rumen va poder

interactuar amb els bacteris.

(i) A nivell de tractament i valoritzaci6 de les dejeccions, es van assecar digestat
agroindustrial, la fraccié solida del digestat i una barreja de la fraccié solida amb una corrent
baixa en nitrogen procedent d’una unitat de stripping en un sistema d’assecat solar, en alguns
casos combinats amb acidificacié amb acid sulfuric, per produir fertilitzants organics NPK, alhora
que es reduien les emissions d’amoniac i gasos d’efecte hivernacle durant el procés. Tots els
productes secs, tant acidificats com no acidificats, compliren amb el Reglament europeu vigent

per a fertilitzants solids NPK amb algunes excepcions pel contingut de zinc. A més, I’acidificacid



va demostrar reduir fins a un 94% les emissions d’amoniac durant el procés en comparar els
productes acidificats amb els no acidificats. Els productes resultants van ser provats amb un
experiment de germinaci6 i assajos en test amb enciam per determinar la seva fitotoxicitat.
Excepte el digestat sec acidificat, la resta de productes no van produir cap efecte de toxicitat en
la germinacid, i el digestat sec acidificat va mostrar un efecte bioestimulador (index de germinacio
> 120%). Durant les proves en test, els fertilitzants van mostrar un rendiment eficient, sempre
inferior al sintétic, pero similar en el cas dels productes acidificats, i millor que el control negatiu.
Tots ells s’ajustaren a la normativa vigent sobre metalls pesants i elements potencialment toxics

al sol i a les parts comestibles de la planta.

Aquesta tesi doctoral ha desenvolupat estratégies innovadores adequades per tancar els cicles de
nutrients i avancar cap a un sector agroalimentari mes sostenible i resilient, mitjancant la reduccid
de I’excreci6 de nitrogen per part dels animals, la recuperacid i reutilitzacié de nutrients de les

dejeccions i la minimitzacié de les emissions contaminants en els sistemes ramaders intensius.
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Samenvatting
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De exponentiéle groei van de wereldbevolking leidt tot een grote vraag naar voedselproducten en
bijgevolg tot de ontwikkeling van intensieve landbouw- en veeteeltsystemen. In deze zin worden
synthetische meststoffen op een niet-duurzame manier gebruikt om voedsel en grondstoffen te
produceren, waarbij enorme hoeveelheden energie nodig zijn en minerale bronnen uitgeput raken,
met een volatiele schommeling van hun prijzen als gevolg van geopolitieke conflicten.
Tegelijkertijd is intensieve veeteelt nog steeds inefficiént wat betreft het gebruik van
voedingsstoffen en draagt het bij aan de helft van de hoeveelheid broeikasgassen en het grootste

deel van de ammoniakuitstoot van de landbouw.

In deze context moet de terugwinning van biogebaseerde meststoffen en bio-energie uit dierlijke
mest ter gedeeltelijke vervanging van synthetische minerale meststoffen en fossiele brandstoffen,
evenals strategieén om de emissies in de mestbeheerketen te verminderen, worden beschouwd als
een belangrijke benadering om te komen tot een duurzamere en veerkrachtigere landbouw en
veeteelt. Deze doctoraatsthesis heeft getracht bij te dragen tot dit doel door verschillende

innovatieve strategieén te ontwikkelen op twee belangrijke niveaus:

(i) Op het niveau van de dierlijke productie werden precisievoederinstrumenten gebruikt om
het rantsoen van melkkoeien aan te passen op basis van de individuele behoeften van het dier,
waardoor de stikstofefficiéntie werd verbeterd en de hoeveelheid stikstof in de uitwerpselen en
de potentiéle vervluchtiging van ammoniak werden verminderd. Stikstof in urine en mest werd
verminderd met respectievelijk 28% en 19% zonder de melkproductie te beinvloeden, en er werd

een reductietrend van 20% op ammoniakemissie tijdens mestopslag waargenomen.

Daarnaast werden monsters van pensvloeistof van melkkoeien verkregen om
hyperammoniakproducerende bacterién te isoleren en te identificeren die in hoge mate bijdragen
aan de ammoniakproductie in het metabolisme van koeien. Na de identificatie van Clostridium
sporogens, Terrisporobacter glycolicus (Clostridium glycolicum), Megasphaera elsdenii,
Clostridium argentinense, Streptococcus sp., Prevotella ruminicola en Acidaminococcus
fermentans, werd een in vitro studie uitgevoerd met bacteriofagen geisoleerd uit dezelfde
pensvloeistof als een strategie om de populatie te reduceren. Helaas was geen van de

bacteriofagen in de pens in staat tot interactie met de bacterién.

(if) Op het niveau van mestverwerking en -valorisatie werden agro-industrieel anaerobe
digestaat, de vaste fractie van het digestaat en een mengsel van de vaste fractie met een
stikstofarme stroom uit een strip-/schrobinstallatie gedroogd in een kasinstallatie voor droging op
zonne-energie, in sommige gevallen gecombineerd met aanzuring met zwavelzuur, om
organische NPK-meststoffen te produceren, terwijl de ammoniak- en broeikasgasemissies tijdens
het proces werden verminderd. Alle gedroogde producten, zowel aangezuurde als niet-

aangezuurde, voldoen aan de huidige Europese regelgeving voor vaste NPK-meststoffen, met
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enkele uitzonderingen vanwege het zinkgehalte. Bovendien bleek de aanzuring de
ammoniakemissies tijdens het proces tot 94% te verminderen wanneer de aangezuurde met de
niet-aangezuurde producten worden vergeleken. Bovendien werden de resulterende producten
getest op fytotoxiciteit door middel van kiem- en potproeven met sla. Met uitzondering van het
aangezuurde gedroogde digestaat, hadden de rest van de producten geen toxisch effect op de
kieming, en het gedroogde aangezuurde digestaat vertoonde een biostimulerend effect (kiemindex
> 120%). Tijdens de potproeven toonden de meststoffen een efficiénte prestatie, altijd lager dan
de kunstmest, maar vergelijkbaar in het geval van de aangezuurde producten, en beter dan de
negatieve controle. Ze voldeden allemaal aan de huidige regelgeving voor zware metalen en

potentieel giftige elementen in de bodem en eetbare delen van de plant.

In dit proefschrift zijn geschikte innovatieve strategieén ontwikkeld om nutriéntenkringlopen te
sluiten en te komen tot een duurzamere en veerkrachtigere agrovoedingssector, door de
stikstofuitscheiding door dieren te verminderen, nutriénten uit mest terug te winnen en te
hergebruiken en de uitstoot van verontreinigende stoffen in intensieve veeteeltsystemen te

minimaliseren.
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Resumen
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El crecimiento exponencial de la poblaciéon mundial estd potenciando una gran demanda de
productos alimenticios y, en consecuencia, al desarrollo de sistemas agricolas y ganaderos
intensivos. En este sentido, los fertilizantes sintéticos se estan utilizando de forma no sostenible
para producir alimentos y materias primas, que requieren cantidades masivas de energia y agotan
los recursos minerales, con una fluctuacion volatil de sus precios por conflictos geopoliticos. Al
mismo tiempo, la ganaderia intensiva es todavia ineficiente en lo que se refiere al uso de nutrientes
y contribuye a la mitad de la cantidad de gases de efecto invernadero ya la mayoria de las

emisiones de amoniaco de la agricultura.

En este contexto, la recuperacion de fertilizantes biol6gicos y de bioenergia a partir de estiércoles
animales para sustituir parcialmente los fertilizantes minerales sintéticos y los combustibles
fosiles, asi como las estrategias para reducir las emisiones a lo largo de la cadena de gestion de
estiércol, se deberian considerar como un enfoque clave para avanzar hacia un sistema mas
sostenible y una agricultura y una produccion ganadera resilientes. Esta tesis doctoral ha querido
contribuir a este objetivo desarrollando diferentes estrategias innovadoras a dos niveles
principales:

(i) A nivel de produccién animal, se han utilizado herramientas de alimentacion de precision
para ajustar las dietas de las vacas lecheras en funcion de las necesidades individuales de los
animales, reduciendo la cantidad de nitrégeno presente en las excretas y la posible volatilizacion
del amoniaco. EIl nitrégeno se redujo en la orina y en las heces en un 28% y un 19%,
respectivamente, sin afectar a la produccion de leche, y se observ6 una tendencia de reduccion de

las emisiones de amoniaco del 20% durante el almacenamiento del estiércol.

Ademas, se obtuvieron muestras de con liquido ruminal de vacas lecheras para aislar e identificar
bacterias hiper-productoras de amoniaco que contribuyen sustancialmente a la produccién de
amoniaco en el metabolismo de las vacas. Tras la identificacion de Clostridium sporogens,
Terrisporobacter glycolicus (Clostridium glycolicum), Megasphaera elsdenii, Clostridium
argentinense, Streptococcus sp., Prevotella ruminicola y Acidaminococcus fermentans, se realizd
un estudio in vitro en el que se inocularon bacteri6fagos del mismo liquido ruminal.
Desgraciadamente, ninguno de los bacteriéfagos presentes en nuestro rumen pudo interactuar con

las bacterias.

(if) A nivel de tratamiento y valorizacion de estiércol, se secaron digestato agroindustrial, la
fraccion solida del digestato y una mezcla de la fraccién sélida con una corriente baja en nitrégeno
procedente de una unidad de stripping en un sistema de secado solar, en algunos casos
combinados con acidificacion con acido sulfirico, para producir fertilizantes organicos NPK, al
tiempo que se reducian las emisiones de amoniaco y gases de efecto invernadero durante el

proceso. Todos los productos secos, tanto acidificados como no acidificados, cumplieron con el
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Reglamento europeo vigente para fertilizantes solidos NPK con algunas excepciones por el
contenido de zinc. Ademas, la acidificacion demostré reducir hasta en un 94% las emisiones de
amoniaco durante el proceso al comparar los productos acidificados con los no acidificados. Los
productos resultantes fueron probados con un experimento de germinacién y ensayos en maceta
con lechuga para determinar su fitotoxicidad. Excepto el digestato seco acidificado, el resto de
los productos no produjeron ningin efecto de toxicidad en la germinacion y el t seco acidificado
mostr6 un efecto bioestimulador (indice de germinacion > 120%). Durante las pruebas en test, los
fertilizantes mostraron un rendimiento eficiente, siempre inferior al sintético pero similar en el
caso de los productos acidificados, y mejor que el control negativo. Todos ellos se ajustaron a la
normativa vigente sobre metales pesados y elementos potencialmente toxicos en el suelo y en las

partes comestibles de la planta.

Esta tesis doctoral ha desarrollado estrategias innovadoras adecuadas para cerrar los ciclos de
nutrientes y avanzar hacia un sector agroalimentario mas sostenible y resiliente, mediante la
reduccion de la excrecion de nitrégeno por parte de los animales, la recuperacion y reutilizacion
de nutrientes del estiércol y la minimizacion de las emisiones contaminantes en los sistemas

ganaderos intensivos.
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Chapter 1 = Introduction




Population growth has exponentially increased in the last century, with the world population
rising from 3.7 billion inhabitants in 1970 to 7.9 billion in 2021, and a forecast of reaching 9.7
billion by 2050 (Koul et al., 2022; United Nations 2022; Walling and Vaneeckhaute, 2020). This
has led to a drastic increase in food consumption and, consequently, the need of a higher and more
intensive livestock and agricultural production. Agricultural resources demand is estimated to
become 15% higher in the next decade and 50-100% higher by 2050, with the associated increase
in waste generation, greenhouse gases (GHG) and ammonia (NHs) emissions, and depletion of
phosphorus (P) and potassium (K) minerals, while increasing energy consumption derived from
the production of nitrogen-based chemical fertilizers (Li and Cai, 2022; Walling and
Vanneckhaute, 2020; Tripathi et al., 2019; OECD, 2018).

In this regard, from 1960 to 2019, mineral fertilizers production from non-renewable and high-
energy demanding sources increased by 366% for potassium fertilizers, 285% for phosphorous
fertilizers, and 870% for nitrogen fertilizers (FAOSTAT, 2022) (Figure 1), growing from 50
million tons to 200 million tons of worldwide total fertilizer consumption (Ritchie et al., 2022).
In 2020, the amount of mineral fertilizer used in the European Union’s agricultural sector was
11.2 million tons (10 million tons of mineral nitrogen (N) and 1.2 million tons of mineral P,
Eurostat, 2022), with more than 45% of the total N applied coming from mineral fertilizers
(Hendriks et al., 2022).
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Figure 1. World total fertilizer consumption and population growth from 1961 to 2019 including nitrogen,
phosphorus, and potassium. Data from: United Nation, World Population Prospects 2022; USDA 2022.

Concerning the depletion of natural resources for manufacturing NPK mineral fertilizers, and its

associated impacts, most of the N-based mineral fertilizer is produced throughout the Haber-



Bosch process, one of the most energy-consuming industrial processes, representing 1-2% of
global energy consumption (Kyriakou 2020), mainly from natural gas, and 1-2% of the
anthropogenic CO; emissions (Yiizbasioglu et al., 2022). On the other hand, the main P source to
produce phosphorous fertilizers is the phosphate rock, which has long regeneration times, causing
interruptions in the P-rock distribution. In fact, it is foreseen that phosphorous rock resources will
be depleted during the 21% century (Arrobas et al., 2022). Since phosphate extraction is carried
out outside of the European Union (EU), P mining also leads to high production and transportation
costs (Arcas-Pilz et al., 2022). The availability of K-based fertilizers, such as KClI, is limited for
developing countries since their global production takes place in only five countries: Canada,
Belarus, Russia, China and Germany (Swoboda et al., 2022). Likewise, the industry of N-based
fertilizers in Europe depends to a large extent on gas coming from Russia and, likewise, Russia
and Belarus play a key role in the world production of P rock-based fertilizers. The prices of
mineral fertilizers increased up to 5 times since the beginning of this century, from 100-200€/ton
to 900-1000€/ton, and the current geopolitical situation is leading to a further increase of fertilizer
prices, which has a direct impact on the use of non-renewable fertilizers in agriculture in the EU
(Eurostat, 2022; FASUSDA, 2022).

From the point of view of the performance of chemical fertilizers in soil and crop production,
recent works have demonstrated that the nutrient uptake efficiency from chemical fertilizers in
crops is around 30-50%, while the rest of nutrients are lost through microorganism degradation,
hydrolysis, leaching, and photodegradation (Li and Cai, 2022; Mézner et al., 2012). Moreover,
the use of chemical fertilizers is also associated with environmental problems such as soil
degradation and compaction, water bodies contamination through leaching, and greenhouse gas
emissions (Li and Cai, 2022). All these concerns make it necessary to find more sustainable
processes for the production of fertilizers, optimizing the use of energy and resources, and

reducing the pollution of the production processes as well as soil-water contamination.

To support sustainable agriculture and accomplish the objective of the European Union to manage
25% of the land organically by 2030, organic fertilizers and biobased fertilizers have emerged as
a promising solution to reduce the high inputs of chemical fertilizers, included in the European
projections and plans (CEAP, 2020; EC, 2019; EC, 2020). The European Commission introduced
the European Green Deal in December 2019 as a sustainable growth agenda for the upcoming
years focusing on obtaining no net emissions of GHG by 2050 and on decoupling economic
growth from resource use. This Green Deal includes the Circular Economy Action Plan and the
Farm to Fork Strategy - the first focuses on reducing pressure on natural resources by promoting
initiatives to the entire life cycle of products while the latter works towards making food systems
fair, healthy, and environmentally friendly by reducing by 50% the use of chemical and hazardous
pesticide by 2030.


https://www.sciencedirect.com/science/article/pii/S2666086522000492#!

Livestock manure, compost, organic waste from the food processing industry, municipal solid
waste and agricultural waste have the potential to become organic fertilizers (Bergstrant et al.,
2022; Fang et al., 2021). In comparison with chemical or synthetic fertilizers, organic fertilizers
improve soil porosity promoting nutrient balance. Moreover, they are a source of vitamins,
hormones, macro and micronutrients, and enzymes that can have an important function in crop
quality and soil fertility (Rasouli et al., 2022). Despite being a promising solution and even
traditionally used (e.g., livestock manure) (Loss et al., 2019), the direct use or the required
treatment technologies applied to these fertilizing products have some disadvantages such as the
need for land treatment, nutrient losses, gas emissions, long operation time, and secondary
pollution (Li and Cai, 2022).

Moreover, the livestock sector is responsible for almost a half of the GHG emissions (42%) of
agriculture, mostly associated with enteric fermentation, manure management, storage and field
application (Menardo et al., 2021). The most influential GHG emissions are nitrous oxide (N20),
methane (CH,), and carbon dioxide (CO;) (Walling and Vaneeckhaute, 2020). Besides, NH3
(considered an acidifying gas) represents the most important gas emitted by the livestock sector
(about 80-90% of global NH3; emissions) and plays an important role in GHG emissions as it can
be transformed into N,O by ammonia-oxidizing bacteria (Prosser et al., 2020; Uwizeye et al.,
2020). For instance, when raw manure is directly applied to the soil as a fertilizer, more than 50%
of the NHs can be released during the first day (Sigurnjack et al., 2017). This emitted NH3 affects
air quality and causes eutrophication, loss of biodiversity, and water and soil acidification when

it is deposited in land or water bodies (Zhang et al., 2021).

Many agents can influence the production of GHG and NH; throughout the whole agronomic
chain, such as the protein content and diet of livestock, the manure storage system used, and the
fertilizer application method to the field (Menardo et al., 2021; Zhang et al., 2021). Therefore, to
reduce the emissions release of animal husbandry, different works have modified animal diets
and studied manure treatment and management systems. Zhang et al., (2019) suggested that
acidification of manure can reduce the amount of volatilized NHzs, as the chemical equilibrium
favors the ionized and non-volatile form (NH4*) of ammonia-ammonium. Zhang et al. (2021)
proposed the use of different covers during manure storage to reduce NHs emissions. However,
the use of one technology to control one component can affect the rest. For example, VanderZaag
et al., (2009) found that the use of straw as a bedding material combined with dairy manure

reduces NHz emissions but increases N2O ones.

In this context, it is crucial to find efficient and innovative strategies to reduce the impact of the
agricultural and livestock sectors on the environment in terms of N and carbon (C) losses via
emissions and low nutrient uptake/use efficiency. The recovery of biobased fertilizers and

bioenergy from animal manure to partially replace synthetic mineral fertilizers and fossil fuels,
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as well as strategies at animal production level to reduce emissions along the manure management
chain, should be considered as a key approach to move towards a more sustainable and resilient
agriculture and livestock production. This doctoral thesis has looked to contribute to this aim by
developing different innovative strategies within the livestock production chain both at Animal-

farm and Manure valorization levels.

Animal-farm level

The livestock sector greatly contributes to the European Union’s economy (170 billion euros),
representing 40% of the total agricultural activity. In 2020, there were 113 million livestock units
(Figure 2) being France, Spain and Germany the main producers; dairy and beef cattle represented
49%, followed by pig and poultry, with 30% and 15% respectively (Eurostat, 2023; Peyraud and
MacLeod, 2020). The distribution in Catalonia, where this thesis was mainly developed, is quite
different, led by far by poultry production. Nevertheless, manure production is higher than poultry
manure; only in Catalonia, 9.4 million tons of pig and cow manure are generated per year

compared to 2.8 million tons of poultry manure.

Figure 2. Livestock distribution in Europe 2020. Beef and dairy cattle are represented together. Data from
Eurostat, (2023).

An increasing trend on milk production in Europe is foreseen for the following 10 years. It is
estimated that milk production will reach 162 million tons, being the first world milk supplier
with 30% of global trade (EC, 2021). In this sense, dairy farming is becoming a concern. CHa,
coming from enteric fermentation and manure management, contributes to almost a half of the
total dairy farms’ emissions (Gerber et al., 2013), while the production of feedstock requires a
large use of land and water consumption (Merril and Lauren, 2018; World Wildlife Fund, 2019).
To address these issues, the FAO proposed indicators and practices to perform sustainability

assessments of food and agriculture systems (SAFA), including economic, social, governance and
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environmental aspects. There are some important environmental indicators involved in this thesis
such as GHG reduction and mitigation practices, air and water pollution, and nutrient balance
while applying animal, soil, and water bodies health practices (FAO, 2013). To reduce those
impacts, strategies modifying the diet of dairy cows, improving feed efficiency, to reduce nitrogen
accumulation in manure, and gas emissions can be applied. Feed efficiency in dairy cows is
affected importantly by forage quality and digestibility, mainly because they are a large part of
the rations (Oenema and Oenema, 2022). Animal health, ration composition, lactation stage and
maintenance requirements of the herds, are also factors to take into account, as they regulate how
much feed energy intake will be transformed into milk production (Brito and Silva, 2020).
Improving feed efficiency has been found a way to reduce farm costs and environmental impacts.
Therefore, a better knowledge of nutritional cattle physiology and nutrient requirements have
conducted to better diet formulation, supplementation, processing and storage techniques (De
Ondarza and Tricarico, 2017).

Traditionally, dairy cows were fed a concentrate feed in the milking parlor. However, with the
introduction of total mixed rations (TMR), a mix of forages and grains providing all of the cow’s
nutrient requirements, the practice to feed animals in the milking parlor has been progressively
abandoned. The introduction of TMR was a revolution in the feeding and management of dairy
cows. Feeding cows with TMR increased milk yield because cows were fed a homogenous diet
more adapted to their nutrient requirements, and it also improved diet management with the use
of wagon mixers. However, dairy cows need different amounts of protein depending on their
physiological status and milking performance while TMR’s diet is designed for a reference cow.
Therefore, some cows in the group receive more and others fewer nutrients than they really need
(Bach, 2014). Moreover, as lactation advances, protein requirements decrease so, in late lactation,
the urinary and fecal nitrogen excreta may increase if the diet is not adjusted (Law et al., 2009)
contributing to a major emission of NHs, which is volatilized mostly during manure storage
(Kupper et al., 2020).

To minimize these deviations, some alternatives were introduced in the 1980s, such as automatic
concentrate feeders in automatic milking system (AMS). The AMS depends to a great extent on
supplementing cows with a fixed amount of concentrate feed to motivate the cows to visit the
system and minimize the number of cows that need to be encouraged to go to the AMS (Bach et
al., 2007; Halachmi et al., 2005). Recently, particularly in South Africa and New Zealand, the
rotatory milking parlors have adopted a new technology that allows mixing two different feeds
and offering a “personalized” supplement for each cow based on their milk production and change
of body weight (BW) if the facility is equipped with a BW scale (Bach, 2014). Nowadays,
technology has advanced, and some milking equipment can measure milk components such as fat

and protein, improving the accuracy of nutrient requirements estimation of each individual cow
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(Bach, 2014). Using such nutritional strategies that allow to feed animals according to their

production level and nutrient requirements is known as precision feeding.

Another parallel approach to reduce the concentration of nitrogen in cow manure is treating it
from a microbiological point of view. A major part of crude protein is degraded to NHjs in the
rumen, which accounts for the main nitrogen source for microorganisms. An excessive
decomposition of protein by proteolysis and deamination produces high amounts of NHs, which
will be converted to urea and excreted in urine and manure (Attwood et al., 1998; Eschenlauer et
al., 2002; Hartinger et al., 2018).

Protein degradation (soluble protein) by bacteria in the rumen follows the path presented in Figure
3.
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Figure 3. Soluble protein degradation in rumen. Adaptation from Hartinger et al. (2018).

Generally, an increase of NH3; production is observed when high soluble protein levels are fed to
cattle, but Attwood et al. (1998) also identified hyper ammonia-producing bacteria (HAP),
deaminating bacteria that produce a high quantity of NH3 (Clostridium sticklandii, Clostridium
aminophilum, and  Peptostreptococcus  anaerobius),  favoring  nitrogen/ammonia

accumulation/inefficiency in the rumen.

Several studies were done to decrease HAP population by introducing some plants or extracts to
the diet, such as tamarind and tannins (Tan et al., 2021), or hops and spent yeast (Flynthe et al.,
2017) that had antimicrobial effects against them. In the recent years, bacteriophages,

virus/phages that infect and replicate within bacteria and archaea, have been used as indicators of



fecal contamination and as antimicrobials, due to their ability to infect specific bacteria species
or even specific strains (Yosef et al., 2014). They are appearing to be a new alternative therapy
to control bacteria in plants, animals, food, and humans, and they are common in all natural
environments (Gul and Alsayegh, 2022). In this sense, another strategy to reduce HAP population
in the rumen could be based on the use of specific rumen bacteriophages against HAP. They are
found in every environment, and they are considered the most abundant biological agent on Earth
(Kasman and Porter, 2022). Gilbert et al. (2017) performed a genome study of bacteriophages
present in the rumen, and they identified bacteriophages against Bacteroides, Ruminococcus, and
Streptococcus isolated from ruminal fluid, and Moodley et al. (2019), managed to isolate a
specific bacteriophage of Staphylococcus pseudintermedius.

Manure valorization technologies

Circular agriculture focuses on using minimal amounts of external inputs, closing nutrient loops,
regenerating soils, and minimizing the impact on the environment, thus contributing to stimulate
the transition towards sustainable and resilient energy and farming systems (Helgason et al.,
2021). Using manure as a source of macro and micronutrients in agriculture is a practice that
allows crop and livestock production without the depletion of non-renewable sources and without
harming the environment by, for instance, reducing the dependence on mineral and synthetic
fertilizers (Prado et al., 2022). In Europe, it is estimated that a circular approach to food systems
could reduce the use of chemical fertilizers by 80% (Helgason et al., 2021). However, if not
managed properly, the excess application of manure to soil can lead to detrimental effects on the
environment due to ammonia emissions, pollution of surface water by run-off and groundwater
by NOs™ leaching. Thus, the application of manure and by-products to soil in the EU is strictly
regulated (maximum 170 kg N ha™? year?! in Nitrate Vulnerable Zones), considering the
environmental risks associated with nitrate diffuse pollution (European Commission, 1991).
However, more than 90% of manure produced in the EU27 is currently returned to agricultural
fields, representing about 53% of the P and 33% of the N applied annually to agricultural soil
(NRR, 2016).

Soil application is a controversial management form, as it generates dangerous liquids with
bacteria and chemical contaminants as well as being a potential source of emission of volatile
compounds that contribute to climate change and atmospheric pollution (Pawelczyk, 2005).
Manure processing is defined as treating manure in such a way that the N present is not brought
back onto the soil after treatment so that it is either exported or converted to nitrogen gas or a
mineral fertilizer (Lebuf et al., 2012). Livestock manure has been treated by separation, use of

additives (acid, lime, temperature/pressure), air cleaning (scrubbing, biofiltration and



bioscrubbing), and mainly anaerobic digestion (AD), to produce energy and digestate to be used
in the field as a fertilizer (Foged et al., 2011). In the AD, although the digestates composition
varies strongly according to the feedstock composition, digester type, and process parameters, a
fraction of the complex organic matter (OM) always remains (Vaneeckhaute et al., 2017), while
the easily degradable OM is converted into CH, and CO,. Thereby, an amount of effective organic
carbon (OC) present in digestates can be applied to soils contributing to the humus built-up.
Moreover, organically bound N and P are released as ammonium (NH4*) and phosphate, which
are directly available for crop uptake: the higher the share or soluble easy available molecules,
the higher the efficiency of the digestate as fertilizer. Also, the total contents of K, Ca, Mg, and
heavy metals are not altered during AD, while weed seeds and pathogens can be killed off during
the process, depending on the temperature and residence time in the digester and on the type of
organism (Vaneeckhaute et al., 2012; Vaneeckhaute et al., 2013; Vaneeckhaute et al., 2014,
Moeller and Mueller, 2012).

Digestate nutrient richness can produce gas emission and leaching, so it must be treated before
land application to reduce losses (Ma et al., 2018). The selection of the nutrient recovery
technology (Figure 4) depends on the input waste stream characteristics and has a strong influence
on the composition and properties of the resulting fertilizer end-product and by-products
(Vaneeckhaute et al. 2017; Angouria-Tsorochidou et al., 2022). To achieve this recovery,
digestates are usually submitted to a liquid-solid separation process. The main common
technologies are divided by gravity (statics, vibratory and rotatory sieves), pressure (Screw press
and filter belts), and centrifugation (decanting centrifuges) (Bonmati et al., 2020). Although
mechanical separation creates an end-product (i.e., the solid fraction) with a higher nutrient
concentration than the raw digestate, it is not considered a nutrient recovery technique because it

is merely the first step for further processing (Lebuf et al., 2012).

To be considered as organic fertilizer and labeled to be marketable within the European Union,
the final product must fulfill the European regulation of fertilizers (Regulation EU 2019/1009).
In general, NPK solid organic fertilizers must have a concentration of Total Nitrogen (TN) > 1%
of total solids (TS), P,Os > 1% TS, K;0 > 1% TS, NPK > 4% TS, and Total Organic Carbon
(TOC) > 15% TS. For a solid organic fertilizer declaring only a primary nutrient, the required
concentrations are TN > 2.5% TS, or P2Os > 2% TS, or K;O > 2% TS. The difference with liquid
organic fertilizer is that, for the liquid, the TOC should be at least 5% TS.



~
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‘ Incineration, Pyrolysis, Gasification

Solid Fraction
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Fertilizers

Direct Application
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Biocelectrochemical Systems
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Figure 4. Main manure treatment technologies to produce organic and BBF. *The same technologies can
be applied to both manure or digested manure, being the digestate more stable and releasing less
emissions. **Discussed in this thesis.

The liquid fraction of digestate can receive different post-treatments depending on the final
objective, remove nutrients or concentrate them to produce fertilizers. Membrane separation,
reverse 0Smosis, evaporation, or a combination of various technologies are suitable to concentrate
specific compounds in small volumes, such as N and P (Angouria-Tsorochicou et al., 2022; Duttas
etal., 2021). Filtration can be performed to feed microalgae for protein production (Seelam et al.,
2022). The liquid fraction can be treated as well by stripping to concentrate NHs or crystallized
as struvite to obtain a phosphorus-based fertilizer (Ma et al., 2018). For the recovery of
phosphorus, as calcium phosphate, the use of upflow anaerobic sludge blank (UASB) reactors
(Tervahauta et al., 2014) and anaerobic ammonium oxidation (Anammox) (Johansson et al.,
2017) had been studied.
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Then, the solid part is treated by drying, incineration, or composting processes to facilitate their
transport, stabilization of its OM and hygienisation, although it can be applied directly as a
fertilizer. Many facilities have found that drying the raw digestate or the solid fraction is an
economically viable way because the end-product has reduced volume, making it suitable for
exportation (Lebuf et al., 2012). The problem with thermal drying and incineration is their high
energy consumption, as drying costs for sludges are reported as 2635 kW/ton (Li et al., 2016). In
most cases, close AD plants often can cope with a considerable amount of excess heat from the
combustion-heat power (CHP) engine that can be used for drying purposes, for heating the
digester itself, and /or for covering the thermal energy demand of nearby stables or houses.
Moreover, a nutrient loss is sometimes reported; for example, composting, even when correctly
performed, releases emissions into the atmosphere of 113-127 g NHs/kg TN, 37-46 g N2O/kg TN,
and 1.0-1.9 g CHs/kg OM (Fukumoto et al., 2003).

Opposite to conventional thermal dryers, solar dryers have been used as a traditional method for
food preservation (Jairaj et al., 2009). In countries with high solar radiation, it is an energetically
sustainable method since it uses energy from the sun (Ndukwu et al., 2018). In 2005, the “Institute
of Heat Engineering, Warsaw University of Technology” developed the concept of solar dryer for
wastewater, in which energy used was lower than in other drying facilities (Krawczyk et al., 2011)
and nowadays solar drying for sewage sludge is a reality, with companies developing solar drying
treatment systems at full-scale (Helantis, 2022). Prenafeta-Boldu et al. (2020, 2021) dewatered
sewage sludge from a wastewater treatment plant of winery residues and pig slurry, respectively,
with a pilot-scale greenhouse solar dryer. Recently, Battista and Bolzonella (2019) studied the
solar drying of digested slurry for the recovery of ammonium sulfate, employing a solar dryer
with a greenhouse configuration at the laboratory scale, promoting the use of solar energy in the
treatment of waste. However, emission control during the drying process, scaling-up (and all the

modification of the system that represents) and valorizing the dried product need to be considered.
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Objective

The general objective of this thesis is to contribute to the improvement of the environmental
sustainability of intensive livestock systems, by applying innovative strategies to close nutrient
cycles and reduce pollutant emissions at farm and manure management level. This wider objective

can be divided into three specific objectives (SO):

SOL. To improve nutrient use and recovery at animal production level.
- Adjusting energy and protein requirements in dairy farms to avoid unnecessary losses.
S02. To reduce GHG and NH; emissions during manure storage and treatment.

- Adjusting energy and protein requirements in dairy farms to reduce gas emissions in
manure.

- Modifying dairy cows’ ruminal microbiome responsible for NHs; emissions.

- Acidifying digestate and derivates during a fertilizing production process to reduce gas

emissions.

S03. To increase the fertilizer value of livestock manure and anaerobic digestate from agro-

industrial biogas plants.

- Acidifying digestate and derivates during a fertilizing production process to retain
nitrogen.

- Testing the resulting fertilizers to determine their phytotoxicity and plant growth.

Thesis outline

This thesis is structured in 9 chapters (Figure 5). A general and a wide vision of the state of the
art, the main challenges that this thesis tries to overcome and the objectives of this work are

presented in Chapter 1 — Introduction.

Chapter 3 defines the legal framework in which the thesis had been developed, including the
main environmental regulations that affect the experiments and how they are approached

throughout the thesis.

Chapter 4 describes the different locations of the experimental set-ups, their main characteristics

and a brief description of the principal innovations developed.

The first experimental study of this work is presented in Chapter 5 — “Effectiveness of precision
feeding in reducing N excretion in dairy cattle”. It shows the effect of precision feeding

application on dairy cows to optimize nitrogen efficiency through the diet, reducing nitrogen
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excretion in urine. In addition, GHG and NH3; emissions were monitored during manure storage

to see precision feeding effect on manure storage emissions.

Chapter 6 — “Identification of bacteriophages linked to the activity of ruminal hyper-
ammonia producing bacteria (HAP)” introduces the isolation and identification of hyper-
ammonia producing bacteria from the ruminal fluid of dairy cows, and the techniques used to

inoculate bacteriophages that can interact with them, reducing their population.

Chapter 7 - “Acidification and solar drying of manure-based digestate to produce improved
fertilizing products” describes the application of an innovative manure and digestate
valorization chain to produce different bio-based fertilizers composed of a solar drying
greenhouse, a stripping/scrubbing unit and the use of acidifying agents to reduce emissions.
Furthermore, this chapter compares the produced fertilizers with the current legislation of
organics fertilizers and proves their viability with an experimental pot trial with lettuce seedlings.

The last experimental chapter, Chapter 8 — “Germination and growth response of lettuce
(Lactuca sativa) under greenhouse conditions fertilized by novel biobased fertilizing
products derived from pig manure”, validates the fertilizing potential of solar-dried digestate

from pig and dairy manure in lettuce seed germination and plant pot assays.

Finally, in Chapter 9, a wrap-up discussion is presented about all the explored topics during the

thesis, followed by general conclusions and future perspectives.

23
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Agriculture, Waste, Emissions to the environment and Circular economy EU legislations were
chosen through all the environmental policies as the most related to contextualize the regulation
framework of this thesis. The main related regulations within these groups are presented and
connected to how they interact with each part of the thesis to increase circularity and sustainable

nutrient use.

Agriculture

Common Agricultural Policy (CAP) (EC, 2022)

The Common Agricultural Policy, launched in 1962, is a partnership among farmers, society, and
agriculture. It consists of several regulating mechanisms of production, trade, and processing of
agricultural products while promoting rural development. It aims farmers to take responsibility
for the environment protection and sustainable agriculture, to look after biodiversity using wisely
the natural resources, soil, air, and water. Moreover, it acts as a policy mechanism to keep the
rural economy alive, promoting jobs in farming, agri-food industry and all the associated sectors.

The European Court of Auditors wrote a special report, back in 2021, on the Common
Agricultural Policy and climate (ECA, 2021). The report looked to understand how the CAP was
working to reduce the greenhouse gas emissions from agriculture, as more than a quarter of the
budget was addressed to mitigation and adaptation to climate change. The result was that CAP
climate action had a low impact on agricultural emissions and climate mitigation potential. In this

way, the European Commission should increase their effort to reduce emissions from agriculture.

To reduce the impact of agricultural GHG and NHs; emissions, this thesis evaluates feeding
strategies to reduce NHs; emissions from livestock manure, and processing manure to recover

nutrients as a fertilizer reducing emissions and leakage during the production process.

Council Directive 91/676/EEC (Nitrates Directive)

The Nitrates Directive is one of the first EU legislation on the protection of waters against nitrates
pollution caused by agriculture. It focuses on the reduction of water pollution from the use of
fertilizers and livestock effluents by regulating the dosage of nitrogen that can be applied per
hectare and year (i.e., 170 kg N/ha/y from livestock manure). It also includes application periods,
manure storage facilities and buffer zones along water bodies to prevent lixiviation pollution
(Council Directive 1991/676/EC).

This thesis connects with the Nitrates Directive by increasing the manure-N efficiency via
reducing NHs emission and balancing the N input in livestock diets to their nutritional
requirements (reducing N excretion in feces and urine). In this way leaching, deposition and

further oxidation to nitrate can be reduced.
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Requlation 2019/1009/EC to make fertilizing products available on the EU market (Fertilizing

Product Requlation or FPR)

The FPR succeed the Fertilizers Regulation 2003/2003/EC establishing new rules to place
fertilizers on the market, and replacing the labelling and packaging, reducing the existing trade
barriers and potential risks for public safety from the use of certain fertilizers categories. It defines
a variety of fertilizers besides the mineral ones (previous regulations), such as organic fertilizers.
Thus, it opens new possibilities for new fertilizers production on a large scale, always meeting a
certain quality and safety standards to achieve the CE label for free trade within the European

Union markets.

The Regulation 2019/1009/EC set the minimum quality standards for the organic fertilizers in this
thesis produced to boost circular economy and reduce the dependence on synthetic or mineral N,
P, K. In this thesis, organic/bio-based fertilizers are produced trying to satisfy the quality and
safety standards to achieve the CE label.

Real Decreto 1053/2022 de ordenacioén bovina

The Real Decreto 1053/2022 includes the basic rules for the zootechnical and health management
of bovine cattle farms in relation to the maximum productive capacity depending on the type of
cattle, and the minimum conditions of infrastructure, equipment and management, location,
biosecurity, animal welfare and environmental requirements for manure management and

emissions reduction.

In this thesis, nutritional strategies for emissions reduction are applied in an experimental dairy

cow farm.

Waste

Directive 2008/98/EC (Waste Framework Directive)

The Waste Framework Directive encloses the collection, transport, recovery, and disposal of a
wide variety of wastes. It indicates which measures should be taken to valorize them. It clearly
separates waste and by-product, defining the valorization stage that a waste has to have to not be
considered any more as a waste. A by-product is an “object or substance, resulting from a
production process, the primary aim of which is not the production of that item” (Directive
2008/98/EC) that can be further used, while a waste has no further used in production, conversion

or consumption.

Considering this Directive, this thesis is intended to treat livestock manure, waste, the proper way
to get an organic fertilizer considered by-product to give a higher value to it, improving

sustainability.
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Emissions

REACH 2006/1907/EC — Reaqistration, Evaluation, Authorization and Restriction of Chemicals.

“The purpose of this regulation is to ensure a high level of protection of human health and the
environment” applied to community workplace and the environment. It aims to provide an
efficient functioning of the internal market for substances and to achieve sustainable development,
by eliminating or substituting dangerous substances. Manufacturers or importers of substances in
guantity have to register their substances at ECHA (European Chemicals Agency). The amount

of required information depends on the quantity (tons) of the substances.

Regarding the produced organic fertilizers, if at any point they have to be manufactured and/or
imported, they would have to inform about their physical-chemical properties considered in the

Annexes of the regulation.

Directive 2016/2284/EC or National Emission Ceilings Directive (NECD)

The National Emission Ceilings Directive sets the emission reduction of anthropogenic
atmospheric emissions for the State Members of the EU. It is established that the pollutant
emissions will be reported in the national programs for air pollution. As a part of this emission
reduction, climate and agriculture areas are included for the reduction commitments for 2030.

In this thesis, N management and reduction is related to livestock feeding strategies, manure

emission storage and recovery in the form of organic fertilizer.

Directive 2006/118/EC or Groundwater Directive

The Groundwater Directive establishes measures to control and prevent groundwater pollution,
including (i) chemical status criteria, (ii) identification and reversal of significant and sustained
upward trends and for the definition of starting points for trend reversals, (iii) complements the
Directive 2000/60/EC in preventing or limiting inputs of pollutants into groundwater.

The Directive is directly linked with the Nitrates Directive aiming to prevent water pollution by
nitrates from agriculture. Hence, it is important to take actions for better N management
throughout the whole agronomic chain. The recovery and loss reduction of N is thus a principal

factor in this thesis to avoid/reduce groundwater pollution.

Best Available Techniques (BAT) Reference Document for the Intensive Rearing of Poultry or

Pigs

The BAT reference document entitled ‘Intensive Rearing of Poultry or Pigs' forms part of a series
presenting the results of an exchange of information between EU Member States, the industries
concerned, non-governmental organizations promoting environmental protection, and the

Commission, to draw up, review and, where necessary, update BAT reference documents as
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required by Article 13(1) of the Directive 2010/75/EU on industrial emissions. This document is
published by the European Commission pursuant to Article 13(6) of the Directive, and it covers
nutritional management, feed preparation, housing, collection and storage of manure, processing

of manure, manure land-spreading, and storage of dead animals.

Important issues for the implementation of Directive 2010/75/EU in the intensive rearing of
poultry or pigs are ammonia emissions to air, total nitrogen and total phosphorus excreted. The
reduction of ammonia emissions to air is an important topic in this thesis, and acidification, one

of the proposed techniques, will be used to reduce them.

Circular Economy

Circular Economy Action Plan (CEAP)

The European Commission adopted the Circular Economy Action Plan in March 2020. It covers
the entire life cycle of products, from the production to waste management and the market for
secondary raw materials, and targets products design, encouraging sustainable consumption and
waste generation, and local resources use as far as it is possible. It promotes recycling and re-use,
bringing benefits not only to the environment but also to the economy. Moreover, it includes the
will to develop an Integrated Nutrient Management Plan to ensure a more sustainable application
of nutrients and the stimulation of the recovered nutrient market. This is an initiative that started
in May 2022, and it is in preparation now: Nutrients — action plan for better management. This
plan aims to evaluate nutrient pollution and inefficiencies in the nutrient cycle, to allow EU to
define additional regulations and tools to improve food security, protect human health and

preserve the ecosystem.

The present thesis contributes to the CEAP in the form of recovering nutrients from manure to
convert them in organic fertilizers and reducing GHG and NH3 emissions to protect human health

and the environment.

Table 1. presented a summary of the defined legislations and the proposed approach in this thesis.
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Table 1. Legislative framework and thesis working approach summary.

Category Legislation Obijective Thesis Approach
CAP Support  farmers, improve  New sustainable techniques to support future
agricultural productivity, tackle farmers and agriculture, related to GHG and
climate change, maintain rural NH3s emission reduction
areas and rural economy
Nitrates Reduction of water pollution Increase of manure-N efficiency via reducing
Directive from the use of fertilizers and NHs emission and balancing the N input in
livestock effluents livestock diets to their nutritional
. requirements
Agriculture
FPR Rules to achieve the CE label for  Production of organic/bio-based fertilizers
free trade of fertilizers within the  trying to satisfy the quality and safety
European Union markets standards to achieve the CE label through
characterization and phytotoxicity tests
Real Decreto Rules for the zootechnical and Decrease of NHs emissions from manure via
1053/2022 health management of bovine diet modifications
cattle farms
Waste Waste Establishes  the  differences Livestock manure treatments to produce high
Framework between waste and by-product value fertilizers
Directive
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Table 1. Continuation. Legislative framework and thesis working approach summary.

REACH Ensure a high level of Full characterization of the final products (fertilizers) to
protection of human prove their safety
health and the
environment
NECD Sets national emission N management and reduction related to livestock
values for NOx, feeding strategies, manure emission during storage and
NMVOS, Sox, NHs, fertilizer production, and recovery in the form of organic
Emission and PM2.5 fertilizer Collect local date through the evaluation of
different strategies under Mediterranean climate
Groundwater Measures to control and  Manure-N reduction, and emission control strategies to
Directive prevent  groundwater reduce the impact on NHs deposition, infiltration and
pollution lixiviation
BAT Strategies and NHs emission reduction by using acidification of
techniques to improve livestock manure, digestate or its derivates
agricultural practices
Circular CEAP Normalize sustainable As a circular agronomic process, the thesis intended to
Economy products, ensure less improve the use and recovery of nutrients from the

waste, promote circular

economy processes

animal production to the fertilizer production, taking

into account the intermediate livestock manure
management and storage while minimizing GHG and

NH3 emissions
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Chapter 4 — Locations, installations, and equipment description
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This thesis has been developed in the framework of one of the 6 case studies of the H2020 project
Circular Agronomics (773649), carried out in several locations in Catalonia, Spain. Besides, part

of the experimentation has been performed at Ghent University, Belgium (Figure 6).

1. Monells (Girona)

2. Vila-sana (Lleida)

3. Caldes de Montbui (Barcelona)
“\\\_‘,«-/:":i:/ 4. Bellaterra (Barcelona)

5. Cabrils (Barcelona)

6. Ghent (East Flanders)

9 )7
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Figure 6. Location of the experimental set ups of the thesis.

1. EVAM: IRTA'’s experimental dairy farm

The EVAM research station of IRTA is located in Monells, Girona, Spain (Figure 7). It is a tool
to serve the sector and the society, a research-experimentation platform capable to integrate
knowledge about climatology, agronomy, vegetal production, water and livestock manure
management, animal nutrition, welfare and management from a circularity point of view. One of
their main activities is to evaluate management and nutritional strategies, because the facilities
are equipped with tools that allow to record dairy cows individual feed intake in animals raised
in groups, milk yield and its composition (fat and protein concentration), and BW. Besides, the
personnel are capable to perform animal welfare evaluations, and to obtain samples to evaluate
biochemical, immunological, hematological, microbial, and molecular biomarkers. Greenhouse
gasses emissions (analyzed using a Lindvall hood) and organic residues (manure) management
studies can also be conducted to evaluate mitigation strategies during manure management, such

as acidification and storage tanks or covers.
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Figure 7. EVAM satellite image (Google Maps, 2022).

EVAM, the dairy cow experimental farm, is an opened-barn designed to mechanically remove
manure every hour using automated scrappers. The main area, for lactating dairy cows, has space
for 120 animals distributed in 6 free stall pens with 20 cubicles (Figure 8a) and a milking parlor
with a capacity for 20 cows that feed 2 milk cooling tanks of 4000 and 6000 liters.

The farm is also equipped with individual feeders in the milking parlor (Figure 8b) that allow to
supplement concentrate feeds according to individual requirements estimated using individual
cow performance data: milk yield, milk fat and protein composition, and BW, and TMR
individual feed intake. The fact of adjusting individual nutritional needs using individual

performance data is known as precision feeding system (Chapter 5).

Figure 8. EVAM. (a) Pens and (b) milking parlor.

2. Porgaporcs’ biogas plant

The AD plant from Vila-sana, Catalunya, Spain, consists of 3 anaerobic reactors of 1,100 m* with
a treatment capacity of 16500 m?® per year of pig manure and agro-industrial residues
(slaughterhouse sewage sludge, municipal sewage sludge, diary sewage sludge, and brewery
sewage sludge) from the surrounding area. As a result, 750,000 — 800,000 Nm? of biogas are
produced yearly and transformed to 2,250,000 — 2,500,000 heat kWh/year and 2,000,000 —
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2,200,000 electric kWh/year. The digestate generated is mainly applied to fields directly as a
fertilizer. However, with their participation in the Circular Agronomics H2020 and the
development of this thesis, a semi-industrial pilot plant was constructed to produce improved
organic fertilizers through greenhouse solar driers (Chapters 8 & 9). Figure 9 defines the treatment

line that follows the digestate until it is dried and ready to use as organic fertilizer.

Liquid Fraction
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Solid Fraction Dried Solid Fraction

Dried Acid Solid Fraction

> Solar Drying
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Figure 9. Digestate treatment line to produce dried organic fertilizer.

In each greenhouse solar drier, a turning machine designed by EMA depuracié S.L. (Olot,
Catalunya, Spain) (Figure 10) intended to homogenize the dried material and prevent the
formation of a surface crust. Moreover, an acidification system was incorporated before the

material was introduced to the greenhouses to decrease the pH and reduce NHs volatilization.

e
I e )

Figure 10. EMA depuracio S.L. turning machine.
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3. IRTA-Torre Marimon

Torre Marimon, located in Caldes de Montbui, Catalunya, Spain (Figure 11), is the headquarter
of IRTA, aresearch institute in agri-food technologies. IRTA contributes to modernize, improve,
boost competitiveness, and foster sustainable development in the sectors of agriculture, food,
agroforestry, aquaculture, and fishing, as well as in all areas of activity directly or indirectly
related to the supply of healthy, high-quality foodstuffs to end consumers, while also contributing
to food safety and safe processing of foodstuffs and in general enhancing the health and well-

being of the population.

Figure 11. IRTA Torre Marimon satellite image (Google Maps, 2022).

The analytical performance of all the samples and data collected during this thesis was done in
this center. Moreover, storage experiments of bedding material from Montagi and EVAM
(Chapters 5 & 6) were performed there. Figure 12a shows the sampling of gas emissions during
the storage of precision feeding manure trial from EVAM. In addition, 4 pilot scale greenhouse
solar dryers (Figure 12b) were designed to perform, on a smaller scale than in Vila-sana (Chapters
8 & 9), the drying of the solid fraction of digestate mixed with different ratios of the low nitrogen
stream from a stripping process, aiming to reduce a waste stream from the biogas plant while
improving the nutritional content of the resulting organic fertilizers. The pilot scale system was

sensorized to control both temperature and humidity inside and outside the system.
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Figure 12. (a) Gas emission sampling during the storage of precision feeding manure and (b) Pilot scale
greenhouse solar dryer.

4. Universitat Autonoma de Barcelona (UAB)

Universitat Autonoma de Barcelona (UAB) is a Catalan public university created in 1968. Most
of its teaching centers and services are at the Bellaterra Campus (Valles Occidental, Catalunya,
Spain), located in a natural environment of 263 hectares of surface, of which 70% are forests and
green areas. It also has teaching centers in Sabadell and the city of Barcelona. It has 13 faculties
and schools, a hundred undergraduate degrees, 226 research groups and sixty research centers and

institutes.

On one of this research group, “Grup de Microbiologia Molecular” (Molecular Microbiology),
from the genetics and microbiology department, Chapter 6 was developed. It is a research group

with more than 30 years of consolidated and recognized scientific trajectory, focused on:
DNA repair (SOS System) ad mechanisms of bacterial pathogenesis
Identification of bacteria targets for new antimicrobial compounds development
Bacteriophage therapy and phage biocontrol and bacterial phage-defense mechanisms
High-affinity iron uptake systems as targets for immunotherapy

In their laboratory ruminal fluid, from EVAM cows, was cultivated in a HAP selective media
(Figure 13a) to isolate (Figure 13Db), identify them (via 16S rDNA sequencing), and analyze their
NHs production. Once the HAP were isolated, bacteriophages from the same ruminal fluid were

concentrated and tested for affinity with them.
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Figure 13. HAP specific culture media (a) and colonies isolation in cultivation plates (b).

5. IRTA Cabrils

IRTA Cabrils is located in Cabril, Catalunya, Spain. It is a research facility from IRTA focused
on plant production, in a sustainable way, involving plagues and pathogens epidemiology,
inoculation of beneficial microorganisms, genetic improvement, and organic waste management
and treatment as compost. It has a surface of 62035 m? with greenhouses and fields where the
experimental trials are performed (Figure 14 a & b).

Figure 14. IRTA Cabrils satellite image (Google Maps, 2023) (a). Greenhouse installation from Cabrils (b).

Germination assays (Figure 15a) with lettuce seeds from Chapter 9, and phytotoxicity trials
(Figure 15b) with lettuce (var. Maravilla) from Chapters 8 and 9 were developed in the laboratory
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and greenhouses from Cabrils to test the produced fertilizers. These experiments helped to

determine the toxicity regarding nutrients and heavy metals absorption.

Figure 15. Germination (a) and pot trial assays (b) developed in Cabrils to test the phytotoxicity of the
produced BBF.

6. Ghent University

Ghent University is a public research university located in Ghent, Belgium. It is ranked on the top
100 universities in the world and maintains international relationships across the world. It has
more than 130 departments distributed around 11 faculties, offering more than 200 programs
(including 64 Masters in English) and conducts in depth research within a wide range of scientific

domains.

Plant and soil analytics of chapters 7 & 8 were performed there in the re-source lab (Figure 16a),
from the green chemistry and technology department, at campus Coupure (Figure 16b). TN, TAN,
TC, NOg', TP, TK and heavy metals were analyzed to determine their behavior in the plant system

as well as their accumulation in the edible part.

Figure 16. Re-source laboratory installations (a). Ghent University campus Coupure (b).
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Chapter 5 — Effectiveness of precision feeding in reducing N

excretion in dairy cattle
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Abstract

We hypothesized that precision feeding tools would allow to adjust nutrient requirements in
grouped-fed cows, and consequently reduce N emissions. Two periods enrolling 56 and 58 dairy
cows (average milk yield in period 1 = 36.2 + 7.91 kg/d, period 2 = 32.4 + 4.99 kg/d) were
performed to evaluate nutrient adjustment of a precision feeding strategy. Animals were blocked
by parity and distributed in four free-stall pens. Pens were randomly assigned to a conventional
(CONV) or to a precision feeding scheme (PREC) for a 21-d period. The CONV group was
offered a total mixed ration (TMR, 6.82 and 6.65 MJ/kg of dry matter, in period 1 and 2,
respectively, and 165 g of crude protein (CP)/kg of dry matter in both periods; whereas PREC
cows were fed a partial mixed ration (PMR) (6.65 and 6.40 MJ/kg of dry matter, 135 and 137 g
of CP/kg of dry matter, in period 1 and 2, respectively) and a concentrate feed supplemented twice
daily in the milking parlor, which contained different quantities of soybean meal, corn meal, and
wheat middling’s according to estimated nutritional needs of each cow above those supplied by
the consumption of PMR. Individual daily nutritional needs and nutrients consumed from the
PMR were calculated following NRC equations (2001) using a 10-d rolling average of
performance data (milk yield and concentration of milk components, and BW). Daily PMR intake,
milk yield and concentration of milk components were recorded in both periods. A N balance
using urine and fecal spot sampling during the last 3 days of the study was performed in period
1, and stored manure gaseous emissions (NHs, CHa, N>O, and CO,) were measured for 2 wk in
period 2. After 2 wk of adaptation to the diet, 82 cows homogeneously distributed in 4 days in
milk (DIM) categories: early DIM (< 81), mid-early DIM (81 to 150), mid-late DIM (151 to 220),
late DIM (> 220) were used to assess how energy and protein requirements were adjusted using
either a CONV or a PREC feeding system. Dairy cows in both feeding systems were energetically
overfed, and CONV cows tended to be more CP overfed in mid-late and late DIM cows than
PREC fed cows. Total daily N urine excretion, and milk N urea concentration were greater in
CONV than in PREC cows. There were no differences in NHz and N>O emissions from the
manure storage between PREC and CONV cows; however, CH, and CO; emissions from manure
increased by 55 and 15%, respectively in PREC fed cows. Precision feeding system based on
preceding average daily milk yield and composition can reduce N excretion without affecting
short-term milking performance but increasing C gaseous emissions from manure. Further

research is needed with long-term studies to corroborate performance results observed for 5 days.

The content of this chapter has been published as Morey, L., Bach, A., Sabria, D., Riau, V.,
Fernandez, B., Terré, M. 2023. Effectiveness of precision feeding in reducing N excretion in dairy
cattle. Animal Feed Science and Technology. Awvailable online 1 July 2023, 115722.
https://doi.org/10.1016/j.anifeedsci.2023.115722.
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Introduction

Excretion of N from livestock production contributes to environmental pollution. Losses of N
from urine and manure as NHs can be oxidized to N»O, one of the GHG that contributes to global
warming and stratospheric ozone depletion (Hokestra et al., 2020; Zhang et al., 2020). Moreover,
NH; can leach to the soil and groundwater leading to soil acidification (Zhang et al., 2020), nitrate
(NOg3") accumulation in groundwater (Postigo et al., 2021), and NH3 emission to the atmosphere.
An important fraction of NH3z emission is produced during manure storage (Kupper et al., 2020).
At the top storage layer, where air and manure interface, NHz; may disperse into the atmosphere

depending, among other aspects, on manure temperature and air speed (VanderZaag et al., 2015).

Dairy cows need different amounts of protein depending on their milking performance and
physiological status. However, under most commercial situations, cows are fed ad libitum in
groups without being able to adjust individual nutrient supply. Typically, dairy rations for mid-
lactation cows contain 165-170 g of CP/kg of dry matter (Groff, 2005; Olmos Colmenero and
Broderick, 2006). As lactation advances, protein requirements decrease, and feeding 165 g of
CP/kg of dry matter diets dairy to cows in late lactation may increase urinary and faecal N
excretion and reduce profits (Law et al., 2009). Barros et al. (2017) reported that efficiency of N
utilization (milk protein N yield /N intake; ENU) improved when feeding 144 g of CP/kg of dry
matter diets to late-lactation cows, but lower CP levels had negative impacts on milk yield and
efficiency.

Considering the potential environmental impact of feeding excessive amounts of CP to dairy cows
along with the increasing demand for feed and food globally, there is an opportunity to adjust
nutrient supply to cows to improve the efficiency of utilization of natural sources. Although cows
are managed and fed in groups, each animal has its own requirements according to their stage of
lactation, productivity, milk composition, and physiological state. Precision feeding strategies
may allow matching nutrients supply with animal requirements to improve animal productivity
while reducing environmental pollution and production costs (van Empel et al., 2016). Nowadays,
the existence of several on-farm technologies that allow automatic collection of data such as
concentrate intake, milk yield and composition, BW or animal behaviour may facilitate the
application of precision feeding strategies. For example, Fisher et al. (2020) proposed to restrict
feed intake to less efficient dairy cows using individual total mixed ration feeders, and several
authors (Bach and Cabrera, 2017; Moore et al., 2020) have proposed to modulate the amount

concentrate feed supplemented in AMS depending on milking performance of individual animals.

In a preliminary study, we observed that concentrate feed supplementation in the milking parlour
according to milk yield and quality and mixed ration intake can reduce N urine excretion (Terré

et al., 2020). Therefore, we hypothesized that feeding dairy cows a partial mixed ration (PMR) in
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the feed bunk and a mix of concentrate feeds supplement in the milking parlour according to
individual needs estimated based on individual 10-d rolling average of milking performance and
individual PMR intake would optimize the use of dietary N and reduce manure NH;emissions.
Thus, the objective of the present section was to evaluate the effects of a precision feeding strategy
on N balance and gaseous emissions during manure storage, and how nutrients (protein and

energy) were adjusted at different stages of lactation.

Materials and methods

Dairy cows were managed under the supervision of IRTA technicians and with the approval from
the Animal Care Committee of the Government of Catalonia (authorization code 10640). Animals
were housed at IRTA dairy farm (EVAM, Monells, Spain). The study consisted of two 21-day
periods separated by 15 months (November 2019 and May 2021).

Animals and treatments

A total of 20 primiparous and 36 multiparous Holstein cows (729 £ 69.9 kg of BW; 36.2 + 7.91
kg/d of milk; 155 + 89.3 DIM; 2.1 + 1.02 lactations, mean + SD) in the first period, and a total of
29 primiparous and 29 multiparous Holstein dairy cows (708 + 79.2 kg of BW; 32.4 + 4.99 kg/d
of milk; 160 + 59.7 DIM; 2.0 + 1.23 lactations, mean = SD) in the second period with good initial
health status were enrolled in a 21-day study (16 days of adaptation to the feeding system, and 5
days of measurements and nutrient calculations). Cows were blocked by parity (primiparous or
multiparous) within feeding treatment and distributed in four free-stall pens (2 pens per feeding
treatment). Animals were milked twice daily in a parallel milking parlour. Milk yield and fat and
protein concentrations were recorded using electronic milk meters (AfiMilk, Afikim Ltd., Kibbutz
Afikim, Israel) and an on-line system to determine milk components concentrations (AfiLab
system, Afikim Ltd., Kibbutz Afikim, Israel). After each milking, all cows were weighed using
AfiMilk SortWeight system (Afikim Ltd., Kibbutz, Israel). Each pen was equipped with 20
cubicles bedded with a mixture of compost and sawdust, 4 water troughs, and 15 electronic feed
bins (MooFeeder, MooSystems, Cortes, Spain) to record individual feed intake. Animals in each
of the 2 pens per period were fed a conventional (CONV) TMR (6.82 MJ/kg of dry matter, 165 g
of CP/kg of DW in the first period; 6.65 MJ/kg of dry matter, 165 g of CP/kg of dry matter in the
second period, (Table 2), and animals in the other 2 pens per period were fed under a precision
feeding strategy (PREC). This consisted of feeding a PMR with lower energy and CP content than
the CONV one (6.65 MJ/kg of dry matter, 135 g of CP/kg of dry matter in the first period; 6.40
MJ/kg of dry matter, 137 g of CP/kg of dry matter in the second period, Table 2) and a
combination of 3 feeds (soybean, 458 g of CP, 136 g of NDF or neutral detergent fiber, 30.7 g of
fat, 69.8 g of ash per kg of dry matter; a mix of 50% wheat and 50% corn, 101 g of CP, 126 g of
NDF, 36.0 g of fat, 15.2 g of ashes per kg of dry matter; wheat middling’s, 180 g of CP, 457 g of
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NDF, 5.2 g of fat, 53.8 g of ash per kg of dry matter) in the milking parlour (supplement). These
3 ingredients were stored separately in 3 different silos that were connected to individual feeders
at each milking place of the milking parlour. Automatically, on a daily basis, individual data were
stored in a file that an algorithm, developed using Python (Van Rossum and Drake, 1995) as
programming language, used to calculate, using NRC (2001) equations, the energy and CP needs
for every individual cow using a 10-d rolling average of performance data recorded in our
facilities (milk yield, milk fat and protein composition, and BW) from ten preceding days
(estimated needs). Then, a 10-d rolling average daily consumption of nutrients from the PMR was
computed considering individual dry matter intake and the estimated nutrient composition of the
diet. Then, it was subtracted from the estimated needs to determine the amount of nutrients needed
to be supplemented (if any) in the milking parlour for the PREC cows. The algorithm determined
the amount of soybean, mix of wheat and corn, and wheat middling’s to deliver in the milking
parlour according to the nutrient composition of the feeds available, and the estimated needs
above the precision PMR nutrient consumption. The algorithm consisted of linear programming
optimization that found the optimum combination of the 3 ingredients complying with constraints
on a minimum supply of energy, CP, and NDF within the limit of 3,000 g per day of concentrate
fed in the parlour. Cows in PREC treatment not needing supplementation were offered 150 g of
wheat middling’s per milking to ensure that all cows had some feed offered while milking. The
final amount of each ingredient was split in two feedings during each milking (at 0800 and 1900
h), meanwhile both, PMR and TMR were delivered in the feed bins twice daily while the animals

were in the milking parlour.
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Table 2. Ingredients and nutrient composition of the CONV and PREC partial mixed ration (PMR) fed in
Studies 1 and 2. Abbreviations: NEL, Net energy for lactation; CP, crude protein; RDP, rumen degradable
protein; RUP, rumen undegradable protein; Lys, lysine; Met, methionine; NFC, non fiber carbohydrates;

NDF, neutral digestible fiber; ADF, acid detergent fiber.

Period 1
Item TMR PMR TMR PMR
Ingredient (dry matter), kg
Alfalfa hay 3.34 3.34 -
Rye grass silage 1.58 1.58 -
Rye grass hay 1.74 1.74 -
Barley silage 3.25 3.25 -
Barley straw 0.74 0.74 -
Wheat silage - - 3.76 3.76
Cornsilage - - 3.70 3.70
Alfalfa silage - - 3.49 3.49
Oat hay - - 1.75 1.75
Corn meal 7.93 7.49 5.27 4.84
Wheat meal 0.45 - 141 0.97
Canola meal 1.81 1.81 - -
Soybean meal 2.34 0.55 2.75 1.00
Soybean hulls - - 1.17 1.17
Wheat middlings 0.89 0.45 0.82 0.82
Hydrogenated vegetable fat 0.42 0.42 - -
Calcium carbonate 0.08 0.08 0.14 0.14
Magnesium oxide 0.03 0.03 0.04 0.04
Salt 0.08 0.08 0.05 0.05
Vitamin minerals premix 2 0.04 0.04 0.05 0.05
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Table 2. Continuation. Ingredients and nutrient composition of the CONV and PREC partial mixed ration
(PMR) fed in Studies 1 and 2. Abbreviations: NEL, Net energy for lactation; CP, crude protein; RDP,
rumen degradable protein; RUP, rumen undegradable protein; Lys, lysine; Met, methionine; NFC, non fiber
carbohydrates; NDF, neutral digestible fiber; ADF, acid detergent fiber.

Period 1 Period 2
Item TMR PMR TMR PMR
Nutrient composition
Dry Matter, % 60.5 60.7 53.4 53.1
NEL, Mcal/kg of DW 3 1.63 1.59 1.59 1.53
CP, % of DW 16.4 13.9 16.5 13.7
RDP, % of DW 3 10.7 8.8 10.8 8.9
RUP, % of DW 3 5.7 51 5.7 4.8
Metabolizable protein, % of dry matter 3 10.9 9.3 111 9.2
Digestible Lys, % of MP 2 5.33 4.53 4.98 4.13
Digestible Met, % of MP 2 2.04 1.74 2.01 1.67
NFC, % of dry matter 334 315 41.9 41.5
NDF, % of dry matter 38.9 43.1 32.2 35.0
ADF, % of dry matter 23.4 21.8 19.8 21.7
Fat, % of dry matter 4.7 4.9 3.0 3.1
Ash, % of dry matter 6.6 6.6 6.4 6.6

1 TMR: total mixed ration offered to conventional fed cows; PMR: partial mixed ration offered to precision feeding fed
cows

214.6% Ca, 0.03% Na, 4.48% Mg, 2,250,000 Ul/kg Vitamin A, 8,8000 mg/kg Vitamin E, 665,000 Ul/kg Vitamin D3,
40 mg/kg Co, 30,000 mg/kg Zn, 150 mg/kg Se, 20,000 mg/kg Fe, 250 mg/kg I, 30,000 mg/kg Mn, 5,000 mg/kg Cu,
1,500 mg/kg Butylhydroxytoluene, 279,949 mg/kg sepiolite

8 Estimated using NRC (2001)
4 Calculated 100 — (CP+NDF+EE+ash)

Sampling and Measurements

Individual feed intake was monitored daily using MooFeeders (MooSystems, Cortes, Spain). Both
PMR and feed ingredients composing the concentrate offered in the parlour were sampled weekly
and composited for the 3-wk period for subsequent nutrient composition analysis. Samples were
frozen at -20°C to subsequently determine dry matter (method 934.01), N (method 984.13), ether
extract (method 920.39), and ash (method 942.05) following AOAC International (2000) and for
aNDF according to Van Soest et al. (1991) using sodium sulphite and heat-stable amylase. Non-
fibre carbohydrates were calculated as 100 minus CP, aNDF, fat, and ash (NRC, 2001). For all

animals involved in the study, energy-corrected milk (ECM) was calculated using the equation
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(Bernard, 1997): (0.3246 x milk) + (12.86 x kg fat) + (7.04 x kg protein) using AfiLab system
data, and feed efficiency was computed as the of ratio of ECM to total dry matter intake.
Furthermore, milk samples of all animals enrolled in the study were obtained at day 19 of study
in tubes containing 2-bromo-2-nitropropane-1,3-diol, which were analysed for urea, using
infrared spectroscopy (MilkoScan™ 7; Foss Iberia S.A., Barcelona, Spain).

From the first group of animals, a set of 26 cows homogeneously distributed by LN (Lactation
number) and DIM in both treatments were selected to perform a N balance. Faecal spot samples
(about 300 g) from the rectum and urine spot samples (about 250 mL) obtained by massaging the
perivaginal area were collected from d 19 to 21 of study, at different times: on day 1 at 0800,
1400, 2000, 0200 h; on day 2 at 1000, 1600, 2200, 0400, and on day 3 at 1200, 1800, 0000, 0600
h. On these 3 consecutive days, samples of both PMR offers were collected and composited for
further nutrient composition analysis. Faecal samples from the dairy cows were dried at 60°C for
4 d, ground at 1 mm, and further composited on a dry weight basis by cow. Composite samples
were analysed for dry matter, total N (TN) content (Standard methods for the Examination of
Water and Wastewater, APHA 2005 using Kjeldahl digester and distillation unit from Buchi®,
Switzerland), 50et, and acid insoluble ash (AlA), which was used as an internal marker to estimate
faecal output (Sales and Janssens, 2003). Samples of both PMR were composited and analysed
for dry matter, CP, aNDF, and AlA. Total tract apparent digestibility was calculated based on
AIA concentration in the rations and faeces. Aliquots of 30 mL of urine were immediately
acidified with 0.1M sulfuric acid, diluted 1:5.7, and stored at -20°C. These samples were
composited by cow and analysed for TN (APHA 2005, using Kjeldahl digester and distillation
unit from Buchi®, Switzerland). A 15-mL aliquot was used to determine urine creatinine (Jaffe
Method using Olympus System Reagent®, Beckman Coulter®, Ireland). Daily urine excretion was
estimated assuming a urinary creatinine excretion of 29 mg/kg of BW/d (Valadares et al., 1999),
and then, combined with urine N concentrations, used to estimate total urinary N excretion.
Efficiency of N utilization was calculated as the proportion of N secreted in milk relative to total
N intake. Furthermore, milk samples from the 26 cows selected for the N balance were collected
in tubes containing 2-bromo-2-nitropropane-1,3-diol on days 19, 20, and 21 of study and
composited for the morning and afternoon milking according to milk weights and analysed for
fat, lactose, TS, non-fat, urea, and somatic cell count (SCC) using infrared spectroscopy as
previously described. Lastly, blood samples (10 mL) were collected in ethylene diamine tetra
acetic tubes (Vacutainer, Becton Dickinson, Madrid Spain) from the coccygeal vessels 5 h after
the morning feeding on d 21. They were centrifuged at 1,500 x g for 10 min and frozen at -20 °C
for further plasma urea determination following the L-glutamate dehydrogenase method (Talke

and Schubert, 1965) (Olympus System Reagent®, Beckman Coulter®, Irlanda). Change in BW, in
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these cows, was calculated as the difference between average BW the week before the study

begun and the last week of study.

Lastly, the last week of the study, manure scrapers were stopped overnight to accumulate manure
in the pens. Next morning, the scrappers were activated to bring all the manure accumulated at
the end of the alley to collect two plastic boxes of 0.675 m3 (600 L capacity; internal dimensions:
91x111x62 cm) each per treatment to simulate manure ponds. Boxes were manually filled to the
top with 0.6 m® of manure directly from the pen floor (the manure sample for the CONV was a
mixture of the two pens in CONV, and the manure sample for PREC was a mixture of the manure
from the two pens in PREC), and they were kept at ambient temperature. Then, on a weekly basis,
the evolution of manure composition and GHG and NHs emissions were monitored during manure

storage for 14 days.

Manure samples were collected weekly and analysed following the Standard methods (APHA,
2005) to determine DM content (2540G), total ammonia N (TAN) (4500-NH3-C) and pH, directly
measured in homogenized samples using a pH-meter (4500-H+) (pH basic 20, Crison, Spain).
Total carbon (TC) and TN were determined by using an elemental analyzer LECO® (Leco
Corporation, Michigan, USA) (ISO 13878: Soil Quality — Determination of Total Nitrogen
Content by Dry Combustion). Gaseous emissions were collected weekly using a dynamic
chamber coupled to an NHs sensor Riken Keiki GX-6000 (RKI Analytical Instruments GmbH,
Bad Homburg vor der Hohe, Germany) for NH; emissions. Vacuum tubes, Labco Exetainer®
(Labco Limited, Lampeter, United Kingdom) were used to collect 30 mL of gas for the GHG
emissions. CH4, CO2 and N2O were analysed as described in Torrellas et al. (2018), sealing the
area between the surface and the air, avoiding gas losses, and creating a controlled airflow of 0.2-
0.3 m-s* following EPA recommendations (EPA, 2001). Emission fluxes (mg-m=2-h?) at 25°C
of NH; and GHG were calculated by multiplying the gas concentration (mg/m?) by the dynamic
chamber internal flux (30 m®m?2-h?t), the flow (m3m2h) emitted per unit area of the chamber
(m?). The total gas emission after 14 d was calculated by the trapezoidal method of integration
(Levy et al., 2017; Dalby et al., 2022).

Calculations

To assess how cows in CONV and PREC adjusted daily to their energy and protein requirements
according to their stage of lactation, cows were classified in 4 DIM categories: early DIM (< 81),
mid-early DIM (81 to 150), mid-late DIM (151 to 220), late DIM (> 220). Then, 82 animals (156
+ 66.0 DIM, 2.0 + 1.19 lactations, 34.0 + 6.13 kg/d, 707 + 69.5 kg of BW) from both treatments
homogeneously distributed within DIM category and period were selected to evaluate the

algorithm for precision feeding by calculating total energy and protein intake for the last 5 d of
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the study, and the proportion of nutrients consumed above or below their estimated requirements

for their production level.

Statistical analysis

All data were analysed using the SAS software (version 9.4, SAS Institute Inc., Cary, NC, USA).
Comparisons with P < 0.05 were considered significant, whereas comparisons with 0.05 <P <
0.10 were presented as tendencies. The experimental unit for the statistical analysis was cow
because treatments were applied at the cow level. Performance and nutrient evaluation (nutrient
requirements, TMR and PMR nutrient intake, and proportion of nutrients overconsumed) data
were analysed with a mixed-effects model that included the fixed effects of feeding system,
lactation stage (early, mid-early, mid-late, and late DIM), day of study (from 17 to 21), and their
2-way and 3-way interactions plus the random effect of pen, study, and cow within pen (to account
for the dependence of animals within pen), parity (primiparous or multiparous) as a block. Day
entered in the model as a repeated measure using an autoregressive order 1 or compound
symmetry variance-covariance matrix according to the lowest Bayesian information criterion.
The 3-way interaction was not significant for any parameter, and it was removed from the final

model. The model used was:

Yijklmno:H+Ci (Pj)+ Pj+sk+ Li+Tm+ M+ Do+(me '\/In)"'('\/ln>< Do)+(me Do)+(me

Mn % Do) + €ijkimno,

where Yijumn is the dependent variable, p is the overall mean, C; (Pj) is the cow within pen, Pj is
the pen, Sk is the study, L, is the lactation number, Tr, is the treatment (CONV or PREC), M, is
the categorical DIM, D, (k = 17 — 21) is the day of study, (Tm x M,) is the interaction between
treatment and categorical DIM, (M, X D) is the interaction between categorical DIM and day,
(Tm x Do) is the interaction between treatment and day, (Tm x Mn x Do) is the interaction between
treatment, categorical DIM and day, and ejumn is the residual error. Pen, study, and cow within

pen were random effects, lactation number a block, and the other parameters were fixed effects.

Data pertaining to the N balance in Period 1, were analysed with an analysis of variance
considering the feeding system as fixed effects, parity as a block, and pen as a random effect. The
model used was:

Yijkm = u+ Pi + Lj + T + €ijk,

where Yijum is the dependent variable, p is the overall mean, P; is the pen, L; is the lactation
number, Tkis the treatment (CONV or PREC), and ejj« is the residual error. Pen was the random

effect, lactation number a block, and feeding treatment was fixed effects.

Gaseous emissions from boxes in Period 2 were analysed with a mixed-effects model that

accounted for the fixed effects of feeding system, day of sampling, and their interaction plus the
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random effect of the box. Day entered the model as a repeated measure using the autoregressive
order 1 or compound symmetry variance-covariance matrix according to the lowest Bayesian

information criterion. Herein, the experimental unit was box (n = 2).
The model used was:
Yik =p+ Bi+ Tj+ Dk + (Tj X Dy) + €ij,

where Yijk is the dependent variable, p is the overall mean, B is the box, Tjis the treatment (CONV
or PREC), D is the day of sampling, T; % Dk is the interaction between treatment and the day of
sampling, and ejjx is the residual error. Box was a random effect, and the other parameters were

fixed effects.

Results

From the initial dataset of 114 animals, a group of 26 cows from period 1 was selected to perform
a N balance, another group of 82 cows from both periods were selected for the evaluation of
nutrient adjustment and performance responses. All 58 animas from the second period were

considered for the evaluation of manure emissions.
Diets

Ingredient composition of the diets was different in both periods because they were conducted in
different seasons (Table 3), and forage availability was different. Dietary dry matter, aNDF, ADF,
and fat concentrations were slightly greater in period 1 than in period 2, but CP content was kept

similar in both studies.

Nutrient adjustment and performance

Estimated energy (Figure 17a) and protein (Figure 17b) requirements decreased (P<0.001) with
DIM categories and increased with day of study, and there were slightly differences (P<0.05)
between days and treatments. Estimated energy requirements increased in CONV cows from 20
to 21 d, and estimated CP requirements increased from 17 to 18 d, and from 20 to 21 d of study;
whereas estimated energy requirements PREC fed cows were similar during the last 5 d of study,
but estimated CP requirements increased with time. Neither energy nor CP estimated
requirements differed between treatments within DIM categories. As expected, energy and CP
intake (Figure 17a & 17b) from the TMR and PMR was greater (P<0.001) in CONV than in PREC
cows and there were slight differences (P<0.001) in the daily variation between treatments and
DIM categories. Cows in both treatments and DIM categories covered their estimated energy and
CP requirements solely with consumption of TMR and PMR, except for PREC cows in the early
DIM category that required a supplement of 16.4 extra MJ of Nel/d, and 955 g of CP/d, and PREC
cows in mid-early DIM category that needed 287 extra g of CP/d (Figure 17a & 17b). Both CONV
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and PREC cows overconsumed energy without differences between DIM categories and
treatments (Figure 18), and with slight variations (P<0.05) between days of study. However,
CONV cows consumed more (P<0.05) CP above their requirements than that consumed by PREC

cows, and these differences tended (P=0.09) to be greater in cows with mid-late and late DIM
(Figure 18).

Net Energy

ECONV_NEreq WPREC NEreq ®CONV_NEintake PREC NEintake ®CONV_NEneeds ®PREC NEneeds
250

=
E“ 200
g
s I
3 150 1 L 1
8
Z
g 100
E
]
é 50
: [ i
i 2 F 3 r 4 r
-50
Categories in DIM: 1 =< 81 DIM; 2 =81-150DIM; 3 =151-220DIM; 4 > 220 DIM
-100
a)
Crude Protein
BCONV_CPreq WPREC_CPreq ©CONV_CPintake PREC_CPintake W CONV_CPneeds ®WPREC_CPneeds
5
T 4
=
a’
2 I I [
E I
g
j2]
5 2
é | i
=
[0
o T ﬁ T
| 2 ! 3 !T 4
-1
-2
Categories in DIM: 1 =< 81 DIM: 2 = 81-150DIM: 3 =151-220DIM; 4 > 220 DIM
-3

Figure 17. Least square means of NE (a) and CP (b) requirements, intake and needs of dairy cows fed
under a conventional or a precision feeding system using performance data of the previous 10 rolling days
and NRC (2001) equations, and categorized in 4 DIM categories (data from periods 1 and 2).
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Figure 18. Least square means of the proportion of energy and CP overfed in cows fed under a
conventional or a precision feeding system using performance data of the previous 10 rolling days and
NRC (2001) equations and categorized in 4 DIM categories (data from periods 1 and 2). Values higher

than 1 are overestimated and under 1 are underestimated.

Although it was not the main objective herein, due to the short duration of the study, cows
produced similar amounts of milk in both feeding treatments, and as expected it progressively
decreased (p < 0.01) as DIM category increased. Milk components (fat and protein) did not differ
between feeding treatments, and both increased (p < 0.01) by DIM category. Milk fat content in
PREC cows tended (p = 0.09) to be similar whereas in CONV fed cows it tended to increase for
mid-early and mid-late DIM (Table 3). On the other hand, milk N urea was lower (p < 0.05) in
PREC than in CONV cows from early-mid DIM to late DIM, whereas it did not differ in cows
with early DIM between feeding treatments. Total dry matter intake was similar in both feeding
schemes, but CP intake was lower (p < 0.05) in PREC cows with more than 81 DIM in comparison
with CONV cows (Table 2). Dietary energy density of the total diet, considering feed supplements
in the milking parlour, was lower (p < 0.001) and aNDF content greater (p < 0.001) in PREC than
in CONV, but it did not differ across DIM categories within treatment. However, dietary CP
content decreased (p < 0.05) within DIM category in PREC and it was constant in CONV.
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Table 3. Least square means of milk yield and composition of dairy cows fed under a conventional
(CONV) or a precision (PREC) feeding system during a period of 5 days, after 16 days of adaptation
(period 1 and 2).

Treatments p-values
CONV PREC SEM FS SL FSxSL

Cows, n 41 41 - - - -
Body weight, kg 713 708 12.5 0.76 <0.001 0.95
Total dry matter intake, kg/d 26.0 25.7 0.64 0.71 0.10 0.19
Total CP intake, kg/d 4.25 3.72 0.132 0.002 0.15 0.03
Diet CP, g/kg of DM 164 145 1.4 <0.001 0.007 0.018
Diet aNDF, g/kg of DM 356 379 35.8 <0.001 0.05 0.31
Diet NEI, MJ/kg DM 6.74 6.57 0.100 <0.001 0.21 0.12
Milk yield, kg/d 34.0 3338 1.70 0.90 <0.001 0.62
ECM, kg/d 354 354 2.61 0.98 <0.001 0.53
Milk fat, % 3.77 3.81 0.254 0.59 <0.001 0.09
Milk protein, % 3.43 3.39 0.044 0.34 <0.001 0.97
Milk N urea, mg/dL 10.8 6.8 25.05 <0.001 0.73 0.02
Feed efficiency® 141 1.40 0.129 0.84 <0.001 0.70

1 FS = effect of the feeding system; SL = effect of stage of lactation; FSxSL = effect of the interaction of feeding

treatment with stage of lactation

2 Standard error of the mean

3 Milk fat and protein component concentrations daily measured using the AfiLab system

4 Energy corrected milk calculated as (0.3246 x milk) + (12.86 x kg fat) + (7.04 x kg protein) (Bernard, 1997)

5 Feed efficiency calculated as (Energy corrected milk) / (Total dry matter intake)

Nitrogen balance and diet digestibility

During the 3 d of N balance duration, N intake and N concentration in milk and faeces were

similar in both feeding regimes, but N in urine was greater (p < 0.05) in CONV than in PREC
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cows (Table 4). Digestibility of dry matter and apparent CP digestibility were not affected by
feeding regime, but aNDF digestibility tended to be greater (p = 0.08) in PREC than in CONV

cows. Lastly, plasma urea concentration was unaffected by feeding strategy.
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Table 4. Least square means of digestibility and nitrogen balance of dairy cows fed under a conventional
(CONV) or a precision (PREC) feeding system (days 19 to 21 of period 1).

Treatments
CONV PREC SEM? P-value!
Cows, n 13 13 FS
Apparent digestibility, g/100 g
Dry Matter 60.5 61.8 1.07 0.42
NDF 42.6 46.9 1.72 0.08
CP 48.1 45.0 1.34 0.12
N balance,
N intake, g/d 636 636 56.1 0.99
Milk protein N, g/d 189 182 115 0.64
Urinary total N, g/d 196 140 12.8 0.006
Faecal N, g/d 305 308 19.9 0.91
N retained, g/d -51.4 -0.4 35.1 0.32
BW change, kg -12 -3 7.3 0.35

As a proportion of N intake, g/100 g

Milk N 29.8 29.5 1.24 0.85
Urine N 31.2 22.6 3.20 0.07
Faecal N 48.4 49.8 1.35 0.46
Plasma urea, mg/dL 18.2 155 1.45 0.19

L FS = effect of the feeding system

2 Standard error of the mean
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Manure emissions

Manure of PREC cows had lower (p < 0.05) pH and N-NH4* concentration than manure from
CONV cows. Although TC and ADF concentration were similar in both treatments, the ratio C
to N tended to be greater (p < 0.10) in the manure from PREC than in that from CONV cows
(Table 3). NHs emissions decreased throughout sampling days, and although they did not differ
between both feeding systems (Table 5), they were numerically reduced by 20% in PREC in
comparison to CONV manure. In contrast, CO. and CH4 emissions increased (p < 0.05) in PREC
manure, by 14% for CO; and 55% for CH4 compared with CONV manure (Table 5). The
emissions of CO, and CH, emissions from manure in PREC increased throughout the 14 d of
monitoring, in contrast to CONV manure, which CO, and CH, emissions started to decrease by
14 d (Figure 19). N>O emissions tended (p = 0.06) to be lower in PREC compared with CONV
manure at 14 d of sampling (11%).
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Table 5. Least square means of manure characterization and gas emission production (mg/m?2 h) under
conventional (CONV) and precision (PREC) feeding treatments for 14 days using manure from period 2.

Feeding system ! p-values 2
CONV PREC SEM 3 FS time  Fsxtime
Number of boxes 2 2
Manure characterization
pH 7.45 7.17 0.045 0.01 0.05 0.02
Conductivity 4.07 3.23 0.882 0.54 0.06 0.71
Total Solid content (%) 13.6 13.7 0.65 0.89 0.03 0.89
Volatile Solid content (%) 10.7 10.8 0.46 0.85 0.03 0.89
Total NH3, mg/kg * 13,385 10,239 458.77 0.005 0.002 0.55
Total N, % * 4.53 3.87 0.14 0.08  0.002 0.008
Total C, % * 50.5 47.6 2.22 0.45 0.77 0.42
Ratio C/N 11.2 12.3 0.28 0.10 0.16 0.19
NDF, % * 51.4 413 3.73 0.13 0.17 0.76
ADF, % * 374 33.9 2.12 0.30 0.81 0.74
Gas emissions, mg/m?h
NHs 725.6 510.0 111.75 0.24 0.006 0.85
CO2 16,868 26,799 1,918.1 0.02  0.004 0.010
CH4 1586 3941 512.5 0.03  0.015 0.041
N20 28.1 24.4 121 0.10 <0.001 0.06

L CONV = cows fed a TMR in the feed bin scales; PREC = cows fed a PMR plus a concentrate feed supplementation

in the milking parlor

2 FS = effect of the feeding system; time = effect of day of study; Fsxtime = effect of the interaction between feeding

system with day of study

3 Standard error of the mean

4 Dry weight

60



=== PREC CO2 #— CONV CO2 -+--@-« PRECCH4 @+ CONV CH4

50000 9000
45000 2000
40000 7000

- 35000 6000 A

£ 30000 x

< 5000

2 25000 E:

4000 >

&' 20000 3,

(] =
15000 3000
10000 2000

5000 1000
0 0

1 3 5 7 9 11 13
Days of study

Figure 19. Least square means and standard error of the mean of the evolution of CHa (right axis) and
CO: (left axis) emissions from manure of cows fed under a conventional (CONV) or a precision (PREC)
feeding system during 2-week storage (period 2).

Discussion

Differences observed in milk components in the different lactation stage categories such as an
increase in fat, protein in greater DIM cows are widely described in the literature (Linn, 1988),
and the main interest in splitting data herein in DIM categories was to determine whether a
precision feeding system would have the same capacity to modulate nutrient supply according to
stage of lactation and thus elicit a similar response in performance throughout all phases of

lactation.

Cows fed in CONV feeding system overconsumed CP except those with less than 81 DIM.
However, PREC cows consumed the exact of CP needed to satisfy their estimated requirements
in cows <150 DIM, but PREC cows with >150 DIM overconsumed CP. Cows in CONV received
a fixed CP concentration in their diet, whereas PREC cows were offered a range between 133 and
167 g of CP/kg of dry matter. In general, PREC cows consumed less CP than CONV cows, but
PREC and CONV cows used in the N balance had similar N intake, probably because the selected
cows for N balance averaged 161 DIM. Olmos Colmenero and Broderick (2006) evaluated
different dietary CP levels (from 135 to 194 g of CP/kg of DM) and reported no changes in
production traits, but they also reported a decrease in milk urea N (MUN) as CP levels in the diet
decreased. However, Law et al. (2009) described performance benefits when cows were fed 173
g of CP/kg of dry matter (compared with 144 and 114 g of CP/kg of dry matter) during the first
half of lactation, but they did not observe detrimental effects on production when CP was

decreased to 144 g of CP/kg of dry matter during the second half of lactation. The low MUN
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observed in PREC cows from cows with more than 81 DIM suggests that these cows had a limited
dietary CP supply, and this fact might limit long-term milking performance as observed in
Reynolds et al. (2016). Our study covered a relatively short period of time because the main
objectives were to evaluate the precision feeding system, but Reynolds et al. (2016) conducted a
study to assess long-term effects of dietary protein concentration (140, 160, 180 g of CP/kg of
dry matter) over 3 consecutive lactations. Their results indicate that low protein diets (i.e., 140 ¢
of CP/kg of dry matter) are more efficient, but they have detrimental effects on milk yield. This
suggests a need to evaluate this precision feeding system in long-term conditions to properly
assess performance data.

Estimated energy needs were covered with both diets except for early DIM cows in PREC, who
needed some feed supplements to fully satisfy them. However, in general, cows overconsumed
energy, even in PREC cows, in part, because when supplementing for CP using soybean pellets,
cows were also supplemented for energy. However, CONV cows were fed a constant of 6.82 or
6.65 MJ/kg in period 1 and 2, respectively, in contrast to PREC cows that consumed different
amounts of supplements in the milking parlour, resulting in an energy density range of the total
DM consumption between 6.82 to 6.40 NE. MJ/kg. Maltz et al. (2013) proposed to feed energy
by adjusting caloric density of the diet between 1.59 to 1.68 NE_ weekly for 3 to 19 wk

postpartum, and they succeeded in improving dairy cow performance.

The equations used to estimate the protein and energy requirements of PREC cows, decreased
protein and NE concentration in the diet, and increased aNDF dietary concentrations in PREC
cows. This allowed to reduce urine N excretion, but also to improve aNDF digestibility. Although
the AIA recovery rate was not calculated in the present study, the ratio AlA in faeces: PMR was
similar in both diets (2.44 vs 2.46 + 0.086 in CONV and PREC fed cows, respectively). Lee et
al. (2013) calculated recovery rate for high-producing dairy cows fed two different CP diets, and
they obtained similar AIA recovery rate for both diets (86.9%). However, the ratio AlA faeces:
PMR was greater in low than in high CP diet, and it resulted in greater apparent nutrient
digestibilities in low than in high CP diets. In our study, we could envisage a similar impact of
AIA recovery rate in both feeding systems. In the present study, nutrient digestibility was lower
compared with the literature (Matins et al., 2022; Hynes et al., 2016), which was probably due to
an overestimation of fecal output when using AlA as an internal marker (Morris et al., 2018).
Rius et al. (2010) observed a maximal ENU when a high energy diet was combined with a low
protein diet. In contrast, herein, PREC fed cows did not improve ENU. The lack of improvement
might be due to the use milk total protein instead of milk true protein in N balance calculations
as done in Rius et al. (2010) study. Although milk non-protein nitrogen (NPN) was not measured
in our study, we analysed MUN, and it was greater in CONV than in PREC cows. Assuming that

MUN is the main contributor to milk NPN (dePeters and Ferguson, 1992) and both measures are
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correlated (Ruska and Jonkus, 2014), we could envisage more NPN concentration in CONV than
in PREC cows. Both, NPN composition and milk NPN yield was increased in late lactation cows
fed 165 vs 120 g of CP/kg of DM diets (Cantalapiedra-Hijar et al., 2014). When using the equation
proposed by dePeters and Ferguson (1992) based on blood urea N and milk yield to predict NPN
yield, ENU herein resulted in 19.5 and 19.1% in CONV and PREC fed cows, respectively. These
values were lower than the ones reported in Table 5, but they followed the same trend. When N
excretion in faeces, urine, and milk were subtracted to N intake, the negative N balance was
numerically worse in CONV than in PREC cows, which was in line with the numerical BW loss
observed in both feeding treatments. The difference in urinary N output between both diets was
expected since almost all N ingested in excess of requirements is excreted in urine (Castillo et al.,
2000; Cantalapiedra-Hijar et al., 2014). Olmos Colmenero and Broderick (2006) also reported
similar percentage of urinary N excreted as dietary CP increased. The reduction in N excreted in
urine represents a potential reduction of footprint and NHsz emissions and a potential reduction in
feed costs (Hynes et al., 2016). Although manure storage emissions were evaluated in period 2
taking manure directly from the floor of the pen, and N balance was performed in period 1, the
lower total N concentration in the boxes of manure of cows fed PREC than in those on CONV,
also indicates a reduction of N in the manure from PREC cows, which resulted in a numerical
reduction of NH3 gas and tendency to increase N.O emissions. The N in urine is rapidly
hydrolysed to NH3 and then transformed to N2O via nitrification-denitrification process (Dijkstra
etal., 2011). As reported by Mohankumar Sajeev et al. (2018), the reduction of dietary CP could
represent an NHs; emission decrease by 42 + 21%. Besides, the reduction of CP in manure also
affects CH, emissions (Mohankumar Sajeev et al., 2018; Montalvo et al., 2013). These authors
described an increase in CH,4 emissions of 20 £ 30% by each percentage-point reduction in dietary
CP. In our study, PREC cows consumed a diet with a 2% points lower CP than CONV, and the
manure CH, emissions increased 27.5% increase per every percentual-point difference in dietary
CP in PREC. This could be explained by an increase in the concentration of carbohydrates of
diets with low protein concentration and a decrease in fibre digestion, which tend to increase
manure CH, production (Nampoothiri et al., 2015). Furthermore, the dimensions of the box used
for manure storage and its depth could also influence gas emissions. The minimum depth
recommended for lagoons is 2.5 m, being 2.5 — 6 m typical values (Pfost et al., 2000). As the
depth increases, the surface can be reduced, so less emissions can be lost. Leytem et al. (2017)
described CH,4 emissions from different studies ranging from 125 mg/m?h to 8458 mg/m?h, but
depth was not a factor affecting the emissions. Temperature and wind were the main ones.
McGinn et al. (2008) described NHsz emissions in dairy cow manure stored in lagoons over
summer from 3600 to 8600 mg/m?h depending on the moment of the day, while Leytem et al.
(2018) reported an annual NH; emission media in lagoons from 50 to 179 mg/m?h with variations

depending on the season (temperature, rain and wind involved), the fraction stored (liquid or
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solid) and the formation of a natural crust (Grant and Boehm, 2020). Even though sampling
temperature did not vary much, between 27-32°C, temperature profile 24h was not monitored.
The effect of temperature is a well-known emission factor. Season variations cause an increase in
GHG during the warmer months. From 25 studies analyzed by Kupper et al. (2020), there was a

difference of 94% between the cold-warm months.

Nutrient manure characterization of CONV and PREC fed cows resulted in a similar C, aNDF,
and ADF content for both treatments, and only the ratio C to N slightly favoured PREC manure
to produce more CH4 (Dobre et al., 2014). Furthermore, in period 1, PREC cows showed an
improvement of fibre digestibility, which might suggest a more cellulolytic microbiome that may
also enhance biogas production (Sinha et al., 2021). CH4 and CO; emission peak for CONV
manure was found by day 6, and suddenly a reduction of emissions occurred. This fact can be
explained by the formation of a superficial solid air-dried crust which may affect gas
transportation, as it decreases superficial water content and thus, the decrease of liquid-air
(atmosphere) exchanges (Aguerre et al., 2012; Misselbrook et al., 2005; VanderZaag et al., 2008).
Although there were differences in CH4 emission between PREC and CONV manure, both values
were within the range of emission (3-25 g CHa/m?h) proposed by di Petra et al. (2019) during the
first 2 wk of storage. In our study, we did not measure enteric emissions, but a prediction of the
CH, emission factor (Ym) was performed in cows in period 1, in which diet digestibility was
assessed, using the equation described by Jaurena et al. (2015). No differences between feeding
treatment were observed in predicted CH4 emissions (3.19 and 3.49 + 0.155 %GE in CONV and
PREC cows, respectively). Therefore, we can only infer herein that manure from PREC cows
increases CH,4 emissions during storage. Thus, if manure is used as a substrate for biogas
production or if CH, is recovered from covered ponds, precision feeding can be considered as a
good alternative, not only to reduce NH3; emissions from manure storages and land application,
but also to produce more biogas during the anaerobic fermentation, thus reducing GHG emissions

to the atmosphere.

Conclusions

In conclusion, adjusting total dietary N supply based on individual animal requirements can be
an effective strategy to reduce N excretion. Further research is envisaged to evaluate long-term
effect of this proposed precision feeding. In addition, a potential reduction of NHz emissions and
an increase of GHG emissions (CH4 and CO>) from manure of cows fed using a precision feeding
strategy could be expected. This increase of CH4 production during the storage of manure from
cows fed using a precision strategy, opens a new possibility towards the integration of animal
feeding systems and manure valorisation technologies to increase the sustainability of the dairy

sector.
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Abstract

Nutrient efficiency for ruminants depends, among other factors, on the type of feed included in
the diet, that can affect rumen microbiome. Nitrogenous compounds are degraded first to NH; to
be part of the microbial produced proteins. Nevertheless, when the feed protein exceeds the
ruminal microbiota requirements, especially when there is protein overfed in intensive production

systems, there is also an excess of NH3; production.

Although HAP such as Clostridium aminophilum, Clostridim sticklandii, and Peptostreptococcus
anaerobius, represent only 5% in cow’s ruminal microbiota, they significantly contribute to NH3
production in the rumen. The control of HAP population in the rumen is envisaged as a potential
strategy to improve the efficiency of N. Several studies using plants and plant extracts, such as
hops or tannins or via diet modifications, have been proposed to reduce their activity.
Alternatively, bacteriophages, viruses capable of targeting and infecting one specific bacterial
host, are present in the ruminal fluid targeting most of the rumen bacteria species. Thus, the use

of specific bacteriophages against HAP could be used to reduce the HAP population in the rumen.

Ruminal fluid from dairy cows at 4 different physiological stages (early lactation, late lactation,
dry-off, and growing heifers) were collected and cultivated with a specific HAP media to select
and isolate different colony morphologies. The isolated colonies were tested to determine their
NHs; production and identified by 16S rDNA sequencing. Clostridium sporogens,
Terrisporobacter glycolicus (Clostridium glycolicum), Megasphaera elsdenii, Clostridium
argentinense, Stretococcus sp., Prevotella ruminicola, and Acidaminococcus fermentans were
identified as HAP. Bacteriophages from the same ruminal fluid were concentrated by
centrifugation and ultracentrifugation and were inoculated with each isolated HAP colony
through double layer methodology to test their affinity. However, it was not possible to detect a
reduction in HAP growth, showing that the use of bacteriophages to reduce HAP population of

rumen needs to be further improved or approached differently.
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Introduction

The emission of nitrogenous compounds (NHs and NO) in the dairy and meat bovine industry
represents a problem in terms of environmental sustainability and pollution. Over 70% of GHG
and NHs; emissions from ruminant livestock is related to milk, beef, and mutton (Behera et al.,
2013; Ripple et al., 2014), and with the continuous increase of cow derived products demand, the

environmental contamination problems are becoming a significant issue (Tan et al., 2021).

NHs is one of the major gases emitted by livestock manure, 80-90% of total NH; emissions
(Uwizeye et al., 2020), and has a significant effect on human health by combining with organic
volatile compounds to form aerosols (Ti et al., 2019). This emitted NH3 can affect air quality,
cause water and soil acidification when it is deposited on land or water bodies, eutrophication,
and loss of biodiversity (Zhang et al., 2021). Also, NHs plays an important role in GHG emissions,
as it can be transformed into N2O, one of the most influential GHG, by ammonia-oxidizing
bacteria (Prosser et al., 2020).

High quantities of N-O are related with the N use efficiency in the animal, manure, soil, and crop
fertilization chain (Singh et al., 2010), and NHs emissions from manure are mainly coming from
urea excretion, which is highly volatile (Tan et al., 2021). Specifically in ruminants, the nitrogen
use efficiency is lower than the monogastric animals, 25% compared to 46% for swine
(Casamiglia et al., 2010; Millet et al., 2018) leading to waste nitrogen and favoring environment

pollution.

In addition, nutrient efficiency for ruminants also depends on a wide variety of other factors
including physiological cow status, digestive function, metabolic partitioning, genetics, and the
type of feed in diet (Bach et al., 2020), that modifies rumen microbiome (Hartinger et al., 2018).
True protein is decomposed to peptides, oligopeptides, then into smaller peptides and finally into
amino acids. One small part of the amino acids is directly used for protein synthesis, but the major
part is deaminated first to NH; to be part of the microbial produced proteins (Firkins et al., 2007;
Shen et al., 2018). However, when the feed protein exceeds the ruminal microbiota necessities,
especially when there is protein overfed in intensive production, there is an excess of NH3 that
will be excreted in the form of urea (Bach et al., 2005; Tan et al., 2021).

The entire deamination process involves a huge variety of microorganisms including mainly
proteolytic and peptidolytic bacteria, ureolytic bacteria and deaminating bacteria (Hartinger et al.,
2018), and only the last group degrades amino acids. Bladen et al., (1961) indicated that low NH3
production bacteria were the main ruminal NHs producers. Nevertheless, years later, Chen and
Russell, (1989) proclaimed another type of ruminal bacteria, which were less abundant but with
a high NHs production capacity, commonly known as HAP. This finding was later confirmed by
many other authors (Eschenlauer et al., 2002.; Flythe and Andries, 2009; Harlow et al., 2016).
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Therefore, several studies have been done to reduce ruminal NHs production and reducing HAP
activity. Tan et al., (2021) presented nutritional strategies to improve nitrogen retention and
reduce its emissions using plants or their extracts in diets such as essential oils or tannins. The
addition of essential oils in diet, such as clove oil and origanum oil, reduced the presence of
proteolytic bacteria, decreasing the level of NH3 on excreta. Tannins increase the pH of the rumen
and in consequence enhance the abundance of Ruminococcus and Fibrobacter, improving nutrient
digestibility and microbial protein synthesis. The reduction of CP in ruminant diets, as it has been
demonstrated in Chapter 5, or starch proportion in feed can reduce N emissions from manure.
Moreover, Flynthe et al., (2017) and Harlow et al., (2016), studied the use of hops (Humulus
lupulus L.) and spent yeast from craft breweries (with hops) in cow’s diet concluding that the

antimicrobial effect due to the a and  acids reduced the HAP activity and NH3 production.

Another approach to reduce the HAP and the associated NHs production could be the use of
bacteriophages or phages. Bacteriophages are viruses that infect bacteria, which are highly
specific. Lytic phages are capable to kill the infected bacteria via intracellular lysis (Luo et al.,
2018). The two main advantages of using phages as antibacterial agents are: i) low side effects
and disruption of microflora due to the phage specificity; ii) lack of bacterial resistance, associated
with antibiotics (Moodley et al., 2019). Nowadays, the use of phage therapy is only approved in
Russia, Georgia, and Poland, and for some specific cases in the US. In Europe it is not yet allowed
due to they are not yet satisfying the regulatory standards (Naureen et al., 2020) but they are
foreseen to be used in the near future, as the FDA (Food and Drug Administration) is open to their
regulation and the National Institutes of Health (NIH) recently awarded studies of phage therapy
(Barron, 2022).

Phages coexist with bacteria and consequently a large and diverse number of bacteriophages have
been found in the ruminal fluid (Gilbert et al., 2017; Klieve et al., 2004). These phages have been
studied and identified using different techniques such as electron microscopy, pulsed field gel
electrophoresis, culture-based techniques, and metagenomics. Gilbert et al., (2017), Gilbert et al.,
(2020), and Klieve et al., (1988) described phages infecting the following bacteria genera:
Ruminococcus, Streptococcus, Bifidobacteriu, Magnoovum, Methanobrevibacter, Prevotella,
Butyrivibrio, Lactobacillus, Eubacteriu, Selenomonas, Quinella, Bacteroides, Serratia, and

Bifidobacterium.

The hypothesis of this chapter is that the use of concentrated bacteriophages from the ruminal
fluid could reduce ruminal NH3; production by infecting and reducing HAP population isolated

from the same ruminal fluid.
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Materials and methods

Ruminal liguid collection

Two batches of ruminal fluid samples from four different dairy cow physiological stages: early
lactation (M1), late lactation (M2), dry-off (M3), and growing heifers (M4), were collected in the
experimental dairy cow station (EVAM) in Monells, Spain, using a rumen fluid scoop, as
described in Geishauser et al., (2012) in two different periods. Ruminal fluid was collected from
4 cows fed under a unique TMR for each physiological stage and pooled together to have 100-
200 mL of ruminal fluid to isolate both HAP and bacteriophages presents there. The ruminal fluid
was stored in 50 mL centrifuge tubes to be transported in a thermal box, minimizing change of

temperature.

Rumen cultivation

200 pL of each collected ruminal fluid were cultivated, in 20 mL sealed flasks, with 10 mL liquid
culture medium based on Chen & Russell, (1990) containing 15 g/L of Trypticase or Casamino
Acids, as nitrogen source, 64 mg/L of CaCl, - H,0, 100 mL/L of salt solution, 2.9 mL of volatile
acids mix solution, 600 mg/L L-Cysteine hydrochloride, 1 mL/L resazurin, 0.1 ml/L hemin, 2.5
mL glucose concentrated as it is indicated in Table 6. The pH of the medium was adjusted between
6-7 with 10N NaOH and the medium was sterilized at 121 °C during 20 min at the autoclave.
After the autoclave, the vitamins were added, previously filtrated through a 0.45 pm pore filter,

to avoid their denaturalization.
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Table 6. Solutions and vitamins concentration.

Salt solution g/L
K2HPO4 2.92
KH2PO4 2.4
Naz2S04 4.8
NaCl 4.8
MgSOs4-7H20 1

Volatile Acids Mix mL
Acetic 16
Propionic 6
Butyric 3.1
Valeric 1
Isovaletic 1
Isobutyric 1
2-Metyl-butytic 1

Vitamines mg/L

Pyridoxamine dihydrochloride 20

Riboflavin 20
Thiamine hydrochloride 20
Nicotinamide 20
Calcium pantothenate 20
Lipoic acid 10
Para aminobenzoic acid 5
Folic acid 5
Biotin 0.25
Coenzyme B12 5
Hemin 10mg/ml
Glucose 20%
Resazurin 0.1%

For solid media, 17 g/L of agar were added before autoclaving. To dissolve hemin 10N NaOH

was added, and for lipoic acid and para-aminobenzoic acid, ethanol 100%.
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The liquid culture was incubated in anaerobic conditions, using the Gas-pak system® (Becton,
Dickinson and company; New Jersey, USA), during 3-5 days at 38 °C, until turbidity was evident.
Ruminal fluid from each cow stage was cultivated separately and a control media, without ruminal

fluid, was added to check for contamination.

The liquid cultures were then inoculated in solid media plates to visually identify and isolate
different colonies through the streaking technique. The isolated colonies, first separated by
morphology and then by 16S rDNA sequencing, were preserved in cryopearls with anaerobe
formulation Protect Select (Technical Service Consultants Ltd., UK) at -80°C.

Anaerobiosis conditions and media modifications

In order to identify a higher variety of species, the anaerobic cultivation conditions were improved
with the second batch of samples. At this time, Argon gas was introduced to the ruminal fluid
cultivated in liquid media to remove all presence of oxygen inside the flasks. Moreover, as almost
all the isolated bacteria from the first experiment were grown with trypticase, and only one with
casamino acid, it was decided to only utilize trypticase as N source in the second assay.

Selection of the HAPs

The isolated colonies were cultivated in the same liquid media to analyze their NH3 production.
Pure colonies were inoculated to 20 mL flasks with 10 mL of the liquid culture media, together
with a control, without any colony, and incubated 5 days at 38 °C under anaerobic conditions,

following the previously described methodology.

Initial and final media samples were taken to analyze, after centrifugation to determine only the
soluble NHjs, total ammonia nitrogen with a distillation unit Buchi® ((BUCHI Labortechnik
GmbH, The Netherlands) through the total ammonia nitrogen method (method 4500-NH3-C;
APHA, 2005). The concentration of N-NHs* was transformed to nmol NHs/min/mg protein to

compare with literature. Colonies with N-NH,* production lower than the control were rejected.

Sequencing 16S rDNA

The DNA extraction of the isolated colonies was performed with DNA genomic kit (Dneasy
Blood & Tissue Kit, QIAEGEN N.V., The Netherlands), amplified by PCR with a Thermal Cycler
(SimpliAmpTM Thermal Cycler, Thermo Fisher Scientific Inc., USA), and purified with a clean-
up kit (QIAquick PCR Purification Kit, QIAGEN N.V., The Netherlands).

The sequencing of all DNA fragments was determined by Macrogen Inc., on an ABI 3730XL

sequencer.

77



Bacteriophages concentration and visualization

To concentrate bacteriophages from the ruminal fluid of each different lactating phase and
growing heifers, individual samples of each animal were mixed by type of animal, and it was
centrifuged at 10,000 rpm for 10 min. The supernatant was collected, and the process was repeated
4 times. Final supernatants were filtered through 0.45 um polyester sulfone membrane filters. The
filtered supernatants were then concentrated 16 times by ultracentrifugation (Optima TM XPN-
100, Beckman, California, USA) with a 90Ti rotor (Beckman, California, USA) at 68.584 g for
2h and 15 °C.

The resulting pellets were dissolved in 0.5 mL of MgSO. 10mM, agitated at 200 rpm and room
temperature overnight. The obtained bacteriophage suspensions were filtered again through 0.45
pum polyester sulfone membrane filters.

The filtered suspensions were observed by transmission electron microscopy (TEM), to determine
the presence of bacteriophages in the samples, at “Servei de Microscopia” (Microscopy Service)
of the Universitat Autonoma de Barcelona. Before the observation, the samples were tincted with
uranyl acetate 2%.

Bacteriophages-HAPS interaction

The standard Double Layer Agar (DLA) method visualization was used to determine if any of the
obtained bacteriophages from the rumen could lyse the isolated HAP. The method is based on the

formation of lytic plaques (degradation halos) over the bacterial cultures.

A variation of the DLA method of Kropinski et al. (2009) was followed to prepare double layers
of Agar and bacterial cultures. 3 mL of 0.7% agar was mixed with 0.2 mL of liquid culture of
each isolated HAP, on top of a 1.5% agar plaque. The bacteriophages were not mixed with the
bacteria. As different stage cow rumen bacteriophages were collected, drops of 10 pL of each one
were placed on top of the soft agar for each isolated HAP. Plaques were incubated in anaerobiosis

at 38°C during 5 days before their observation.

Moreover, an in vitro assay (Figure 20), in which bacteriophages content from 40 mL of ruminal
fluid were concentrated to be inoculated with the liquid growing media for HAP, was performed
incubating the vials in anaerobiosis for 4 days at 38°C in a heated agitation plate (VWR
International, PA, USA) per triplicate and using a control with no bacteriophages addition. TAN
was determined at the beginning and at the end of the assay to assess bacteriophages efficiency

in reducing NHs production.
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Figure 20. In vitro assay of HAP growing media and ruminal bacteriophages concentrate.

Results

HAP isolation and identification

Colonies from the M2, M3 and M4 ruminal fluids were isolated and identified through sequencing
the 16S rDNA gene. Their NHsz production was determined to classify them into HAP. However,
no bacteria could be isolated from M1. Table 7 shows the isolated colonies with their NHs

production.
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Table 7. NHs production of the 16S rDNA sequenced bacteria of the isolated colonies during the first

assay.
NHs Production
- - 16 S - .
Ruminal Fluid (nmol/min/mg protein)
Clostridium botulinum /C. sporogenes 876
Sharpea azabuensis/Lachnospiraceae -
Terrisporobacter glycolicus (Clostridium glycolicum) 726
Late Lactation (M2)
Terrisporobacter glycolicus (Clostridium glycolicum) 626
Terrisporobacter glycolicus (Clostridium glycolicum) 617
Clostridium sporogenes. 576
Streptococcus sp. 840
Dry (M3)
Bisgaard Taxon 10/Actinobacillus succinogenes 146
Megasphaera elsdenii 682
Prevotella ruminicola 348
Heifers (M4) Enterococcus avium 357
Clostridium sporogenes. 617
Clostridium sporogenes. 583

Late lactation cows (M2) presented mostly Clostridium bacteria with high concentration of
produced NHas, with values ranging between 576-876 nmol NHs/min/mg protein. Sharpea
azabuensis was also identified but its production was the same as the control. For M3,
Streptococcus and Actinobacillus presented a production of 840 nmol NHs/min/mg protein and
146 nmol NHs/min/mg protein, respectively. Finally, the highest variability of bacterial genera
was observed in M4 samples. Megasphaera, Prevotella, Enterococcus and Clostridium were
isolated with NHs; production ranging between 357-682 nmol NHs/min/mg protein. All the
mentioned bacteria were growth with Trypticase as nitrogen source except for Enterococcus

which was growth with Casamino acid.

HAP isolation and identification with Argon inoculation

In this occasion, bacteria from all cow stages ruminal fluid (M1, M2, M3, M4) were isolated and
identified following the same steps as in the previous assay. Table 8 shows the sequenced bacteria

identification and their NH3 production.
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Table 8. NHs production of the 16S rDNA sequenced bacteria of the isolated colonies during the second
assay.

NH3 Production
16 S

Ruminal Fluid (nMol/min/mg protein)

Clostridium argentinense/BLAST: C. subterminale/C.argentinense 570

Staphylococcus warneri 13
Early Lactation (M1)

Clostridium sporogenes 419

Clostridium sporogenes 525

Acidaminococcus fermentans 602
Late Lactation (M2)  Clostridium sporogenes 440

Streptococcus gallinarum -

Clostridium sporogenes 426
Clostridium argentinense/schirmacherense 722
Dry (M3) Clostridium argentinense/BLAST: C. subterminale/C.argentinense 614
Streptococcus gallinarum 44
Clostridium sporogenes 472
Heifers (M4) Clostridium sporogenes 424

In M1 samples bacteria from the genera Clostridium and Staphylococcus were observed.
Staphylococcus warneri with a negligible NHs; production, and Clostridium argentinese and
sporogenes with an NH3 production between 419 to 570 nmol NHs/min/mg protein (Table 8). M2
bacteria genera were different from the first experiment, except for Clostridium.
Acidaminococcus, Clostridium and Streptococcus were isolated during the second assay, with
ammonia productions values ranging between 440 and 602 nmol NHs/min/mg protein, except for
Streptococcus, with a zero-production compared to the control. Dry cows’ ruminal fluid (M3)
showed two species of Clostridium: Clostridium sporogenes with an NHs production of 426 nMol
NHas/min/mg protein and Clostridium argentinense with an NHsproduction ranging between 614-
722 nmol NHa/min/mg protein. Streptococcus was also isolated from M3 samples with a marginal
production of NHs. Regarding M4, only one colony of Clostridium sporogenes was isolated this

time, with a production of 424 nmol NHs/min/mg protein.

Bacteriophages Identification and efficiency

In Figures 21 (M1 samples), 22 (M2 samples), 23 (M3 samples), and 24 (M4 samples) images of
the bacteriophages isolated from rumen observed under TEM are shown. Different morphologies

of bacteriophages mostly with long tail compatible with Myoviridae or Siphoviridae with

81



contractile and noncontractile long tail were observed. In some of the M2 and M4 samples,
morphologies compatible with short tail Podoviridae family were found. In terms of quantity, M3

presented the smallest number of bacteriophages.

Figure 21. Transmission electron microscopy images of the ruminal fluid samples M1-Early Lactation,
concentrated by ultracentrifugation. Scale bars are indicated in each image. The red arrow indicates a
Siphoviriae bacteriophage. The yellow arrow indicates a Myovirdae bacteriophage.
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Figure 22. Transmission electron microscopy images of the ruminal fluid samples M2-Late Lactation,
concentrated by ultracentrifugation. Scale bars are indicated in each image. The blue arrow pointed to a
Podoviridae bacteriophage.

200 nm

Figure 23. Transmission electron microscopy images of the ruminal fluid samples M3-Dry, concentrated
by ultracentrifugation. Scale bars are indicated in each image.
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Figure 24. Transmission electron microscopy images of the ruminal fluid samples M4-Heifers,
concentrated by ultracentrifugation. Scale bars are indicated in each image.

After the DLA, combining the isolated HAP with the bacteriophage’s solution, no interaction or

clear ring appeared on the incubated plaques.

During the in vitro assay of liquid media, we could not observe any significant differences
between the control and the bacteriophages media (Table 9), both with N-NH.," production
increase over 600%.

Table 9. N-NHa4* production of the liquid in vitro assay with concentrated bacteriophages.

Control Bacteriophages SEM p-value
Initial N-NH4* (mg/kg) 97 97 1.2 0.85
Final N-NH4* (mg/kg) 766 745 11 0.24
TAN variation (%) 693 668 16 0.34
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Discussion

HAP identification

Deamination of amino acids in the rumen is performed by 2 groups of bacteria, and both produce
NHs. The first one presents a major number of species with an activity of 10-20 nmol NHs/min/mg
protein. This includes Butyrivibrio fibrisolvens, Prevotella ruminicola and Megasphaera elsdenii
(Hartinger et al., 2018). The second group represents the HAP, with an activity higher than 300
nmol NHs/min/mg protein according to Hartinger et al., (2018) or 250 to Eschenlauer et al.,
(2002).

In previous works, Clostridium aminophilum, Clostridium sticklandii, Peptostreptococcus
anaerobius, Clostridium sp., Eubacterium sp., Aciadminococcus fermentans, Clostridium
sticklandii, Clostridium bifermentans, and Clostridium argentinense were isolated from ruminal
fluid and identified as HAP (Atwood et al., 1998; Eschenlauer et al., 2002; Flythe et al., 2017;
Hartinger et al., 2018; Paster et al., 1993), with NH; productions between 552-945 mmol
NHs/min/mg protein. In this experiment, except for Shapea azabuensis, Streptococcus
gallinarum, Actinobacillus succinogenes and Staphylococcus warneri, all the isolated colonies
produced more than 300 mmol NHz/min/mg protein (Tables 7 & 8), the stablished NHs production
limit to be considered HAP by Hartinger et al., (2018). Staphylococcus warneri was considered
a contamination, since it is not a ruminal bacterium but a common human and animal skin
bacterium (Kunuparthy et al., 2020), who proved to growth in a specific media for HAP.
Actinobacillus succinogenes is a well-known succinic acid-producing bacteria (Taraka and
Doddapaneni, 2021) from the bovine rumen, Streptococcus gallinarum is a common intestinal
bacterium (Taban et al., 2014) also found as mastitis pathogen (Yun et al., 2020), and Sharpea
azabuensis is a ruminal bacterium that metabolizes linoleic acid (Dewanckele et al., 2019).
Regarding Clostridium species, Clostridium sporogens, Clostridium glycolicum and Clostridium
argentinense were isolated and presented as HAP, as they produced between 419-876 nmol

NHs/min/mg protein.

Streptococcus sp. were found to produce a high quantity of NH; (840 nmol NHs/min/mg protein).
Despite literature does not describe any Streptoccoccus as HAP, among Streptococcus sp., S.
bovis was mentioned to be a deaminating bacteria (Hartinger et al., 2018). As it is difficult to
differentiate Streptoccoccus because of its imperfect phenotypic attributes (Dekker and Lau,
2016), DNA sequencing for Streptococcus sp. should be improved to better assess the high-

producing Streptococci specie found in the present study.

Megasphaera elsdenii and Prevotella ruminicola are described as a deaminating bacteria, but not
in the HAP group. However, in this study, the production of NHs; was higher than 300 nmol

NHs/min/mg protein, and even comparable to Clostridium, (682 nmol NHs/min/mg protein) in
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the case of M. elsdenii. Even though Hartinger et al., (2018) defined that some strains of M.
elsdenii have NHs; production rates comparable to HAP there are no further studies considering it
as a HAP or analyzing this possibility. P. ruminicola is considered proteolytic, peptidolytic and
deaminating bacteria. As its production was barely over the defined limit for HAP (300 nmol

NHs/min/mg protein), it would be necessary to analyze deeply their production and metabolism.

Enterococcus avium is a host-associated opportunistic pathogen focused on the intestinal
microbiota and it has been isolated from humans, dogs, cats, and cows (Staley et al., 2014).
Moreover, it was detected in feces from young cattle (Deviese et al., 1992), like in this study that
it appeared from the ruminal fluid of heifers (M4). Even the NHs production was over 300 nmol
NHas/min/mg protein we could not consider it as a ruminal HAP, as it is not their natural habitat.

Eschenlauer et al. (2002) referred to Acidaminococcus fermentans as a HAP as it produced 10
times more NHj; than the rest of the deaminating bacteria studied at that moment, between 168 —
285 nmol NHs/min/mg protein. Although in Eschenlauer et al. (2002) study, Acidaminococcus
fermentans did not reach the threshold to be considered HAP, in the present study, the production
of NH3 was even higher, 602 nmol NHs/min/mg protein (Table 8).

Differences in microbial population found in the different groups (M1, M2, M3, M4) can be
related to the differences in feed intake during different stages, as feed affects the rumen
microbiome. 1-3-day old heifers showed Streptococcus as dominant species, young calves fed
with whole milk presented more Prevotella, and in adult cattle the dominant population was
Bacteroidetes (Ryu et al., 2022). Moreover, the microbial fecal composition of dairy heifers
changes constantly during the first weeks of life (Malmuthuge et al., 2014), when diet is
constantly changing and adapting to the animal requirements. This assumption matches the
current work, as M4 was the one with the most variety of species compared to adult cow samples

(M1, M2, M3), with mainly Clostridium species.

In addition, the modification of the cultivation method with Argon allowed to isolate

Acidaminococcus fermentans, a strictly anaerobic bacterium.

Bacteriophages-HAP interaction

Few studies have reported ruminal bacteriophages. Ambrozi¢ et al. (2001), Iverson and Millis,
(1974), and Klieve et al. (1988) described bacteriophages isolated from the ruminal fluid that
infect Bifidobacterium ruminale, Fusobacterium necrophorum, Magnoovum eadii,
Methanobrevibacter sp., Prevotella bryantii, Streptococcus bovis, Streptotoccous durans and
Serratia spp., and most of them were in lysogenic state, representing a symbiosis between phages
and hosts (Klieve et al., 1996). Berg Miller et al., (2012) associated most of the ruminal fluid

bacteriophages with the ruminal bacterial phylum Firmicutes and Proteobacteria.
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Gilbert et al., (2017) reported the first complete genome of lytic bacteriophages related to
Bacteroides, Ruminococcus, and Streptococcus, isolated from municipal sewage, bovine fecal
waste material, and bovine ruminal fluid. The phages were classified as Siphoviridae and
Podoviridae. At the same time, Anderson et al., (2017) observed that the most abundant phages
and prophages in the ruminal fluid were from the Mimiviridae, Myoviridae, Podoviridae and
Siphoviridae families, as also observed by TEM in the present study (Myoviridae, Podoviridae

and Siphoviridae families).

In this chapter, isolated bacteria were from the genera Clostridium, Streptococcus, Megasphaera,
Prevotella, and Acidaminococcus, in the phylum Bacillota and Bacteroidota. Only Streptococcus
was susceptible to be host-related for the isolated phages (Siphoviridae and Podoviridae phage
families). However, in this study, none of the isolated phages infected the HAP. The last
experiment, in vitro cultivation of ruminal fluid with ruminal bacteriophages concentrate
confirmed the absence of potential bacteriophages affecting the HAP as the NH3 production were
not significantly different from the control. There are existing phages infecting some of the
isolated HAP, such as bacteriophage ATCC 8074-B1 for Clostridium sporogenes (Mayer et al.,

2012). However, this phage was not isolated from ruminal fluid but from wastewater.

As bacteriophages affecting the isolated HAP were not find, the use of bacteriophages from a
bank/collection to inoculate them into ruminal fluid and media for HAP in in vitro conditions
could be a strategy to identify bacteriophages against HAP and to test them as a method to reduce
rumen NHs production. Moreover, as the microbiota from the rumen tends to change with diet
variations (Loor et al., 2016), ruminal fluid samples from different cows’ diets could be useful to

find different species of bacteriophages and HAP as well.

Conclusions

After isolating bacteria from dairy cows’ ruminal fluid, we observed that Clostridium sporogens,
Terrisporobacter glycolicus (Clostridium glycolicum), Megasphaera elsdenii, Clostridium
argentinense, Stretococcus sp., Prevotella ruminicola, and Acidaminococcus fermentans
presented an NHs production high enough to be considered as HAP (348 — 876 nmol NHs/min/mg

protein).

The effect of the cows’ stage, directly related to the diet, influenced the variety of species we
found in their ruminal fluid. Clostridium genera was the main HAP isolated from rumen samples
of dairy cows and growing heifers. Other genera such as Acidaminococcus and Terrisporobacter
were only present in dry cows, while Megasphaera elsdenii in heifers, suggesting physiological

status or diet as factors influencing the presence of HAP.
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The use of argon to improve anaerobiosis conditions allowed to isolate Acidaminococcus

fermentans, a strict anaerobic bacterium, which produced 602 nmol NHs/min/mg protein.

Although bacteriophages from the Myoviridae, Podoviridae and Siphoviridae families were
identified in the ruminal fluid, none of them infected the obtained HAP. The in vitro assay did
not show any interaction with the bacteriophages from dairy ruminal fluid. However, an in vitro
assay using bacteriophages from a bank/collection against ruminal fluid may help to identify HAP

phages evaluating NHs production.
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Abstract

The increase in energy and fertilizer consumption makes it necessary to develop sustainable
alternatives for agriculture. AD and digestates appeared to be suitable options. However,
untreated digestates still have high water content and can increase greenhouse gas emissions
during storage and land application. In this study, manure-derived digestate and solid fraction of
digestate after separation were treated with a novel solar drying technology to reduce their water
content, combined with acidification to reduce the gaseous emissions. The acidified digestate and
acidified solid fraction of digestate recovered more TN and TAN than their respective non-
acidified products (1.5 — 1.3 times for TN; 14 times for TAN). NH; and CH4 emissions were
reduced up to 94% and 72% respectively, compared to the non-acidified ones, while N2O
increased more than 3 times. DD and DAD can be labeled as NPK organic fertilizer according to
the European regulation, and the dried solid fraction and the improved dried acidified solid
fraction can be labeled as N or P organic fertilizer. Moreover, plant tests showed that N
concentrations in fresh lettuce leaves were within the EU limit with all products in all cases.
However, zinc concentration appeared to be a limitation in some of the products as their
concentration exceeded the European legal limits.

The content of this chapter has been published as Morey, L., Ferndndez, B., Tey, L., Biel, C.,
Robles-Aguilar, A., Meers, E., Soler, J., Porta, R., Cots, M., Riau, V. 2023. Acidification and
solar drying of manure-based digestate to produce improved fertilizing products. Journal of
Environmental Management. Volume 336, 15 June 2023, 117664.

https://doi.org/10.1016/j.jenvman.2023.117664.
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Introduction

The consumption of fertilizers in Europe increased 6.9% for nitrogen and 21.9% for phosphorous
since 2010 (Eurostat, 2022) and it has been a tendency since the past decades (Liu et al., 2015).
Therefore, the recovery of biobased fertilizers from animal manure to partially replace synthetic
mineral fertilizers should be considered a key strategy to move towards a more sustainable
agriculture. In this regard, AD is a valuable process to treat livestock manure since, apart from
the generation of biogas as a renewable energy source, it allows to recycle nutrients from the
derived digestate as fertilizer (Barzee et al., 2019; Horta and Carneiro, 2022), besides some other
alternative valorizations (ethanol production, nutrient-enriched microalgae, or membrane
concentration of specific nutrients). However, depending on the agricultural practices during their
storage and land application, digestates could release volatile organic compounds and gaseous
emissions, and generate water eutrophication (Battista and Bolzonella, 2019; Salamat et al.,
2020). Therefore, further processing of digestates to improve their fertilizer efficiency and

minimize emissions should be studied.

Different technologies have been proven to handle digestate or recover their nutrients. Mechanical
separation is usually the first step, splitting digestate into concentrated and clarified fractions that
are further treated afterwards. The clarified or “liquid” fraction can go through membrane
separation that concentrates nitrogen and phosphorus compounds using a selective barrier
(Sengupta et al., 2015) or through the stripping process to recover ammonium as ammonium
sulfate (Laureni et al., 2012) and ammonium nitrate (Sigurnjak et al., 2019). The concentrated or
“solid” fraction can also be treated by composting to stabilize the OM (Céceres et al., 2018) or
drying to reduce its water content (Angouria-Tsorochidou, 2022). Focusing on drying
technologies, many installations have found that drying the digestate or the solid fraction of
digestate is an economically viable approach because the end-product would strongly reduce its
volume, being more suitable for exportation due to a reduction of transportation and storage costs
(Lebuf et al., 2012) (Salamat, 2020).

Opposite to conventional thermal dryers, solar dryers have been used as a traditional method for
food preservation (Jairaj et al., 2009). Moreover, in countries with high solar radiation, it is an
energetically sustainable method (Ndukwu et al., 2018). In 2005, the “Institute of Heat
Engineering, Warsaw University of Technology” developed the concept of solar dryers for
wastewater where the energy use is considerably lower than in other drying facilities (Krawczyk
et al., 2011). Conventional driers (convective drying, conductive drying, fry drying) require a
specific energy consumption between 700 — 1400 kWh per ton of evaporated water, while solar
dryers 30 — 200 kWh per ton of evaporated water when they are combined with heated floors

(Salamat et al., 2020). Nowadays, solar drying for sewage sludge is a reality, with companies
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developing solar drying treatment systems at full-scale. Recently, Battista and Bolzonella (2019)
have studied the solar drying of digested slurry to recover ammonium sulfate using a solar dryer
with a greenhouse configuration at the laboratory scale, promoting the use of solar energy in the
treatment of waste. However, solar dryers have not been tested yet at full scale to produce organic

fertilizers from manure-derived digestates.

One of the risks when drying nitrogen-rich digestates is the volatilization of nitrogen as NH3
(Stambaskhy, 2013). In this sense, an interesting approach to reduce NHszemissions is using acidic
agents to shift the acid-base equilibrium to ammonium (NH4") (Fangueiro et al., 2015). Prenafeta
et al. (2021) studied the combination of acidification with the solar drying of fresh pig slurry to
control NH3z and GHG emissions on a pilot scale. Recently, Dalby et al. (2022) reported a decrease
in CH4 emissions by 63-99% during the management of pig slurry after acidification at pH = 5.5.
However, there are no references to studies that measure emissions at a bigger scale and, at the
same time, aim to produce fertilizers from digested manure as a valorization or post-treatment

technology.

This work aimed to assess the efficiency of a nutrient recovery process of manure-based digestate
that combined the acidification, solar drying, and final addition of the N-poor liquid fraction
obtained after the stripping of the liquid fraction of digestate in the production of more sustainable
organic fertilizers. The study focuses on reducing water content, conservation of nutrients, and
reduction of GHG and acidifying emissions, followed by a pot phytotoxicity test and a comparison

to the current European Fertilizers Regulation to determine the viability of the final products.

Materials and methods

Fertilizers production at a semi-industrial scale

The production of digestate-derived fertilizers (Figure 25) was done in two periods. First, a set of
four products were obtained: dried digestate (DD), dried acidified digestate (DAD), dried solid
fraction of digestate (DSF), and dried acidified solid fraction of digestate (DASF). Second, after
the first results, an improved trial was performed to produce a new dried acidified solid fraction
of digestate (DASF2) and a dried mixture (DM) of the acidified solid fraction of digestate (ASF)
with a secondary stream with a low nitrogen content (stripped liquid fraction; SLF), coming from

a stripping process, in a ratio ASF:SLF of 3:1 (wet mass).

All fertilizers were produced by duplicate in a semi-industrial solar drying plant, with two
greenhouse-type solar dryers (Figure 26), beside a biogas plant (Vila-sana, Lleida, Spain) where
the digestate was generated. This biogas plant treated pig manure and agro-industrial wastes (on
a yearly average, pig manure 41%, sewage sludge mixture 50%, and others 9% of total incoming

daily inflow) at 37°C with a hydraulic retention time of 50 days. The sewage sludge mixture (on
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a yearly average, slaughterhouse sewage sludge 30%, municipal sewage sludge 9%, dairy sewage
sludge 6%, brewery sewage sludge 5%) was designed by the biogas plant operator considering
that the concentration of heavy metals per each type of sludge was always below the limit defined
by the Spanish regulation about the use of sewage sludge in the agricultural sector (RD
1310/1990).

D
— —
> > ‘o'
% . DD
o
SF
> D — DSF
DASF
ASF l Solar Drying ‘ oM
—>

- ASF + SLF (3:1)
e A =
Digestion Centrifuge

\
LF
v

Stripping

o

Ammonium Sulfate

Figure 25. Diagram with all the digestate-derived fertilizers produced. Abbreviations: D, digestate; AD,
acidified digestate; C, centrifuge; SF, solid fraction of digestate; LF, liquid fraction of digestate; ASF,
acidified solid fraction; SLF, poor-nitrogen stream after LF stripping process; DD, dried digestate; DAD,
dried acidified digestate; DSF, dried solid fraction; DASF, dried acidified solid fraction; DM, dried mixture of
ASF and SLF.

Figure 26. Greenhouse solar dryer and turning machine in the semi-industrial installation.
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The production of the digestate-derived fertilizers was performed from mid-April to mid-
September (same period in years 2020 and 2021), with an ambient temperature ranging from
4.9°C to 40.1°C in 2020, -0.3°C to 41.2°C in 2021, and an annual mean solar radiation of 16.3
MJ/m? (Servei Meteorologic de Catalunya, 2021). First, a concentrated stream or solid fraction
(SF) was produced from digestate by a solid-to-liquid separation process (centrifugation plus a

previous addition of a polyelectrolyte-type flocculant and antifoam agent).

The acidification of digestate or SF was done once before drying, adding a solution of sulfuric
acid (richness 50%; doses of 0.028 g-sulfuric/kg) till a pH of 5.5-6.0 according to the best
available techniques to avoid NH; emissions (Satonja et al., 2017). This process was controlled
by a digital pH controller and the pump was adding sulfuric acid solution into a screw that fed the
solar dryer until the desired pH was reached. Two drying lines were available; each comprised
one solar dryer, one air blower, and one biofilter. Each greenhouse solar dryer had a working area
of 468 m? (total area of 625 m?; length 80 m; width 7.8 m; height 3.7 m), divided into two subareas
of 234 m? each (length 30 m) to dry per duplicate each product simultaneously. A turning machine
(Figure 30) distributed the material evenly and prevented crusting (maximum thickness of 40 cm).
A natural airflow (mean flow of 2.8 m/s) was sucked from inside the dryer with a blower
(operating 10 h/d with 100% of its maximum flow) that directed it to the biofilter (height 5.1 m;
diameter 2.35 m), filled with pine bark and mature compost (ratio 10:1, in volume). The front
door of the greenhouse driers remained open to promote natural airflow convection. The drying
process was operated in batch mode (4,000 kg per batch for digestate or AD and 3,600 kg per
batch for SF or ASF).

The clarified fraction of digestate or liquid fraction (LF) after centrifugation was submitted to a
stripping process (Figure 25), followed by an absorption process to recover NH; as ammonium
sulfate (AS; richness 17%). In addition to AS, a low nitrogen concentration stream or SLF was
obtained after stripping. This stream was blended with ASF, in a ratio ASF:SLF =3:1, to produce
a dried mixture (DM) to improve the nutrient (mainly nitrogen) concentration of DASF and

valorize SLF or secondary stream.

During the drying process, the temperature of the air and products was registered, reaching
temperatures up to 58°C in the materials (Figure 27). Samples of the initial, intermediate (once
per week), and final materials, as well as gaseous emissions (NHs, CHa, N2O), were collected.
For the sampling, the drying area (234 m?) was divided into two equivalent zones (117 m?) where
two sampling points were fixed. In these points, representative samples of the corresponding
materials were taken within a 10-20 cm depth. These two sampling points per drying zone were
also used to collect the gaseous emissions. The effect of acidification was assessed by comparing
the acidified and non-acidified products in terms of (i) recovered TN, recovered TAN, TC, TP,
and TK; (i) the reduction of GHG and NH3 emissions; and (iii) phytotoxicity of the products.
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583 °C

Figure 27. Thermographical image of the digestate being dried inside the greenhouse solar dryer
(3 August 2020).

Gaseous emissions

Gaseous samples were taken inside the semi-industrial solar dryers using a dynamic chamber
(dimensions 1030 x 530 x 250 mm; Odournet GmbH, Germany), placed directly above the
material and equipped with a pump that ensured a laminar airflow (Prenafeta-Boldu et al., 2015;
Torrellas et al., 2018). The temperature inside each solar dryer was registered while sampling.
All samples were collected in duplicate.

The samples (30 mL) for the determination of the GHG (GHG: CHas, N.O, CO;) were collected
in 12.5 mL vacutainer-type tubes (Labco Ltd., Buckinghamshire, UK) per duplicate. This
measurement was done using a gas chromatograph (Thermo Trace 2000, Thermo Finnigan
Scientific) equipped with a flame ionization detector and an electron capture detector (model

7820A, Agilent). Results were expressed as ppm at 25°C.

The measurement of the NH3 concentration was also done in situ with a portable sensor (model
GX-6000, RKI Instruments; sensitivity range of 0.5 to 150 ppm v/v) equipped with an
electrochemical detector, directly connected to the outflow of the dynamic chamber. When the
sensor was not available, samples for NHs determination were taken by bubbling 3 L of air
(outflow of the dynamic chamber) into 20 mL acid solution (sulfuric acid 10%) tubes, which were
analyzed by UV-VIS spectrometry (Hach Lange DR2800) according to the NIOSH 6015 method

(Eller and Cassinelli, 1994). Results were expressed as ppm at 25°C.

The GHG and NH; emission flux (mg/m?h) at 25°C was calculated by multiplying the
corresponding concentration, after converting gas concentrations from ppm to mg/m? by equation
(2) (National Research Council US, 2001) at 25 °C, by the hood internal flux (30 m3/m?h). The
cumulated gas emission after 21 days was calculated by the trapezoidal method of integration
(Levy et al., 2017; Dalby et al., 2022).

Eq.2 ppMTe = (MG/M3) * (24.46/MW) * (760/P) * (T/298)
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Where P, sampling site pressure (mm Hg); T, sampling site temperature (K); MW, molar

weight (g/mol); NTP, normal temperature and pressure.

The measured GHG were expressed as equivalent of CO, (tCO-eq) using 28 mgcoz/mgcra and
265 mgco2/Mgnzo as conversion factors (Myhre et al., 2013). The emissions of CO, were not
considered to calculate the total CO- equivalent due to the livestock COs- is net-zero (Gavrilova,
2019).

Phytotoxicity assay

A pot experiment with seedlings of lettuce (variety Maravilla) was made to test the potential
phytotoxicity and fertilizing effect of the dried products compared to a commercial soluble
fertilizer (Agrolution). Each pot had a volume of 250 cm?®. The substrate used in the experiment
was a mixture of peat and perlite in a 1:1 ratio. The watering was done daily to keep the proper
moisture content. Four aqueous extracts (ratio 1:10, in volume) of the products DD, DAD, DSF,
and DASF were prepared, mixing 100 g of material and 1 L of distilled water and letting stand
for 6 hours before filtering. Each extract was diluted 85%, 75%, 50%, 25%, and 0% with distilled
water. The pH, conductivity, TAN, and NOs-N were measured in each extract. After observing
the high NH4* concentrations in the DAD extracts, it was decided to apply more diluted extracts
only for this product: 90%, 80%, 70%, and 50% dilution. Twelve applications of 20 mL of each
extract and dilution per plant were added to the corresponding pot during the growing period
(n=20). The plants were grown in a heated greenhouse (IRTA Cabrils, Spain) for 63 days avoiding
temperatures below 5°C. After harvesting, the plants’ fresh weight of 10 replicates was measured,
and consecutively, plants were dried at 60 °C for 72 hours until constant weight. Dry biomass was

ground to particles <2 mm.

Physic-chemical characterization of fertilizers and plant analyses

Samples of initial raw materials, as well as intermediate and final samples of dried fertilizers,
were characterized. The Standard Methods (APHA, 2005) were followed to measure conductivity
(method 2510); pH (method 4500-H*); total ammonia-nitrogen (TAN; method 4500-NH3-C),
determined using a Buchi distillation unit (BUCHI Labortechnik GmbH, The Netherlands); and
TS and VS (method 2540G) of all samples. The content of TC and TN was measured in all
samples using an elemental analyzer LECO® (Leco Corporation, Michigan, USA) (1SO-13878,
1998). In addition, the products at the beginning and end of the drying process were characterized
by their content of total phosphorus (TP, expressed as P,Os), total potassium (TK, expressed as
K-0), TOC, and heavy metals. The content of TP and TK was determined by optical emission
spectrometry ICP-OES (US Department of Agriculture, 2018).

Plants from the growth assessment tests were subjected to microwave digestion (CEM MARS 6,

USA). The nutrient content and metal concentration in the samples were analyzed by ICP-OES.
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The TC and TN contents were analyzed using the CN analyzer (Skalar Analytical BV, the
Netherlands).

Data analysis and statistics

After analyzing several digestates from the biogas plant (Table 10) and comparing them with data
from the literature (Table 11), it became clear that the wide variability in the characteristics of the
digestate depends on the feedstock of the anaerobic digesters. The same analysis were performed
with SF and SLF. Thus, given the variability of initial materials shown in Table 10, recovery
indexes were calculated in this study using the mean value of each characterizing parameter for
every drying batch (initial vs. final material per batch). Then, the nutrient recovery efficiency and
the reduction of gaseous emissions were compared between the acidified products with their non-
acidified equivalents.

One way ANOVA was used as a statistical analysis to determine the significance of the effect of
acidification on the digestate and solid fraction of digestate emissions (total accumulated CHa,
NHs and N2O in gCOz/m?), with a confidence value of 95%, using IBM SPSS as statistical
software (SPSS Inc., Chicago, USA).

For the plant biomass growth, Tuckey mean separation was performed via one way ANOVA both

for dry weight and wet weight.
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Table 10. Characteristics of digestates (D), concentrated fractions of digestates (SF), clarified fraction of
digestates (LF), sampled in 2 years of experimentation. Abbreviations: TC, total carbon; TN, total nitrogen;

N-NH4*, ammonium; TS, total solids; VS, volatile solids, TP, total phosphorus; TK, total potassium.

TC TN N-NH4* TS VS TP TK
Dry weight % % % % % % %
33 10 6.9 5.3 64 29 14
- 22 14 2.9 65 2.7 1.3
19 5.2 7.2 6.9 64 - -
32 5.9 8.1 6.5 65 - -
33 6.2 7.3 6.9 64 - -
34 6.1 7.1 7.1 65 - -
34 5.5 7.1 7.1 67 - -
37 5.7 7.8 6.6 62 - -
35 5.9 7.4 6.8 64 - -
34 5.2 6.7 1.7 65 - -
Digestate D
34 5.2 7.1 7.1 62 - -
30 11 75 7.0 60 - -
30 19 13 4.0 92 - -
29 11 7.5 7.1 54 - -
24 15 10 52 58 - -
29 11 7.3 7.3 56 - -
28 38 7.8 6.9 58 - -
29 37 7.2 7.4 59 - -
29 10 7.0 7.4 59 - -
28 10 7.1 7.3 56 - -
AverageD 29 12 8.1 - 63 6.4 1.6
Std.dev. 1.7 9.7 1.9 - 7.5 0.3 0.1
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Table 10. Continuation. Characteristics of digestates (D), concentrated fractions of digestates (SF),

clarified fraction of digestates (LF), sampled in 2 years of experimentation.

TC
34
31
Liquid fraction of
digestate 32
(LF)
31
48
Average
LF 35
Std.dev. 6.4
34
31
58
Solid fraction of 59
digestate
(SF) 29
31
33
33
Average SF 38
Std.dev. 11

TN

38

17

24

19

59

32

16

5.2

59

6.2

5.8

52

5.1

51

51

54

0.4

N-NHs*

32

13

20

19

43

25

11

1.9

1.8

4.2

2.0

1.9

21

2.2

2.2

2.3

0.8

TS

1.0

3.5

2.3

3.3

0.9

24

25

14

20

29

24

25

25

VS

66

56

61

63

65

62

3.4

58

59

57

99

56

57

57

57

62

14

TP

2.7

2.7

2.7

0.0

TK

0.3

0.4

0.3

0.1
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Table 11. Comparison of digestates from several AD plants from literature. Abbreviations: LF (liquid
fraction); SF (solid fraction); n.a. (not available).

VS TC TN TAN TP TK

Material Influent of the biogas plant TS (%) Reference
(%TS) (%TS) (%TS) (%TS) (%TS) (%TS)
41% pig manure — 59% agro- .
D ) ) 6.5+1.2 63475 29+7.7 12497 8.1+19 2.8+0.1 1.440.1 this study
industrial wastes
41% pig manure — 59% agro- .
LF ) ) 2.6+1.0 62+34 35+6.4 32+16 25+11 n.a. n.a. this study
industrial wastes
41% pig manure — 59% agro- .
SF . ) 23+4.1 62414 38+11 55104 2.3+0.7 2.7+0.1 0.3+0.1 this study
industrial wastes
Agricultural wastes+ cattle Torrisi et al.,
D 4.3 50 n.a. 11 6.4 n.a. n.a.
manure + poultry manure 2021
) ) Jimenez et al.,
D Pig manure + energetic crops 4.4 70 40 12 8.8 1.0
2020
Average of pig slurry, cow slurry Tambone et al.,
D . 6.1 n.a. n.a. 8.1 4.9 1.6 n.a.
and energetic crops 2017
Chuda &
LF Sugar beet pulp 3.8 86 15 8.5 4.9 0.1 5.6 Zieminski,
2021
Valentinuzzi et
LF Cattle manure 8.8 39 n.a. 8.4 4.4 4.3 11
al., 2020
Pig slurry, cow slurry and Tambone et al.,
LF . 45 n.a. n.a. 9.8 6.0 1.6 n.a.
energetic crops 2017
Pig slurry, cow slurry and Tambone et al.,
SF ] 21 n.a. n.a. 2.9 10 13 n.a.
energetic crops 2017
Jimenez et al.,
SF Wastewater treatment sludge 22 52 27 4.0 11 2.0 0.2 2020
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Results

Production performance at semi-industrial scale

Nutrient recovery

The drying process at semi-industrial scale was fulfilled between 21 and 35 days, and the emission
comparison was done on the 21% day to compare the emissions of all of the products (Figure 27),
depending on the products, being the drying of digestates faster than SF or ASF. This can be
explained because the same amount of product occupied less volume in the case of digestate (with
a 10 cm layer deposited) compared to the SF or ASF (40 cm layer along the semi-industrial dryer).
All the products were dried to attain a TS of 90%, except for the mixture that was dried until a
lower TS content (close to 50%) to be easily applied in fields and fulfilled the farmers’
requirement. The average chemical composition of the raw materials (Digestate, SF, and SLF)
and dried products are shown in Table 12,

Acidified products (DAD and DASF) recovered more TN and TAN than the non-acidified
products (DD and DSF): 1.5 and 1.3 times, respectively, for TN; 14 times each one for TAN.
Concerning potassium, both acidified products recovered more potassium than the non-acidified
ones (1.7 times for DAD and 1.4 times for DASF). The recovered TP and TC of DAD production
were lower than in its non-acidified relative product (0.68 and 0.86 times, respectively). On the
other hand, the recovery of TP and TC of DASF production was higher than in the DSF production
(1.13 and 1.07 times, respectively).
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Table 12. Physic-chemical characterization of digestate-derived products. Abbreviations: % wm, wet mass
base; % TS, dry mass base; n.d., not determined; D, raw digestate; DD, dried digestate; DSF, dried solid
fraction of digestate; DAD, dried acidified digestate; DASF, DASF2, dried acidified solid fraction of

digestate; DM, dried mixture of ASF and SLF. Note: *mean values.

Raw materials

Semi-industrial scale

Improvement trial

Parameter units D* SF*  SLF* DD DSF DAD DASF DM DASF2
Conductivity mS/cm 27 nd. nd 4.6 18 204 2.9 6.0 6.6
pH - 8.3 nd. n.d. 7.8 7.5 5.7 8.0 6.4 7.9
TS %wm 6.5 23 2.9 90 91 89 85 47 83
VS %TS 63 62 63 60 60 59 61 39 57
P205 %TS 28 27 nd 63 6.9 38 6.9 6.1 5.1
K20 %TS 14 03 nd. 16 04 25 05 0.4 0.5
TC/TN 06 69 nd. 6.7 10 38 8.4 8.4 7.8
TC %TS 29 38 nd 33 34 25 32 52 25
TOC %TC - nd. nd. 100 100 100 100 33 100
TN %TS 48 55 12 49 34 6.5 38 6.2 3.2
TAN %TS 8.1 2.3 7.4 0.3 0.3 3.5 3.3 0.8 11
Cd mg/kgTS <05 nd. nd <05 <05 <05 <0.5 <0.5 <0.5
Cu mg/kgTS 167 nd. nd. 149 152 95 173 134 115
Cr (VI) mg/kgTS <05 nd. nd <05 <05 <05 <0.5 n.d. n.d.
Hg mg/kgTS <04 nd. nd <04 <04 <04 <0.4 <0.4 <0.4
Ni mg/kgTS 19 nd. nd. 16 12 17 13 21 16
Pb mg/kgTS 72 nd.  nd 7.7 69 <5 7.4 8.1 6.9
Zn mg/kgTS 884 nd. nd. 738 780 512 891 816 663
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Gaseous emissions

Emissions of NH; and GHG were measured for each fertilizer production, under batch mode, in
the semi-industrial driers. Table 13 summarizes the total cumulative emissions (NHs, CH,, and
N.0).

Table 13. Total cumulative emission of GHGs and NH3 after 21 days. n = 2. Note: Sum of net CHa, N20,

expressed in CO2 eq units/m2. (¥) Comparison between DSF and DASF2 or DM. Abbreviations: DD, dried

digestate; DSF, dried concentrated fraction of digestate; DAD, dried and acidified digestate; DASF, dried

and acidified solid fraction of digestate 2020; DASF2, dried and acidified solid fraction of digestate 2021;
DM, dried mixture of ASF:SLF; non-AP, non-acidified product.

:::tled Units DD DAD DSF DASF DASF2* DM*
CHa kg CO2 eq/m? 24 1.08 11 12 4.8 5.7
CH4 p value 0.383 0.779 <0.001 0.122
N20O kg CO2 eg/m? 8.2 59 35 124 17 25
N20 p value 0.007 0.005 0.218 0.524
NH3 g NH3/m? 389 25 1169 327 223 235
NH3 p value <0.001 <0.001 <0.001 <0.001

NH; emissions decreased during the drying of acidified products (Figure 28). The total cumulative
emission of NHs; were 25 and 327 g-NHs/m? for DAD and DASF, respectively, while these
emissions for the corresponding non-acidified products were 389 and 1169 g-NHs/m? for DD and
DSF, respectively. This means that acidification reduced significatively the total cumulative NH3
emission by 94% drying digestate and 72% drying the solid fraction of digestate (SF).

Regarding DASF compared to DSF, acidification caused an increment of N,O and CH, emissions,
251% (p < 0.05), and 5.8% (p > 0.05) respectively. Concerning DAD compared to DD, there is
an increase in N2O, 620% (p < 0.05), and a reduction of CH, of 54% (p > 0.05).
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Figure 28. Profile of emission fluxes (mg/m?h), measured during the solar drying of solid fraction (SF)
derived products. (a) N-NHs. (b) C- CHa. (c) N-N20. Symbols: Solid line: first replicate; dashed line: second
replicate; square: DSF; diamond: DASF; circle: DASF2; vertical line: 21 days were selected to calculate
the total accumulated emissions per product for comparison purposes.
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Improved production of dried fertilizing products

Based on previous results, the turning machine was modified to improve the aeration, by installing
perpendicular flippers to increase the removal of the crust, and the sulfuric acid addition was
improved by changing the dosing point, which allowed a better pH measurement. Within these
changes, a second batch for drying acidified solid fraction of digestate (ASF) was performed,
producing DASF2 (Tables 12 and 13). Based on a comparison with DSF, a clear reduction of all
emissions was shown, including N2O and CHas. As can be seen in Figure 27, the effect of
acidification is clearly improved, not only related to the reduction of emissions but also reducing
the deviation between replicates. For DASF2, emission was reduced significatively by 81% and
57% for NHs and CH., and a reduction (p > 0.05) of 53% for N.O, compared to DSF.

Another improved approach was the mixture of the ASF with a waste stream coming from the
stripping plant from the AD facility (SLF). The stream ASF was the best candidate to produce the
mixture as it contained the greatest TP content and showed a clear decrement in NH3; emissions
while drying. The idea of producing the mixture was to enhance the fertilizing value of the ASF
by using the SLF as an additional nitrogen source. In addition, a secondary objective was to
valorize the high volume of SLF, that remained after the stripping of LF. Therefore, ASF:SLF
was blended in a 3:1 ratio and dried. As a result, the TN content of the dried mixture was higher
than the TN content of the DASF (Table 12); however, the conductivity of the mixture also
increased as the SLF still had a high concentration of salts. Regarding gaseous emissions,
compared to DSF, the NH3 emission was reduced by 80% (p < 0.05), 28% for N.O (p > 0.05),
and 50% (p > 0.05) for CH..

Phytotoxicity effect of the recovered products

A plant growth test was performed with extracts of the recovered products (not the mixtures) to
observe possible phytotoxic effects in the juvenile stage of lettuce. The extracts applied had
different values of pH, EC, and NH.* (Table 14), which significantly affected the lettuce’s fresh
and dry weight (Table 15).

The maximum concentration applied for DAD in this growth test was 50%. Still, the NH4" content
in the extracts was much higher in this treatment than with the other products. Consequently, N
concentrations analyzed in plants treated with DAD (>6 gN/100 gDW-plant) (Table 19) were in
the high or toxic range of N in plant tissue as defined by Marschner (2011).
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Table 14. pH, EC, and NH4* concentrations measured in the extracts. Abbreviations: n.a., not available.

Extracts

Treatment pH EC (mS/cm) NH4* (mg/L)

Dilution 85 75 50 25 0 85 75 50 25 0 85 75 50 25 0
DD na. 78 78 78 78 na. 22 32 44 57 na. 219 345 493 64.1
DSF na. 8 79 79 79 na. 14 17 21 25 na. 240 420 63.0 834
DASF n.a. 8 79 7.9 8 na. 15 17 20 25 na. 94 190 279 39.6
Dilution 90 80 70 50 / 90 80 70 50 / 90 80 70 50 /
DAD 74 71 69 6.6 na 31 53 73 111 na 216 256 282 284 n.a.
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Table 15. Lettuce fresh and dry weight (g plant?), total nitrogen (TN), total carbon (TC), and leaves Zn concentrations. Note: *Plants were dead. Different letters show the
statistical differences by Tuckey mean separation.

Treatment DD DAD DSF DASF
Dilution 75 50 25 0 90 80 70 50 75 50 25 0 75 50 25 0
g plant -1
Fresh weight | 2.5 (bcde) 3.9(a) 3.5(ab) 3.3(abc)| 2.0(de) 19(de) 1.7(d)  +* (abcd) 23(cde) 3.4(ab) 3.5(ab) 161 2.1 (de) 16 (e) 2.3(cde)
abc
Dry weight | 0.3 (abcd) 0.3 (a) 0.3 (ab) 0.3 (abc)| 0.2 (bcd) 0.2(d) 0.2(cd) (abo) 0.2 (abcd) 0.3 (abcd) 0.3 (abc) | 0.2 (abcd) 0.2 (abcd) 0.2 (cd) 0.3 (abc)
abc
% TS
TN 3 3.2 35 3.9 55 6.2 6.3 T 2.7 3.2 4.1 43 2.9 3 3.4 34
C 38 37 37 35 37 37 37 T 35 37 38 37 39 37 38 38
mg/kgTS
Zn 128 161 109 102 129 154 121 T 56 75 171 165 72 108 107 102
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The dose applied did not have a significant effect on the plant biomass within each treatment (p
value < 0.05); however, non-acidified products led to higher biomass in general than the acidified
counterparts. Furthermore, plants treated with > 30% extracts (70% dilution) of DAD died,

indicating a growth inhibition due to the high EC and NH4* concentrations found in this treatment.

After observing Zn concentrations higher than regulation limits (Zn > 800 mg/kg) in the chemical
analyses of the DASF, the concentrations of metals in plant tissue were analyzed, to measure if
they were within the average values for lettuce. The results showed no significant differences in
Zn uptake in plants treated with DASF compared to plants treated with the non-acidified DSF.
Despite the Zn concentrations found in edible tissues of lettuce (Table 15) being higher than the
expected value (Li et al, 2016), the EU regulation does not include a plant tissue limit
concentration approach. Other elements analyzed in the tissue of lettuce were within the normal
range, and elements such as Cd, Co, Cr, Cu, Ni, and Pb were less than the detection limit.

Discussion

Solar drying combined with acidification improved the efficiency and sustainability of the process

at pilot scale

Acidified products DAD and DASF recovered 1.5 and 1.3 times more TN and 14 and 14 times
more TAN than the non-acidified products, respectively. The obtained values of nutrient recovery
after acidification are higher than the ones reported previously by Liu et al., (2019), who
recovered up to 6.2 times more TAN in a thermal process with acidified digestate at pH 6.5 (1
point higher than in this study) than the same digestate without acidification. This increment could
be explained by the microbial activity regarding ammonification and/or the hydrolysis of organic
nitrogen (Moure Abelenda et al., 2021), and as it appeared to be, the lower the pH, the higher the

N recovery, especially TAN, as NH.* (ionic form) is higher than NH3; (non-ionic/volatile form).

NHs emissions dramatically decreased during the drying of acidified products, 94% and 72% for
DAD and DASF respectively, and a major decrease of 81% and 80% for DASF2 and DM
compared to DSF. This is in line with the data reported by Wagner et al. (2021), which determined
a decrease of 89-96% in NH3 emissions during the field application of acidified pig slurry (pH 6),
compared to the non-acidified one. Eihe et al. (2019) obtained a reduction of up to 90% of NH3
emission with acidified digestate (pH 6.5) during its application to the field, compared to the non-

acidified digestate.

Despite the turning machine that removed the upper crust during the drying for the solid fraction
products, total or partial nitrification conditions could be attained in the lower part of the material.
The peak of N>O emissions was placed when the TS content of the composite sample was > 30%.

Moreover, acidification increased the available TAN to be transformed by nitrogen oxidizing

114



bacteria (Cytryn et al., 2012) to produce N,O, NO; or NOs than in the non-acidified product.
Nevertheless, after the improvements were done in the turning machine and the acidification, N2O
emission was reduced compared to the previous system (the reduction of N2O emission was 53%)
due to the reduction of crust in the surface. In the case of digestate drying, the formation of the
crust, which was not removed, and the enhancement of nitrogen oxidizing bacteria due to

acidification could explain the high emission levels of N,O.

In addition, acidification is supposed to inhibit methanogenesis by decreasing the activity of
methanogenic bacteria (Pantelopopulos and Aronsson, 2021). However, the mixture of solid
fraction with acid did not differ widely from the non-acidified. This can be related to a non-
optimized acidification procedure because after the system was improved, CHs emissions
decreased compared to the non-acidified product (Table 13). When the acidification system was
improved for DASF2, CH4 emission was reduced considerably, up to 57%.

There are few references regarding digestate acidification, but some regarding the acidification
of fresh manure. Miranda et al., 2021 presented a 98% reduction in CH4 emissions by acidifying
weekly cattle slurry to maintain a pH of 5.5 during storage. Im et al. (2020) demonstrated a 70%
reduction of CH, emissions during pig slurry storage acidifying to pH 6.5. Pantelopoulos and
Aronsson (2021) showed a 50% reduction with a liquid fraction of pig slurry acidified to 5.9. All
of them with similar CH,4 reduction values as those obtained by the acidification of digestate in
this study (73%).

Biobased products obtained as candidates for the European fertilizer legislation and RENURE

criteria

These products were compared with the European criteria to determine their potential application
as organic fertilizers, following Regulation 2019/1009 of the European Parliament and of the
Council (Regulation EU 2019/1009), describing the requirements and the limitations on the
application of organic fertilizers. In general, NPK solid organic fertilizers must have a
concentration of TN > 1% TS, P20s > 1% TS, KO > 1% TS, NPK > 4% TS, and TOC > 15%
TS. For a solid organic fertilizer declaring only a primary nutrient, the required concentrations
are TN >2.5% TS, or P,0s > 2% TS, or K;O > 2% TS.

According to the EU regulation, regarding nutrients (NPK) criteria, only DD and DAD, with
nutrient concentrations higher than the minimum established by the legislation, are suitable to get
the CE label to be marketed in the European Union. Each country's regulation will determine the
limitations to be used in the field. Considering only N or P fertilizer criteria, all the products were

appropriate to be applied as fertilizers.

However, DASF and DM would be rejected due to their concentration of Zn which was above

the threshold of 800 mg/kg. This is explained by the high concentrations of Zn found in the pig
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slurry used as a major substrate in the AD plant of this study: zinc is normally used as an additive
to stimulate animal growth and prevent diseases (Alburquerque et al., 2012). The presence of
heavy metals in digestate is associated more to the manure than the agricultural wastes, related to
the supplements for commercial feedstuff to promote optimum nutrient supply and growth
(Demirel et al., 2013)

Also, the dried products were compared with future guidelines for recovered nitrogen from
manure (RENURE) products that define the quality and/or handling rules that a processed manure
material should comply to be classified as a "substance fully or partially derived from livestock
manure through processing that can be used in areas with water pollution by nitrogen following
otherwise identical provisions applied to nitrogen containing chemical fertilizers as defined in
the Nitrates Directive (91/676/EEC), while ensuring the achievement of the Nitrates Direct 've's
objective and providing adequate agronomic benefits to enhance plant growth™ (Huygens et al.,
2020). It is necessary to fulfill one of the following criteria: (i) TOC:TN 0 <p <3 or (ii) TAN:TN
> 90%, where p is the evaluated product. Moreover, copper and zinc concentrations must be <
300 and < 800 mg/kg, respectively. In agreement with the RENURE criteria, only DASF was
close to fulfill the requirements with a TAN: TN ratio of 89%. However, Zinc concentration was
higher than the established limit of 800 mg/kg, as well. Reuland et al., (2021) analyzed 2800 data
from unpublished and literature digestate and liquid fraction analyses for RENURE criteria, and
the results showed that liquid fraction is better suited to RENURE criteria than digestate, with

compliance between 3 - 58%.

The plant tests showed that N concentrations in lettuce fresh leaves were within the EU limit (<
3,000 mg/kg fresh weight) with all products in all the cases, as the European Union establishes
maximum permissible levels from 4,000 to 5,000 mg N-NOs7/kg fresh weight for the winter
season (Commission Regulation 1258/2011). However, the N concentrations (> 6 gN/100g TS
plant) (Table 15) analyzed in lettuce plants treated with DAD were in the high/toxic range of N
in plant tissue as defined by Marschner (2011). Interestingly, even though Zn concentration in
DASF was higher than law limits (> 800 mg/kg), no significant differences in Zn uptake were
observed compared to plants treated with the non-acidified DSF in the higher doses. Also, Zn
concentrations found in edible tissues of lettuce were higher than the expected value of 7.9 mg/kg
TS (Li et al, 2016), but no limit is established in the regulation.

Although more studies need to be conducted to study the full growing cycle of lettuces, we can
preliminarily advance that all concentrations of DD, DSF and DASF can be applied for growing
lettuces, as the dose applied did not have an effect on the plant biomass and the concentration of
heavy metals and NOs™ are below the regulation limits. However, for DAD, concentrations higher

than 30% can have a negative effect on the plants.
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Conclusions

DASF and DAD recovered 1.3 and 1.5 times more TN than the non-acidified DSF and DD
counterparts and 14 times more TAN. Moreover, the acidified products reduced the NH;
emissions by up to 94% and 72% for DAD and DASF, compared to the non-acidified ones. On
the other hand, N>O emissions increased 620% and 251% for DAD and DASF, compared to their

non-acidified relatives,

DD and DAD fit the European regulation of fertilizers to be labeled as solid organic NPK
fertilizers, and DSF, DASF, and DM could be labeled as Nitrogen or Phosphorus solid organic
fertilizers. DASF and DM had a concentration of Zn superior to limit established by the
regulation, but no significant differences in Zn concentration appeared in the plant leaves.
Moreover, the dose of application did not have a significant effect on plant biomass. Finally, plant
tests showed that N concentrations in fresh lettuce leaves were within the EU limit with all

products in all the cases.
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Abstract

Substitution of synthetic mineral nitrogen fertilizers by biobased products derived from agro-
wastes is a key strategy towards sustainable agriculture. In this study, pig manure-derived
digestate, as well as its concentrated fraction, treated with a novel solar drying technology
combined with acidification, were analyzed for toxicity in germination and pot trials with lettuce.
Extracts of the products obtained in Chapter 8 (DD, DAD, DSF, DASF, DM1, DM3, DM6),
diluted 25%, 50%, 75% and 100%, were applied in a seed germination test with lettuce seeds,
with no detrimental effects excepts for product DAD and 0% dilution of DD and DM3 due to the
immediately contact of high quantity of salts with the seeds. Moreover, DASF was able to
generate a biostimulation effect on them. A pot experiment was performed afterwards, using
lettuce (variety Maravilla), to test the growth and quality of the edible part of the plants. A dose
of 150 kgN/ha was applied to all products. Fresh and dry weight, plant diameter, SPAD, and
leachate were measured to determine the effect of the fertilizers on their production. Except for
M@, all fertilizers produced a beneficial increase on the plant edible part, and nutrient recovery
compared to the negative control (No-N) and fit the current legislations for heavy metals and
potential toxic elements (PTE) in soil and plant. No differences in N-NH.* leaching were found
and DSF, DAD and DM3 reduced NOs" leaching (p < 0.05) compared to the control.
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Introduction

Substitution of synthetic mineral fertilizers by products derived from manure has been regarded
as a key strategy to integrate sustainable agriculture and livestock production (Luo et al., 2022).
Manure appears to pose challenges in processing and application management, nonetheless there
is a high potential for nutrient recovery while mitigating nutrients losses and GHG emissions
(Vergote et al., 2020) from the livestock industry. Annually, 1.4 billion tons of manure are
produced in Europe and UK (Kéninger et al., 2021), and less than 10% (7.8%) of the total manure
received additional treatment to produce more efficient fertilizing products, the rest is directly

spread to agricultural fields (Buckwell and Nadeu, 2016).

Several technologies have been employed for manure processing, including AD, solid-liquid
separation, membrane filtration and evaporation, which can lead to the production of biobased
products with a higher ratio of plant-available N than the raw manure (Riva et al., 2016;
Alburquerque et al., 2012a, b; Walsh et al., 2012). In a pig farm in Catalonia, Spain, a novel
nutrient recovery cascade was developed to increase nutrient concentration in recovered products
and reducing gaseous emissions at the same time (Chapter 7). The process proved the high
efficiency of solar drying and acidification in reducing energy consumptions, transportation

volume (and hence costs) and the greenhouse emissions.

The resulting biobased products have been analyzed in this study to prove their potential to
partially substitute synthetic N fertilizer.

Phytotoxicity is a widely used parameter to evaluate the product application impact on crops and
it represents an index of its overall ecotoxicological impact (Da Ros et al., 2018). The results can
provide useful insights into the positive benefits of these products, thus helping in valorizing

them.

Germination index (Gi) has been considered as one of the first parameters to analyze the

phytotoxicity of the products (Anjum et al., 2018; Lencioni et al., 2016).

However, it has been shown that further analyses are needed in order to define the agronomic
value of the products and simulate a more realistic scenario of how the novel products affect crops
and horticultural plants. Therefore, in this study both G; and plant growth experiments were

performed to analyze the phytotoxicity and fertilizer efficiency of the recovered products.

This study aimed to (i) evaluate the fertilizer performance of the biobased products derived from
pig manure digestate through germination and pot trials using lettuce as test plant, and (ii)
compare the observed performance with criteria to be considered as organic fertilizers in the
European Fertilizing Product Regulation. We hypothesized that (i) innovative manure processing

increases the fertilizer value of the recovered biobased products compared to raw manure or
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digestates, and (ii) the products can fit the current European legislation of fertilizers 2019/1009
of June 2019.

Material and methods

Fertilizers production

The products obtained from the pig farm, with a biogas plant for manure in situ valorization, were
DD, DAD, DSF, DASF, and a mixture ASF and SLF in a ratio of ASF:SLF = 3:1 (DM1), in a

semi-industrial scale solar dryer, described in Chapter 7.

Furthermore, two mixtures (DM3 and DM®6) were produced mixing the ASF and SLF, both
collected in the pig manure biogas plant, at different ratios ASF:SLF: 1:1 and 1:8 (in wet mass)
for DM3 and DMS6, respectively. These mixtures were directly dried in a greenhouse solar drier
pilot plant (IRTA Torre Marimon, Caldes de Montbui, Spain) (Figure 29) that replicated the semi-
industrial solar drying and biofiltration processes described in Chapter 7.

Figure 29. Greenhouse solar dryer pilot plant system.

The pilot-scale plant was operated between September 2021 and February 2022 for the mixture
from pig farm, with an outside temperature ranging from 4.8 °C to 32.9 °C and a mean solar
irradiation of 15.5 MJ/m? (Servei meteorologic de Catalunya, 2021).

The pilot plant consisted of four identical garden-type greenhouses acting as solar dryers, with an
area of 0.92 m? each (length 1.80 m; width 0.51 m; height 0.51 m), connected to a biofilter to
ensure a clean air release. Each material was spread by gravity (maximum thickness of 10 cm).
The drying process was operated in batch mode with 30 liters per replicate. The biofilter was
filled with crushed pine pieces and mature compost with a ratio of 10:1 (volume). Two
temperature probes, to measure both temperatures inside and outside the solar dryer, and a relative
humidity probe (connected to a data-logger system that registered data every 15 minutes) were
used to measure both temperatures inside and outside the solar dryer. Also, the relative humidity
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(RH) was monitored every 15 minutes. This probe was located at the middle of each dryer and
controlled the functioning of the air blower, switching on the blower when if RH > 60%. The
ambient and internal temperatures ranged 4.9-39 °C and 6.7-65 °C, respectively, and the mean

relative humidity was 60%. The characterization of the final materials is described in Table 16.
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Table 16. Chemical analyses of the dried products. Abbreviations: DD, dried digestate; DAD, dried
acidified digestate; DSF, dried solid fraction of digestate; DASF, dried acidified solid fraction of digestate;
DM1, mixture (ASF:SLF 3:1); DM3, mixture (ASF:SLF 1:1); DM6, mixture (ASF:SLF 1:8).

Parameter DD DSF DAD DASF DM1 DM3 DM6
Conductivity
(mslem) 4.6 1.8 204 2.9 6.0 11 6.7
pH 7.8 7.5 5.7 8.0 6.4 6.8 7.7
TS (%ww) 90 91 89 85 47 57 40
VS (%TS) 60 60 59 61 39 53 52
P205 (%TS) 6.3 6.9 3.8 6.9 6.1 2.8 51
K20 (%TS) 1.6 0.4 2.5 0.5 0.4 0.3 0.8
TC/TN 6.7 10 3.8 8.4 8.4 55 7.0
TC (%TS) 33 34 25 32 52 26 28
TOC (%TC) 100 100 100 100 63 100 89
TN (%TS) 4.9 3.4 6.5 3.8 6.2 4.7 4.0
TAN (%TS) 0.3 0.3 35 3.3 0.8 1.8 2.4
Cd (mg/kgTS) <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Cu (mg/kgTS) 149 152 95 173 134 81 162
Cr (V1) (mg/kgTS) <0.5 <0.5 <0.5 <0.5 n.d. n.d. n.d.
Hg (mg/kgTsS) <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4
Ni (mg/kgTS) 16 12 17 13 21 13 21
Pb (mg/kgTS) 7.7 6.9 <5 7.4 8.1 5.1 9.9
Zn (mg/kgTS) 738 780 512 891 816 432 892
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Germination index

The germination index, using lettuce seeds, was determined following OECD guidelines (OECD,
2006). For this test, agueous extracts (ratio 1:10, in volume) of all the products were prepared,
mixing 100 g of material and 1 L of distilled water at room temperature, and letting stand for 6
hours before filtering. Each extract was diluted 100%, 75%, 50%, 25%, and 0% with distilled

water. The pH, conductivity, TAN, and N-NOs" were measured in each extract.

Then, 10 mL of each dilution was introduced into a Petri dish with ten homogeneously distributed
lettuce seeds. All the 35 Petri dishes, 5 conditions per product, were on a tray and covered with
foil or opaque plastic, and lettuce seeds were maintained at 25°C for 24 hours. Sprouts were
counted and left there for another 48 hours. After 72 hours from the test beginning, the number
of germinated seeds and roots' length were registered to calculate the germination index of each
material (see supplementary material), compared with blank (growth with distilled water),
following Equation 3. A G; value > 80 % indicates that the product is not toxic for plant growth.

Eq.3 G = (mean lenghtsnumber of germinated seeds from extract)
Q. ! (mean lengthxnumber of germinated seeds from blank)

Plant growth test

A pot experiment (Figure 30) was performed from 5" May to 28" June 2022 using the lettuce
variety Maravilla to test the pig manure derived products (DD, DAD, DSF, DASF, DM1, DM3,
DMB6) plus a negative control without adding nitrogen (No-N) and a positive control (Osmocote,
a commercial fertilizer). The substrate used in the experiment was a mixture of peat and perlite in
a 1:1 ratio. A dose of 150 kgN/ha was applied to all products, trying to keep an stoichiometric
relation of N:P:K = 1:0.3:0.2 and thus compensating with K,O and TSP when needed. The amount
of product that was added for each treatment is shown in Table 17.
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Table 17. Added amount of fertilizer, based on selected N dose (pot-experiment 1 and 2) cow and pig-
derived products. *Wet weight. Abbreviations: CONT, positive control; No-N, negative control without N
addition; DD, dried digestate; DAD, dried acidified digestate; DSF, dried solid fraction of digestate; DASF,
dried acidified solid fraction of digestate; DM1, mixture 1 (ASF:SLF 3:1); DM3, mixture 3 (ASF:SLF 1:1);

DM®6, mixture 6 (ASF:SLF 1:8). * CONT: Osmocote (commercial fertilizing product)

Product Amount to add (g/L)* K20 added (g/L) TSP added (45% P) N:P:K

CONT? 0.47 0.06 - 1:0.6:1.5
No-N X 0.17 0.03 0:0.25:1.5
DD 1.69 0.12 - 1:0.7:1.5
DAD 1.18 0.15 - 1:0.3:1.5
DSF 2.45 0.15 - 1:1.1:15
DASF 2.78 0.14 1:1.0:1.5
DM1 2.54 0.13 - 1:1.9:15
DM3 2.76 0.14 - 1:0.8:1.5
DM6 2.23 0.09 - 1:1.6:1.5

Each pot had 1.3L of the mix substrate, 28g (dry weight), and each treatment had n = 10. Pots

were watered individually via drippers with increasing amounts of water, receiving a total amount

of 15L per plant.
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Figure 30. Pot experimental setup with Latuca sativa (var. Maravilla) in the greenhouse.

Relative chlorophyll content (SPAD) (SPAD-502 Plus, Minolta, Japan) was measured just before
harvest. Consecutively, plants were harvested and the diameter of the lettuce, and fresh weight

were measured. Plants were dried at 60 °C for 72 hours until constant weight and weighted.

Nutrient recovery of N, P and K from plants was calculated following Equation 4 described in
Robles-Aguilar et al., (2020):

Nutrient uptake treatment—Nutrient uptake NoN

(Eq.4) Nutrient recovery = Nutrient applied

Plant, leachate and substrate nutrient content analyses

Dry biomass was ground to particles < 2 mm. The samples were subjected to microwave digestion
(CEM MARS 6, USA). The nutrient content and metal concentration in the samples were
analyzed by ICP-OES. The TC and TN contents were analyzed using the CN analyzer (Skalar
Analytical BV, the Netherlands). The leaching was collected from 3 pots per treatment every 10
days directly from the leachate produced after watering and the evolution of pH, electrical
conductivity (EC), NH4*, and NO3™ content was measured.

131



Statistical analyses

Biomass growth, nutrient recovery, and leachate differences were analyzed by One-way ANOVA
analysis with SAS 9.4 (SAS Institute Inc. Cary, USA). Mean separation was done with Tuckey

test, a post-hoc test to compare multiple means, to identify the significant differences.

Results

Effect of digested manure derived products on germination

The pH, EC and TAN of all the dilutions are shown in Table 18. The highest levels of TAN were
measured for DAD, followed by DM6, DM3 and DM1. Moreover, the highest values of EC were
shown for DAD and DM3. Acid pH (4.5) was observed in DAD extracts, DM1 and DM3 (6.1-
6.5), while the rest of the treatments presented neutral pH.

Table 18. pH, EC, and TAN of all the extraction concentration of the assay products. Abbreviations: DD,
dried digestate; DAD, dried acidified digestate; DSF, dried solid fraction of digestate; DASF, dried acidified
solid fraction of digestate; DM1, mixture (ASF:SLF 3:1); DM3, mixture (ASF:SLF 1:1); DM6, mixture
(ASF:SLF 1:8).

Treatment pH EC (mS/cm) N-NH4* (mg/L)

Dilution 25 50 75 100 25 50 75 100 25 50 75 100
DD 76 78 79 80 15 27 42 55 18 36 56 64
DAD 46 45 4.5 4.4 5.8 10 14 18 491 980 1,457 1,931
DSF 75 1.6 1.7 1.7 0.7 12 18 24 17 34 49 68
DASF 7.0 74 7.5 7.5 0.7 12 1.7 2.2 11 21 31 54
DM1 6.1 6.1 6.3 6.1 07 13 19 24 26 49 90 13
DM3 64 6.5 6.5 6.5 24 45 47 9.2 121 125 126 177
DM6 73 14 7.6 7.5 10 19 2.7 3.6 100 133 137 65

The germination index was calculated using Eq. 2. All the derived pig manure products had a G;
> 80% for all the dilutions, except for DAD and DD-100, which had less than 50% germination.
Regarding the mixtures, DM1 showed G; > 80%; however, Gi for DM3 and DM6 between 60-
80%. The highest Gi values were obtained at 50% dilution for DD, DSF and DASF (Figure 31).
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Figure 31. Germination index (%) of pig manure derived fertilizers. Abbreviations: DD, dried digestate;
DAD, dried acidified digestate; DSF, dried solid fraction of digestate; DASF, dried acidified solid fraction of
digestate; DM1, mixture 1 (ASF:SLF 3:1; acidified solid fraction : low nitrogen stream from the stripping
unit); DM3, mixture 3 (ASF:SLF 1:1); DM6, mixture 6 (ASF:SLF 1:8).

Plant and soil analyses

The plant-available nutrients, EC, and pH measured in the growing medium after mixing the
respective fertilizers are presented in Table 19.

After applying the pig manure-derived products, the TN concentration in the substrate varied
between 0.6% and 0.7% in all products, while TC concentration varied between 32% and 39%.
Furthermore, these products led to a pH < 6 (5.2-6.0) in the growing medium, representing a
decrease in the preferred substrate pH for lettuce growth, between 6.0-7.0 (Santos et al., 2022)
and an EC < 1 mS/cm (0.4-0.8 mS/cm), lower than the ideal value for hydroponic growth (1.8
mS/cm) (Teodor et al., 2021).

Furthermore, heavy metals from the Spanish legislation (Real Decreto 1310/1990), evaluated as
potential toxic elements (PTE) in the Council Directive 86/278/EEC in soils were determined
(Cd, Cu, Ni, Pb, Zn, Cr). All concentrations of the mentioned PTE were below the legislation
limits of both regulations.
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Table 19. pH, EC, nutrients, heavy metals. and potential toxic elements (PTE) measured in the growing
medium after the addition of the fertilizing products, expressed as dry matter content. Abbreviations: No-N,
control without N; CONTROL, Osmocote; DD, dried digestate; DAD, dried acidified digestate; DSF, dried
solid fraction of digestate; DASF, dried acidified solid fraction of digestate; M1, mixture 1 (ASF:SLF 3:1);
M3, mixture 3 (ASF:SLF 1:1); M6, mixture 6 (ASF:SLF 1:8).

Pre-cultivation CONTROL No-N DD DAD DSF DASF DM1 DM3 DM6
pH 5.4 58 60 55 56 56 55 52 5.4
EC (mS/cm) 06 05 04 07 05 04 04 08 0.4
TN (%) 07 06 07 07 06 06 06 07 0.7
TC (%) 32 34 36 39 34 34 33 38 35
N-NO3- (mg/kg) 441 37 20 9 51 88 102 75 53
Ca (g/kg) 15 15 14 16 18 12 22 19 11
K (g/kg) 07 15 12 14 16 15 12 11 2.2
Mg (g/kg) 08 07 07 07 08 06 38 32 0.6
Na (g/kg) 2.0 27 33 29 41 55 10 80 5.1
P (g/kg) 0.2 03 03 05 17 04 03 02 0.4
S (g/kg) 1.1 12 11 23 14 11 57 36 14
Al (mg/kg) 705 809 872 952 1782 933 1112 1206 974
cd (mg/kg) 0.1 04 01 00 01 01 01 01 0.1
Cr (mg/kg) 36 41 51 66 90 68 44 50 5.4
Cu (mg/kg) 8.5 18 28 23 90 61 87 67 2.4
Fe (mg/kg) 599 714 858 1582 2698 1103 1171 1047 1184
Mn (mg/kg) 18 16 18 23 39 21 25 23 21
Ni (mg/kg) 2.2 44 25 59 07 57 32 29 25
Pb (mg/kg) 25 nd. 14 42 11 56 70 06 8.5
Zn (mg/kg) 14 11 14 16 61 20 27 24 17

Plant nutrient content and elements with potential toxic concentrations are shown on Table 20,

while the plant nutrient recovery for each treatment is presented in Figure 32. Compared to the

No-N treatment, all fertilizers increased the recovery of N, K and P, except for DD (K) and DM6
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(K and P). The highest recoveries of N were observed in the Control, DSF and DASF fertilizers.
Phosphorous recovery was better in DASF and DM3, while potassium recovery was higher in
DASF and DSF. On the contrary, DM6 presented the lowest performance in terms of nutrient
recovery for all nutrients, followed by DS for K, and DML for P.
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Table 20. Plant nutrient content concentration of the harvested lettuces and nutrient intake efficiency
compared to the No-N fertilizer. Abbreviations: No-N, control without N; DD, dried digestate; DAD, dried
acidified digestate; DSF, dried solid fraction of digestate; DASF, dried acidified solid fraction of digestate;

M1, mixture 1 (ASF:SLF 3:1); M3, mixture 3 (ASF:SLF 1:1); M6, mixture 6 (ASF:SLF 1:8); No-N, substrate
without any addition of nitrogen; n.d., non-detected. All values expressed per dry matter content.

Treatment No- Control DD DAD DSF DASF M1l M3 M6
N
Element % dm
TN 0.6 0.7 0.7 0.8 0.7 0.6 0.8 0.8 0.7
TC 30 32 32 32 30 30 37 36 36
Nutrient recovery
TN - 34 0.4 1.0 19 2.2 15 1.5 0.3
TP - 8.4 34 4.8 2.0 14 0.4 14 -
TK - 7.5 - 4.2 13 24 4.1 1.7 -
g/kg dm
Ca 14 14 14 16 15 14 13 12 20
K 17 11 15 16 18 18 16 15 14
Mg 33 38 35 4.0 36 34 31 38 34
Na 9.4 12 9.9 11 9.4 8.7 8.6 10 8.9
P 1.0 1.0 11 15 1.6 1.9 0.9 1.6 0.7
S 1.8 1.8 1.7 2.0 1.7 14 1.8 1.8 2.0
mg/kg dm
Al 115 160 167 214 136 118 122 238 162
Cd 0.3 0.3 0.3 0.3 0.3 0.1 0.4 0.3 0.5
Cr 10 11 0.9 10 0.7 0.8 0.6 1.0 0.9
Cu 8.9 8.2 9.3 10 7.2 12 8.3 11 13
Fe 102 152 151 188 121 206 110 212 140
Mn 101 102 109 111 102 88 120 108 126
Ni 11 0.4 0.7 1.2 0.7 0.9 1.2 1.2 0.9
Pb n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.4
Zn 32 41 44 49 37 32 50 52 54
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Figure 32. Plant nutrient recovery (N, K, P) for each treatment compared to No-N. Abbreviations: No-N,
control without N; DD, dried digestate; DAD, dried acidified digestate; DSF, dried solid fraction of
digestate; DASF, dried acidified solid fraction of digestate; DM1, mixture 1 (ASF:SLF 3:1); DM3, mixture 3
(ASF:SLF 1:1); DM6, mixture 6 (ASF:SLF 1:8); No-N, substrate without any addition of nitrogen. Within
nutrients, bars with different letters are statistically different.

Effect of biobased fertilizers on plant performance

The effect of the fertilizers on the lettuce growth was determined by analyzing fresh weight, dry
weight, diameter, and relative leaf chlorophyll content (SPAD) of the lettuces after 8 weeks (Table
25). DAD and DM3 did not significantly differ from the positive control regarding fresh weight
(46 g Control, 43 g DAD, 41g DM3). Moreover, DAD was also not significantly different from
the control in terms of dry weight, 6.4 g (DAD) compared to 7.0 g (Control), while the rest of the
products presented lower values than the control. The mixtures DM1, DM3, and DM6 presented

higher SPAD than the rest of the organic fertilizers, with no significant differences compared to
the Control (Table 21).
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Table 21. Fresh weight, dry weight, diameter and SPAD of lettuces after 8 weeks growth with the different
fertilizer treatments. Abbreviations: DD, dried digestate; DAD, dried acidified digestate; DSF, dried solid
fraction of digestate; DASF, dried acidified solid fraction of digestate; DM1, mixture 1 (ASF:SLF 3:1); DMS3,
mixture 3 (ASF:SLF 1:1); DM6, mixture 6 (ASF:SLF 1:8); No-N, substrate without any addition of nitrogen.
Different letters are statistically different.

Fresh weight (g)  Dry weight (g) Diameter (cm) SPAD

(Positive) Control 46+3.3? 7.0+0.52 17+0.32 25+1.52
DD 35+1.5¢ 5.0+0.2¢ 15+0.3b 21+0,9abcd
DAD 44+1.7% 6.4+0.2% 164022 16+0.9%
DSF 37+0.4 5.3+0.1« 16+0.2% 17+0.8bcd
DASF 38+].2bcd 5.7+0.2b¢ 16+0.12 16+1.3¢
DM1 33+0.8¢¢e 5.3+0.2% 16+0.3% 24+1.6%
DM3 41+1.6%¢ 5.740.2% 15+0.3b 22+2,12b¢
DM6 27+1.9° 4.6+0.2¢ 16+0.2% 22+] . 72bcd
No-N 31+0.9¢% 4.5+0.1¢ 15+0.2° 19+1,72bcd

Contrary to the weight, plant diameter was reduced significantly compared to the positive control
at the DD and DM3 treatments (17cm, 15cm, and 15cm, respectively). Concerning SPAD values
associated with chlorophyll content and thus N uptake, DD, DM1, DM3 and DM6 presented the
highest SPAD values, while DAD, DSF and DASF were the lowest.

Effect of biobased fertilizers on leachate

The total NOs  and N-NH," content in the leachate (Figure 33) varied depending on the fertilizer
used between 7 — 32 mg of N-NH," and 16 — 24 mg of NOs", with the higher N-NH4" content
observed in the Control treatment and the higher NOs" content in the DD. On the other hand, DM3
and DAD leachate presented the lowest content of NO3” and DM3 of N-NH.*. Even though there
are no significant differences (p > 0.05), there are important differences in terms of N-NH4*
content between the biobased fertilizers and the control (except for DM6). The statistical analysis
of NOs™ content in the leaching showed significant differences (p < 0.05) between No-N and DD
compared to DSF, DAD, and DM3.
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Figure 33. Total amount of N-NH4* and NOs" leachate for each fertilizing treatment. Abbreviations: DD,
dried digestate; DAD, dried acidified digestate; DSF, dried solid fraction of digestate; DASF, dried acidified
solid fraction of digestate; M1, mixture 1 (ASF:SLF 3:1); M3, mixture 3 (ASF:SLF 1:1); M6, mixture 6
(ASF:SLF 1:8); No-N, substrate without any addition of nitrogen. Within nutrients, bars with different letters
are statistically different.

Discussion

Germination and phytotoxicity evaluation

In general, all the derived pig manure products had a G; > 80% for all the dilutions, except for
DAD and 100% DD which had less than 50% germination. According to phytotoxicity limits,
80% germination and above is considered non-toxic, and less than 50% G; is regarded as highly
toxic and unsuitable for agricultural purposes (Barral and Paradelo, 2011; Luo et al., 2018).
Regarding the mixtures, DM1 (ASF: SLF = 3:1) did not show toxicity (Gi > 80%); however, DM3
and DM, due to their increased concentration of the stripped liquid fraction (ASF:SLF: 1:1 and
1:8, respectively) showed medium toxicity to the lettuce seeds. The toxicity could be related to
the high levels of EC present in the extracts, between 5.5 mS/cm for DD100% to 18 mS/cm for
DAD. Similar results have been reported in the literature, with Alburquerque et al. (2012b)

finding that germination of cress and lettuce seeds was inversely correlated with EC.

According to Unliikara et al. (2008), lettuce appeared to have a threshold limit of 1.1 mS/cm.
After that point, the relative yield started to decrease. However, in this study, concentrations up
to 2.2-2.7 mS/cm represented a Gi higher than 100%, for example, in the case of DASF or DD
with 100% and 50% extraction, respectively. At higher EC concentrations, the germination index
decreases, and toxicity appears from 4.7 mS/cm. Poor germination indexes were found by Anjum
et al. (2018) for fresh digestate in wheat seeds related to an EC of 3.6 mS/cm. Their products
reached a G; lower than 15% with the 5% untreated digestate extraction. After an aerobic post-

treatment, G; increased to 45%, a value which still denotes toxicity (Gi < 70%). Da Ros et al.
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(2018) obtained G; > 70% with L. sativum until 15% digestate extraction, 25% for S. alba and
10% with S. saccharatum related to the presence of NH4* and EC as inhibitors. The used digestate
had an EC of 5.75 mS/cm, a higher value than most of the products in this study. Coelho et al.
(2018) determined that the seed germination with L. sativum was suppressed with concentrations
of (liquid) digestates > 50%, mainly related to EC, with similar results to the ones found in this
study with DD.

Another factor that might have influenced seed germination is the TAN concentration. That could
have been the case of DAD, which besides having the highest value of EC (18 mS/cm), also had
10 times higher TAN concentration than the rest of the products (Table 16).

Moreover, DD, DSF-25, DSF-50, and DASF stimulated the germination, G; > 120%, as defined
by Da Ros et al. (2018). Stimulation observed when applying DASF could be related to the high
concentration of N-NH4" (10 times higher than DD and DSF) due to the acidification (Moure-
Abelenda et al., 2022) without having an excessive EC.

Evaluation of the pot trials and efficiency of the organic fertilizers

Compared to the No-N (negative control) treatment, except for DM6, all the fertilisers had a
positive effect on lettuce weight (both wet and dry). Nicoletto et al. (2014) used digestate to grow
different varieties of lettuce and indicated that the growth compared to the control was different
depending on the variety. For butterhead lettuce, growth with digestate was 37% less than the
control, and for batavia lettuce, growth with digestate was 5% lower than the control, similar
values to the ones presented in this work (4% DAD and 20% for DD). These differences in yield
could be correlated to the different timing of nitrogen release and its availability (mineral
nitrogen) (Mengel, 1996), as in control TAN was higher than the rest of fertilizers (8.2% of the
fertilizer compared to 3.5% in the best scenario with the biobased fertilisers). Montemurro (2010)
used two digestates from a wine distillery to grow Lactuca sativa (var. longifolia), increasing their
yield compared to the non-fertilised control by 12 - 19%, similar to this work. When digestate
was applied to a hydroponic culture of lettuce, the edible part yield was considerably low
compared to the synthetic fertilizer, 78%. However, it increased the total content of polyphenols,
antioxidants and soluble sugars (Faran et al., 2023). As discussed for the germination results, the
application of the biobased fertilizer as an extract allows all the salts to be released at once difficult
plant germination and growth. Using it for hydroponics appeared counterproductive, but when
using the fertilizer in soil, this can open a door to investigate the benefits of digestate and fertilizer

derived.

The heavy metals and PTE were compared to the available legislation. Compared to Real Decreto
1310/1990 and the Council Directive 86/278/EEC, which establishes the limits of heavy metals

in soils, none of the regulated parameters were exceeded. Regarding the Commission Regulation
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(EU) No 420/2011 of 29th April 2011 amending Regulation (EC) No 1881/2006 setting
maximum levels for certain contaminants in foodstuffs, limits for Pb and Cd were established at
0.3 and 0.2 mg/kg of fresh weight. None of them was surpassed by the produced lettuces in this
study. Generally, leafy vegetables, like lettuce, accumulate more potential toxic elements than
fruity ones (Rossini-Oliva and Ldpez-Nufiez, 2021). However, no existing regulation or health-

based standards estimate the risk of their accumulation.

Plant nutrient uptake

In this study, most products derived from pig manure digestate increased the recovery of NPK
nutrients, in line with similar biobased or organic fertilizers that have proven a positive effect and
produce crops fitting the required standards. (Cen et al., 2020; Robles-Aguilar et al., 2020; Wu et
al., 2020). There were some deficiencies in nutrient uptake in the DD treatment (for potassium)
and DM6 (for potassium and phosphorus), probably related to the EC, as high EC in soil can
create osmotic stress, reducing plant water and nutrient uptake, limiting the availability of
nutrients to plant roots (Ding et al., 2018).

The highest recoveries of N were observed in DSF and DASF. This was unexpected, as the most
available nitrogen is in the liquid fraction (Czekala, 2022). On the other hand, the lowest N
recovery was determined in DD, DAD and M6, and all of them presented a low value of Cu in

the substrate, which has been proven to increase the uptake of N significantly (Cui et al., 2022).

Phosphorus recovery was higher in DASF and DM3, while we were expecting less phosphorous
in the plants fertilized with solid fraction derivate products, as liquid fraction contains more
available phosphorus, 71% of P,Os of TP, according to Tambone et al. (2017). Acidification of
the products could play an important role in phosphorous availability, as it increases with acidic
pHs (Cerozi and Fitzsimmons, 2016). Nevertheless, even when the pH is acid, and the
predominant form of phosphorus is orthophosphate, the presence of Al and Fe produces insoluble
compounds (Espinosa and Molina, 2015), which might have happened with the substrates with
DAD and DSF.

The K recovery at the DASF and DSF treatments was higher than at the DAD and DD, while
most of the K should be distributed after centrifugation to the liquid fraction (Mdller and Miller,
2012; Tambone et al., 2017). However, the OM content is higher in solid fraction (Czekala, 2022),
contributing to potassium availability (Bader et al., 2021; Taiwo et al., 2018).

Leaching performance

The concentration of N-NH," in the leachate of the different fertilizers did not significantly vary
compared to both controls. Goberna et al. (2011) indicate that using digestate as fertilizer did not

increase leaching losses. Moreover, a decreasing N-NH4* trend was found for all the products
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compared to the Positive Control, regarding NOs", DASF, DAD, and DM3 presented lower losses
than the rest of the products. These products were acidified during their production, enhancing
ammonium form present on the fertilizers, less susceptible to leach, that will be converted to

nitrate slower than in the non-acidified products (Yuliusman et al., 2018).

In addition, the products of this study were introduced to the substrate in a dry form, and thus, the
nutrients were released with their dilution while watering the plants, acting as a slow-release

fertilizer, reducing the possibility of high leachates (Rathnappriya et al., 2022).
Conclusions

This work evaluated the performance of different biobased fertilizers derived from pig manure
digestate dried with greenhouse solar drying technology on lettuce growth.

After the germination assay, only DAD and 100% concentration of DD and DM3 presented
phytotoxicity, mainly due to high levels of EC, as the salts directly affect the seed germination
instead of being released slowly in the form of dried fertilizers. The rest of the fertilizers did not
produce any toxicity effect on germination, with DASF showing a biostimulation effect (G; >
120%).

When the products were applied in the solid form in the pot trial, the best performance of the
edible part was related to DAD, DM3, and DASF. DSF, DASF and DM3 presented the highest
nutrient recovery, always under the performance of the control, as these fertilizers can be

described as slow-release.

Regarding leachate, all the fertilizers had similar behaviour to the No-N treatment and fewer N-
NH4* losses (trend) than the control. However, regarding NOs™ losses, DASF, DAD and DM3

presented the lowest values.

Moreover, all the fertilizers fit the current regulations of heavy metals and PTE in soil and plants'

edible parts.

Therefore, it can be concluded that the tested biobased fertilizers proved to be suitable for lettuce
production, with DASF the one with better performance. More studies with different crops and

field applications should be done to determine their performance in broad scenarios.
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Chapter 9 — Thesis overview, general conclusions and future

research perspectives
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Thesis overview

There are several strategies and technologies that are suitable to be applied along the agronomic
chain in order to reduce emissions and to recover and reuse nutrient from agro-industrial waste
streams. However, the individualistic perception of the research in the field of the sustainability
of the agri-food system must give way to integrated approaches allowing to introduce the
principles of the circular economy and the bioeconomy in the primary sector from farm to fork.
This doctoral thesis has contributed to this approach by working at different steps within intensive
mixed-farming systems such as modification of animal diets, manure treatment and valorization,
and plant production. They were not necessarily linked one after the other, but it can give an idea
of how the agricultural chain can be connected and how the studied processes can affect the

following step.

Diet modification through precision feeding resulted in a reduction of both N excreted by the
animals and a decrease of NH3 emissions during manure storage, but increased manure CHs
emissions. A livestock farm treating manure in a biogas plant could take profit from this apparent
disadvantage by using a precision feeding system to increase nutrient efficiency and biogas
production, while generating a nutrient rich digestate. However, even though enteric CH4
emission estimation did not vary significantly it is an important parameter to consider, as it is the
major source of CH4 from cattle production. Moreover, although out of the scope of this thesis,
manure coming from the conventional and the precision feeding systems were applied to fertilize
ryegrass as animal forage, within the same case study of the H2020 project, thus closing the cycle
in a mixed farming system (dairy-fodder production).

Since the use of manure or even digestate applied directly to the field produces emissions and
nutrient leaching, the application of valorization technologies to improve its fertilizing value and
produce more stable products would be required. The alternative implemented in this thesis has
been the use of a solar drying system combined with acidification, which has been able to produce
bio-based fertilizers from anaerobic digestate with high agronomic value, and a reduction of NH3
and CH,4 emissions during their production. Afterwards, lettuces has been grown with these
fertilizers to test phytotoxicity. The produced plants fit the regulation of heavy metals and PTE

both for soils and edible parts of plants.

The use of the produced fertilizers has been tested, again out of the scope of this thesis, by
Nascmento et al. (2023), applying DAD to canola, pea, barley, triticale and wheat during 3 years

of experiment with yield and protein content results comparable to synthetic fertilizers.

150



General conclusions

At the beginning of this thesis, three specific objectives were presented:

SO1. Improve nutrient use and recovery at animal production level:

Feeding cows under a precision feeding system improves the adjustment of protein and energy
requirements, reducing the overconsumption of energy and CP in cows after 80 DIM. Moreover,
milk production does not present any difference between both treatments during the studied period
of time. All this data suggests that the adjust in crude protein and N content of the feeding directly

affect their outputs.

SO2. Reduce GHG and NHs emissions from intensive livestock systems:

Manure from cows fed under a precision feeding system tends to reduce by 20% NHs; and 11%

N2O emissions, and to increase 14% CO; and 55% CHy, respective to cows fed a unique TMR.

Megasphaera elsdenii, and Prevotella ruminicola had not been described yet as HAP, just
included as deaminating bacteria. However, in this study, their NH3 production is comparable to
the previously described HAP (682 and 348 nMol NHs/min/mg protein respectively; > 250 - 300
nMol NHa/min/mg protein). Nevertheless, the bacteriophages isolated from EVAM dairy cows’
do not infect the HAP isolated from the same rumina fluid.

The acidification during the drying process of digestate and its solid fraction reduces NHs (up to
94%) and CH4 (up to 57%) emissions, but increases N,O emissions.

SO3. Increase the fertilizer value of livestock manure and digestate from agro-industrial biogas

plants through innovative technological and management strateqgies:

During the production of dried fertilizers derived from pig manure digestate, DASF and DAD
recover more TN and TAN (up to 14 times) than the non-acidified products (DSF and DD).

All products fit with the Regulation EU 2019/1009 as solid organic fertilizers, except for DASF

and the mixture DM1 due to higher concentration levels of Zn.

The germination assay shows good results for most of the products except for the ones with higher
EC and NH,". In addition, DASF produces a biostimulation effect on lettuce seed germination
(Gi > 120%).

In the pot trial, DAD, DM3, and DASF have a performance comparable to the synthetic fertilizer,
when referred as the edible part of the plant. DSF, DASF and DM3 show the highest nutrient
recovery compared to the rest of products and even similar or higher than the synthetic fertilizer

depending on the nutrient.
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The fertilizing products have better results than the negative control, showing their potential use
as fertilizers. Moreover, all of them fit the regulations of heavy metals and PTE in both soils and

edible parts of plants.

Improvement suggestions

Nonetheless, there are some aspects of the thesis that could be improved to produce even a higher

impact.

Considering the precision feeding study, the duration time was probably the most critical point of
the experiment. On one hand, the dairy cow study lasted 21 days, and it was not enough to evaluate
performance parameters, so the lack of impairment of performance for an entire lactation should
be demonstrated in animals fed under precision feeding system. On the other hand, nitrous oxide
emissions tend to increase after 14 days during storage, as a natural crust is formed in the surface
that allows nitrification conditions. Therefore, it would be necessary to evaluate storage during
longer periods to determine the effect on N.O emissions. Furthermore, the increase of CH,
emissions of precision feeding manure suggested a better methanization potential that should be
demonstrated in in vitro assays. It becomes necessary to analyze the enteric emissions as well and
to try other diet compositions reducing the amount of carbohydrates. Regarding the study of HAP
and bacteriophages, the improvement in the isolation and identification of ruminal HAP under
anaerobic conditions could be improved, i.e., using anaerobic chambers, to potentially identify
more strictly anaerobic microorganisms than the ones described in this work, since rumen is a
strict anaerobic environment at constant temperature and pH, or taking samples from cows with
different diets to enrich the microbiome range of species. Moreover, to test the prove of concept
of the potential use of bacteriophages as a tool to reduce NH3 emissions, the use of commercial
bacteriophages could be a solution to evaluate the reduction or not of NH3; production in the
ruminal system, and to continue the research line following this direction if it is proven using

isolated rumen bacteriophages.

One of the critical aspects of the bio-based fertilizers study was that the effect of acidification
disappeared during drying, since OM and protons combined are degraded forming other
compounds. Therefore, it would be interesting to control acidification through the entire drying
process and evaluate the differences in emissions. Although the turning was breaking partially the
crust, the homogenization was not perfect, and the material formed layers with different humidity
content, which complicated the sampling methodology. This needs to be improved by collecting
a better representation of the material in depth, wide and length. Literature shows different growth
behaviors of lettuce with digestate depending on the variety. It would be necessary to test the
products not only with different lettuce varieties but also with different crops to have a broader

understanding of their performance.
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Future research perspectives

The following suggestions aim to suggest further research to improve or continue the research
line developed in this thesis:

Effect of HAP-bacteriophages in a ruminal simulation system:

In this thesis, the effect of ruminal bacteriophages on HAP bacteria was not proved. However,
bacteriophages interactions are widely known (Duan et al., 2022; Sahu et al., 2022), and
bacteriophages affecting Clostridium sporogenes have been described in the literature and they
are available in bank collections (Mayer et al., 2012). The use of more complex systems to
evaluate rumen fermentation as RUSITEC could be used to study dynamics on the bacterial
community (Wetzels et al., 2018) and consequently the effects of anti-biotics, enzymes, or even

bacteriophages on them.

Considering the two above mentioned premises, the proposed future research will be focused on
the evaluation of known HAP-bacteriophages inoculated in the ruminal simulation system to
understand if the NH; production and HAP population would decrease, and how it impacts on the

microbial community and fermentation, before testing the implementation in in vivo assays.
Evaluation of crust microbial population:

In chapter 7, during the drying of digestate derived products, a natural organic crust was formed,
which produced changes in material structure and gas emissions. The formation of the crust
induces a decrease of water diffusivity (Joardder et al., 2016), increasing the time of drying. In
addition, crusts allowed anaerobic and aerobic areas, enhancing nitrification and the presence of
ammonia oxidizing bacteria (Nielsen et al., 2010; Sajeev et al., 2018). When the turning machine
was modified, crust removal was enhanced and N.O emissions decreased compared to the

previous system.

Kupper et al., (2020) observed a significant reduction on NH3 and a trend of reduction for CH,4
and CO- with the formation of a crust, and Hansen et al., (2009) analyzed microbial population
in dry and wet straw crusts. Both had presence of ammonia oxidizing bacteria, meaning that NH3
will be reduced and N;O release will increase, but the dry one also presented CH. oxidizing

bacteria that could be related to a decrease of CHa.

As future research in this line, the microbial population of the material surface and natural organic
crusts would be evaluated to understand better the mechanisms and conditions leading to the
variation of emission during storage and drying so mitigation solutions to modify these

populations could be proposed and evaluated.
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Acidification effect on microbial population:

The effect of acidification had an impact on NHs;, CH4, and N>O emissions, as it has been seen in
previous chapters, causing inhibition of methanogens and ammonia oxidizing bacteria. Liu et al.,
(2010), described the inhibition of nitrous oxide reductase when pH was decreased to 5, enhancing
the production of N2O by reducing denitrification. Wang et al., (2022) observed that acidification
enhanced fungal N.O production. Nevertheless, the study of dynamic changes on
manure/digestate microbial population when acidifying is not well understood (Fangueiro et al.,
2015; Sigurnjack et al., 2017).

Microbial population changes should be studied during manure/digestate storage to understand
the dynamics leading to changes in gas emissions.

Crop field trials using bio-based digestate fertilizers:

Soil characteristics have time-space variability, their changes can only be proved after decades,
and they are weather/climate dependent. We have data of micro and macronutrients in soil and
limit for pollutants, but no optimal values for C and N and their behavior. The effect of crop
rotation, management systems, interrelation between soil-hydrosphere-atmosphere, and nutrient

use efficiency can only be trust after a long-term field experiment (Kdérchens, 2006).

The fertilizers produced in the framework of this thesis have been tested in germination and pot
trials with positive results. In the framework of Circular Agronomics project, Nascimento et al.,
(2023) applied DAD with favorable results. But still, long-term field application trials would be
a good recommendation of future research to be sure about their full performance on crops, but

also on soil. However, the rest of the products need to be tested in field experiments.
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