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Résumé : Les cultures intermédiaires, implantées
entre deux cultures principales, pourraient fournir
une quantité considérable de biomasse pour la
méthanisation, en particulier dans les exploitations
sans élevage. Jusqu'a présent, elles n’étaient ni
fertilisées ni récoltées et leur role était de fournir des
services écosystémiques (cultures intermédiaires
multi-services, CIMS). Avec le développement de la
méthanisation, leur conduite change pour produire
plus de biomasse (i.e. fertilisation, irrigation, récolte).
On parle alors de cultures intermédiaires a vocation
énergétique  (CIVEs). Il existe un double
questionnement concernant les CIVEs: (i) sur la
quantité de biomasse et donc d'énergie qu’elles
pourraient produire a I'échelle nationale, (ii) sur les
impacts associés a leur développement et au retour
au sol de digestats.

Pour y répondre, nous avons mis en place une
démarche couplant expérimentation au champ et
modélisation puis déployé wune chaine de
modélisation a large échelle sur le long terme
(couplage STICS, ALFAM2, SYS-Metha). Les CIVEs
peuvent étre un gisement important d'énergie en
France : de 17 a 115 TWh. Elles sont bien un levier
d'atténuation du changement climatique, malgré
leur fertilisation et I'augmentation des émissions de
N.O associée, grace a la substitution de gaz fossile
et au stockage de C dans les sols. Cependant, il est
probable que la production de biomasse et la
fertilisation supplémentaires se fassent au
détriment de la production alimentaire, de la
qualité de l'air et de la disponibilité en eau. Elles
réduisent tout de méme la pollution au nitrate mais
dans une moindre mesure que certaines especes
de CIMS.

Title : Insertion of energy cover crops in cropping systems in France: multi-scale assessement of potential

production and water-nitrogen—-carbon impacts.

Keywords : Biogas; Energy crop; Soil organic carbon stock; Nutrient cycling; Modeling

Abstract : Cover crops, grown between two main
crops, could provide a considerable amount of
biomass for anaerobic digestion (AD), especially on
farms without livestock. Until now, they were neither
fertilized nor harvested; their function was to provide
ecosystem services (multiservice cover crops, MSCC).
With the development of AD, their management
changes to produce more biomass (i.e. fertilization,
irrigation, harvesting). These crops are referred to as
energy cover crops (ECC). There are two questions
concerning ECC: (i) on the quantity of biomass thus
energy they could produce on a national scale, (ii) on
the impacts associated with their development and
the return of digestates to the soil.

To answer these questions, we have set up an
approach combining field experiment and
modeling, then deployed a large-scale modeling
chain over the long term (coupling STICS, ALFAMZ2,
SYS-Metha). ECCs can be a major source of energy
in France: from 17 to 115 TWh. They are indeed a
lever for climate change mitigation, despite their
fertilization and the associated increase in N;O
emissions, due to the substitution of fossil gas and
the storage of C in the soil. However, the additional
biomass production and fertilization are likely to be
at the expense of food production, air quality and
water availability. They still reduce nitrate pollution
but to a lesser extent than some MSCC species.
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Avant-propos

« Cette posture d'expert engagé au service d'une cause ne peut dispenser les chercheurs
d'adopter clairement une posture de partie prenante défendant une cause (la santé des
sols) et des valeurs plutdt qu'une posture « d'expert au-dessus de la mélée » afin de

favoriser une gestion démocratique plutot que technocratique des problémes. »

Recommandation du comité consultatif commun d’éthique INRAE-Cirad-Ifremer-IRD dans son avis de juillet 2022
pour les domaines de recherche liés aux pratiques agricoles et a la qualité des sols

Dans l'esprit de cette recommandation du comité d'éthique du groupement INRAE-Cirad-
Ifremer-IRD, j'ai adopté tout au long de mon travail de these, une posture de recherche
défendant certaines causes écologiques et sociétales. Cette posture m'a influencée dans mes
choix méthodologiques, mes hypotheses de travail, ma facon d'interpréter les résultats, ma
discussion. Pour donner un exemple concret, je ne discuterai pas de la concurrence d'usage
des terres entre les CIVEs et les cultures dérobées a destination de I'alimentation animale parce
que je considere, pour des raisons éthiques, que nous devrions considérablement réduire (voire
cesser) I'élevage. Pour donner un autre exemple, je considere que le changement climatique
est un probleme majeur pour I'humanité. Pour faire face a ce probléme, je pense que nous
devons avant tout diminuer drastiquement notre consommation d’'énergie et adapter en
conséquence nos sociétés et nos modes de vie. Dans un second temps, je pense qu'il est
nécessaire de remplacer I'usage des énergies fossiles par des énergies bas carbone. Cependant,
je considere également que nos émissions de gaz a effet de serre sont loin d'étre la seule
menace. Aucune énergie n'étant « propre », il faut arbitrer entre les différents impacts
environnementaux de chaque type de production d'énergie. D'ou le choix de ce sujet de these

qui, je I'espere, permettra un jour d'alimenter un débat éclairé entre citoyen.ne.s.

Cette these Cifre a été financée par GRDF, entreprise privée (encadrée par un contrat de service
public) qui a un intérét économique dans le développement du biogaz puisqu’il est amené a
se substituer au gaz fossile dont I'approvisionnement va tres probablement se tarir dans les
prochaines décennies. Au-dela du sujet de these, le seul choix qui a été véritablement influencé
par |I'entreprise a été de considérer dans le calcul du bilan GES du chapitre 5 la valorisation du
biogaz par injection plutdt que par co-génération. En aval, j'ai bénéficié d'une totale liberté

dans la présentation de mes résultats.
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General introduction

General introduction

1 Issue and research strategy

This thesis is at the crossroads of two major societal issues: the energy transition and the
ecological transition. The involvement of GRDF in this thesis shows the interest of the French
energy sector for the potential of biogas production from energy cover crops (EECs) grown in
annual cropping systems during fallow period, in particular in areas without livestock.
Agricultural anaerobic digestion (AD) is the degradation of organic matter by microorganisms
under controlled conditions and in the absence of oxygen. This degradation produces gas, a
mix of CO, and CH4, which can be purified before being injected into the gas network. The
remaining organic matter is called digestate and is spread on agricultural soils as organic
fertilizer. AD experienced a revival in France in the early 2000s. Breeders were first interested
in this process to treat their livestock effluents in co-digestion with organic matter from food
industries or municipalities (e.g. green waste) (Béline et al. 2012). However, livestock effluents
are not very methanogenic. Energy crops and energy cover crops produce more biogas, which
is why they have started to be used as co-substrate (Béline et al. 2012). They are also the main
resource available to field crop farms. In order to achieve a phase-out of fossil gas by 2050, the
AD of ECCs emerges as central in the prospective scenarios. The first prospective study by the
French Agency for the Environment and Energy Control (ADEME) in 2018 predicted that one
third of the potential renewable gas production would be provided by AD (140 TWh higher
heat value (HHV)) and that one third of this gas produced by AD would be supplied by ECCs
(51 TWhyny; ADEME 2018). The actors of the French gas network estimated that out of these
140 TWhhny, 130 would be injectable in the network; the rest would be used in co-generation
to produce electricity and heat (GRDF et al. 2022). In a second study, ADEME (2021) estimated
that AD would provide 35 to 63% of the gas supply (95-128 TWhuwy) and ECCs in particular
would provide 50% of the gas produced from anaerobic digestion (51-61 TWhhny). Besides
that, the number of press articles published in recent years against AD and ECCs as well as the
growing interest of environmental associations for this technology (WWF France 2020, 2022)
reflects the environmental concerns of a part of the citizens. This conflict reminds us that to
get through the current climate and ecological crisis, it is not enough to replace fossil fuels

with renewable energies. Criteria other than avoided CO, emissions must be taken into
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account, such as emissions of other greenhouse gases (N>O and CHa), impacts on biodiversity,
air and water pollution, crop and food production, etc. Faced with this complex problem, the
objective of this thesis is to assess whether and to what extent energy cover crops can meet

both environmental and energy challenges without compromising food production.

The objectives of the thesis are i) to consolidate scientific knowledge on the impacts of
cropping systems integrating energy cover crops and digestate fertilization on the water,
nitrogen and carbon cycles, ii) to analyze the drawbacks of increased production of cover crops
related to potential competition with food production or the increased use of inputs (i.e.
nitrogen fertilizers and irrigation), iii) to propose a new estimation of ECC potential biomass
production and associated energy production using a high resolution approach and taking into
account the diversity of climate, soil and cropping systems in France. These objectives are
broken down into several more specific research questions that will be investigate at three

different scales:

- Do cropping systems with ECCs and digestate inputs mitigate climate change? (i.e. do
they store carbon in soils, reduce direct and indirect N2O and induced emissions,

substitute enough fossil gas to offset their emissions?)

- Does the introduction of fertilized ECCs in a cropping system increase nitrogen inputs

and nitrogen losses (i.e. nitrate leaching, N2O emissions, NHs volatilization)?
- What is the water consumption of ECCs? What is its impact on the water cycle?

- How much do ECCs increase agricultural biomass production? Is it at the expense of

biomass for food? Could they produce biomass everywhere in France ?

- Does considering both the fluxes at the plot scale and for the biogas plant modify the

conclusions on the previous questions?

Despite the interest and need for a more complete evaluation of these cropping systems with
ECCs, we will not address issues related to the impact on soil structure, on meso- and macro-
fauna, on weed management, on other nutrients cycling, and on the use of agrochemicals
within the rotation. We will focus on nitrogen, carbon and water impacts at short and long term

over a large range of agropedoclimatic situations.
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A review of the literature about the knowledge and gap of knowledge on ECCs and their
possible impacts is needed as a first step to refine the research questions and to make work
hypothesis for the next chapters of the thesis. The state of the art on the benefits and
environmental impacts of incorporating ECCs for biogas production into agricultural systems
is presented in Chapter 1. Without going into detail now, it shows that few studies investigated
this topic but seems to indicate that ECCs could meet their environmental goals, mainly based
on one hand on the known impacts of non-exported cover crops and on the other hand on
digestate mainly from livestock origin. However, given the few number of studies on the
combined effects of exported cover crops and their return as digestate, there are still large
uncertainties on their impacts in various pedoclimatic conditions and cropping systems that

the thesis will attempt to fill.

After the Chapter 1, the thesis is divided into four chapters corresponding to four different
spatial scales at which the impacts were studied: Chapter 2 begins at the plot scale, Chapter 3
goes down to the laboratory scale, Chapter 4 moves up to the scale of a small region and
Chapter 5 to the scale of the whole France. The methods used and the objectives/scientific

questions are therefore complementary in each chapter (Figure 1).

Chapter 2 presents a two-year field experiment in which ECCs are compared to other fallow
managements: bare soil and non exported cover crops. The experiment is coupled with the

STICS crop model (Brisson et al. 2009). This experimental set-up meets different objectives:

Determine the impact of ECCs and digestate return on the water and nitrogen cycles

at the field scale and over the short term.
- Analyze the impact of ECCs on the following crop yield and stress.

- Compare these effects to those of non-exported cover crops terminated in autumn or

in spring and to a bare soil during fallow period.
- Calibrate the soil crop model STICS on some ECCs species.

Chapter 3 is complementary to Chapter 2 as it is based on the same field experiment. Part of
the biomass harvested in the experiment is digested in a pilot reactor and the C and N

mineralization of the produced digestate and initial plant biomass is followed in laboratory
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incubations. The main objective of this chapter is therefore complementary to those of the

previous chapter:

- Determine the impact of the AD of ECC on the carbon cycle.

In Chapter 4, we use the STICS model to represent the cropping systems of a small agricultural
region for 30 years. Coupled with an AD model SYS-Metha (Bareha et al. 2021b), it allowes us
to simulate different scenarios for the implementation of AD plants in the territory, including a
scenario for the development of ECCs. With this study scale, we take into account the
constraints on the cropping systems and practices of the farmers in the area, the available
organic resources, the total volume of digestate produced and the areas available for land
application of this digestate. The objectives of this chapter are quite different from the plot

scale:

- Analyze the impacts of ECCs on N and C exchanges with a biogas plant.

- Compare the consequences of the development of different AD development

scenarios on the N inputs and outputs from the region, and C storage in the region.

Finally, in Chapter 5, we set up a simulation chain reusing results or methodological points
from previous chapters. We use it to simulate different scenarios of development of cover crops
for AD or not at the scale of the whole France on grids of a few km? for 30 years. This scale

allows fulfilling the following objectives:

- Quantify the potential biomass production of ECCs in France and the associated

environmental impacts.

- Analyze the long-term impacts of ECCs insertion in a wide range of soil and climatic

conditions and crop successions in cropping systems without livestock.

We will conclude in Chapter 6 with a general discussion in which we will synthesize and bring

coherence to the highlights of the results.
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Figure 1. Schematic representation of the approach of the thesis with the division into chapters.
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2 PhD environment

This PhD was funded by Gaz Réseau de France (GRDF) through the Cifre program of the
National Association for Research and Technology (ANRT). GRDF is the main gas distribution
system operator in France. Through its public service contract with the Government, GRDF is

committed to support research and development on the ecological and energy transitions.

The PhD is fully integrated into the BioCIGES project (2020-2023) funded by ADEME, which has
been connected to the PhD of Nicolas Malet (UMR ISPA), also partly on ECCs and defended on
December 9, 2022. The objective of the project is to provide an environmental assessment
(GHG balance) and economic evaluation of two ways to valorize the biomass of cover crops: i)
direct incorporation into the soil to promote C storage or ii) valorization into biogas to promote
the substitution of fossil fuels. My thesis deals with the task of deepening the knowledge on
the impacts of ECCs with return of digestates to the soil on the N, C and water cycles, and on
the task of estimating the potential source of cover crops biomass on a national scale. Nicolas
Malet's work involved the estimation of other substrate sources for AD and the construction
of a GHG balance sheet to compare the two ways of biomass valorization: with and without
AD. The ECOPUB research unit of INRAE carries out the economic evaluation of these two

valorization ways.

Since the beginning of the thesis, we have been in contact with the RECITAL project’ (2019-
2023) led by Arvalis, with which we have been able to share our experiences. Agricultural
cooperatives, chambers of agriculture, associations promoting AD, and energy companies were
associated to this project. The aim of the project was to provide regionalized technical-
economic recommendations to optimize the overall profitability of crop systems with ECCs.
Among other things, the participants examined the technical management of ECCs in different
soil and climate contexts in order to control production hazards. To meet these objectives, the
project relied on experiments carried out on Arvalis experimental fields and on farmer plots, as
well as on workshops for the co-construction of typical situations and scenarios by region.

Thanks to the link with this project, | benefited from the knowledge of technical experts in

" https://aile.asso.fr/projet-rd/recital/
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ECCs, which was useful for me to have a vision of the reality and to build my experimentation

and my scenarios of ECCs insertion.

A part of the work presented in this thesis is a continuation of the MéthaPolSol project funded
by ADEME and completed in 2019. The objective of the MéthaPolSol project was to study the
impact of certain practices associated with AD on nitrogen and carbon flows within the system
combining the digester and the cropping systems. This work was carried out in two different
pedoclimatic and agricultural contexts: i) the Coglais, a livestock farming area located in llle-
et-Vilaine and ii) the Versailles plain, a cereal farming area located in the Yvelines. At the end
of the project, we determined that the case study of the Versailles plain deserved to be further
explored. The research question being close to the research question of the PhD, this was the
opportunity to introduce this intermediate scale in the PhD. Besides, the methodology used in
this study was reused and adapted in Chapter 5 for the simulation of scenarios on a France-

wide scale.
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Abstract: Some European countries are exploring the idea of replacing dedicated crops with
energy cover crops for biogas production. Indeed, energy cover crops can generate
consequential biomass without competing with food crops for land use. However, the potential
benefits and impacts of this choice are not fully understood. Here, we review what is known
about the consequences of energy cover crop usage by examining management regimes and
digestate use, including impacts on the environment and cropping system performance. First,
compared to cover crops, energy cover crops are intensively managed to produce more
biomass (< 5t DM.ha' vs. up to 16 t DM.ha™"). Second, nitrogen is conserved during anaerobic
digestion and is more readily available to crops in digestate than in cover crops residues.
However, ammonia is lost via volatilization, which could reduce nitrogen use efficiency,
depending on the storage conditions and application method. Third, 43-80% of the crops’
initial carbon is transformed into biogas. That said, levels of soil carbon storage may
nonetheless resemble those obtained with cover crops left behind because carbon is stabilized
during anaerobic digestion and the energy cover crops’ roots and stubble are left behind in
the soil. Fourth, energy cover crops can act as multiservice cover crops, reducing nitrate
leaching, improving soil microbial activity, and enhancing soil physical properties during the
fallow period. Fifth, energy cover crop usage can have certain disservices, such as soll
compaction, the need for additional inputs (e.g., irrigation, fertilization, pesticides), reduced
groundwater recharge, and reduced following crop yield. In summary, expanding the usage of
energy cover crops for biogas production does not seem to be an environmental threat.
However, care must be taken to avoid the intensification of irrigation and lengthening growing

periods to boost biomass, which could reduce food production.

Keywords: energy cover crop, catch crop, ecosystem services, digestate, carbon storage,

leaching, volatilization, drainage, microbial activity
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1.1 Introduction

After rapidly developing in the late 2000s, anaerobic digestion-based biogas production in
Europe has stagnated since 2017 because of new measures and regulations in the key countries
(e.g., Germany, the United Kingdom), which have reduced economic incentives and limited the
use of cash crops as source materials (EurObserv'ER 2020). Cash crops can be included in the
digester ration, as "dedicated crops" or "energy crops", given that they do not surpass a certain
threshold, which varies among countries (e.g., 2021: 15% in France vs. 44% in Germany; Thran
et al. 2020). The use of food crops to produce energy (e.g., biogas, biofuels) is a subject of
debate because land use competition between food and energy crops must be avoided.
Consequently, Europe has introduced sustainability criteria to apply when producing biomass
for energy. Described in the European Union Renewable Energy Directive 2018/2001, these
criteria specify that energy crops should not be grown in areas with high biodiversity nor in
soils containing high levels of stored carbon. Moreover, the use of biofuels and biogas should
prevent a certain proportion of greenhouse gas emissions defined by the directive. Biogas
production will need to meet the above criteria to be categorized as a renewable energy source
(EurObserv'ER 2020). The sustainability of anaerobic digestion is also a key concern (WWF
France 2020). It is recommended that (i) all stakeholders be mobilized when a new project is
launched (ii) agroecological practices be implemented at the farm level; and (iii) further steps
be taken to sustainably manage biomass, promote a positive carbon balance, reduce

greenhouse gas emissions, and preserve biodiversity (WWF France 2020).

France is the European country in which primary biogas production has shown the most growth
(+11% between 2018 and 2019) (EurObserv'ER 2020). Initially employed to treat livestock
farming and food processing waste, anaerobic digestion is now being promoted to produce 6
to 8% of the gas consumption by 2028 (Ministere de la transition écologique et solidaire 2020).
To meet high demands for biomass, France is employing cover crops, particularly in grain-
growing areas without appreciable livestock farming. According to a futures study, 30% of the
country's gas needs should be met by anaerobic digestion by 2050. Energy cover crops could
provide one-third of the necessary biomass and serve as the main source of agricultural
biomass (ADEME 2018b). Energy cover crops are seeded and harvested between two cash
crops (i.e., in systems using double cropping or growing three crops in two years). By definition,

energy cover crops are not cash crops and do not compete with food crops because they
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develop over a period that is usually too short to grow food crops. However, this period is
already being increasingly used to produce supplementary fodder (Binder et al. 2020; Andersen
et al. 2020) or even food crops due to climate change (Meza et al. 2008; Sandler et al. 2015).
Cover crops without immediate monetary return are already in use because they provide many
ecosystem services; their deployment is also mandatory in zones susceptible to nitrate
leaching, where they limit groundwater pollution during the long fallow period (European
Union Nitrate Directive 91/676/EEC). In addition to reducing nitrate leaching (Constantin et al.
2010), cover crops also protect soils from erosion (Blanco-Canqui et al. 2015), provide nitrogen
to the subsequent crop (Tonitto et al. 2006), increase carbon storage in soils (Poeplau and Don
2015), provide habitat and resources for wildlife and microorganisms (Ellis and Barbercheck
2015; Finney et al. 2017; Wilcoxen et al. 2018; Carmona et al. 2021), and, under certain
conditions, can limit diseases and weeds (Blanco-Canqui et al. 2015). For this reason, they are
also referred to as multiservice cover crops (Couédel et al. 2019).

Countries other than France are also interested in exploiting energy cover crops, such as the

Biogasdoneright™

initiative in Italy (Dale et al. 2016) and the Syn-Energy research project in
Austria (Szerencsits 2014). However, there are some key concerns. Certain levels of biomass
production are required for the process to be economically sustainable; energy cover crops
need more intensive management than do conventional cover crops; and the use of inputs
such as water or fertilizer is generally recommended (Marsac et al. 2019). Few studies have
looked at the environmental impacts of energy cover crops, and questions remain with regards
to the sustainability of anaerobic digestion, if we apply the criteria of the European Union or
WWEF France. For example, more information must be gathered about the relationship with
land use, greenhouse gas emissions, soil organic matter storage, and biodiversity. Stated more
succinctly, would energy cover crops retain their status as multiservice cover crops if utilized
to produce biogas? We sought to answer this question by reviewing what is known about
energy cover crops and, more specifically, by attempting to formulate predictions based on
current knowledge about cover crops and digestate-based fertilizers. After providing a detailed
description of energy cover crops and how they are affected by anaerobic digestion, we
reviewed the effects of growing energy cover crops and using their digestates as fertilizers,
examining how both interact to influence different fluxes and processes. Finally, we examined

the potential impacts of energy cover crop use on cropping systems (Figure 2).
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(a)

(b)

Figure 2. Energy cover crop experiment in Auzeville-Tolosane, France: (a) digestate obtained from
energy cover crops is spread before the summer energy cover crop, sorghum, is seeded (in July)
and (b) the sorghum prior to harvest (in September). Photographs by the authors.

1.2 Material and Methods

A literature review was carried out using the Web of Science and Google Scholar databases
(accessed between January 2020 and September 2021) complemented with scientific reports

that the authors were aware of. To find publications in the scope of our study, we combined

"nou nou "noou

different groups of keywords: “ecosystem services”, “sustainability”, “soil quality”, “ecological

noou noou

footprint”, “environmental impact”, “environmental assessment” for environmental impacts

"o "o "non

and benefits; “water balance”, “drainage”, “soil water content”, “water deficit”, “water stress” for

water-related impacts; “nitrogen balance”, “nutrient cycling”, “nitrous oxide emissions”,

"o

“nutrient limitation”, “volatilization”, “leaching” for nitrogen-related impacts; “carbon balance”,

noou nou

“carbon storage”, “carbon sequestration”, “soil organic carbon” for organic matter-related

impacts; “energy crop”, "green manure”, “catch crop”, “cover crop”, "double crop*” for cover

crops; “fertilization” or “digestate” for the use of digestate; "anaerobic digestion”, “biogas
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production” to include anaerobic digestion. To complete and broaden the search, we also
checked the references in the collected papers. We started the investigation with reviews and
meta-analysis of the benefits and drawbacks of cover crops on the one hand and digestates
(all origins) on the other. We then restricted the reading as much as possible to papers dealing
with cover crops used for biogas production or digestate derived, at least in part, from plant

biomass.

1.3 Differences between multiservice cover crops and energy cover

crops

1.3.1 Multiservice cover crops

As noted in several literature reviews, cover crops furnish numerous additional environmental
benefits, which has given rise to the term multiservice cover crops. Part of the benefits is
provided through soil cover and part is provided through the return of residues to the soil.
Cover crops improve water quality in several ways. They reduce drainage, thus limiting
pesticide contamination of groundwater (Giuliano et al. 2021). They mobilize nitrates before
the drainage period, helping to preserve groundwater quality by preventing nitrate leaching
(Constantin et al. 2010; Tribouillois et al. 2016). Cover crops serve the same function for sulfates
(Couédel et al. 2018b). Furthermore, the roots of cover crops increase soil porosity, both
promoting water infiltration and reducing surface runoff (Blanco-Canqui et al. 2015). As a result
of the latter, dissolved phosphorus is retained in the soil for the following crop, and water
pollution is limited (Daryanto et al. 2018). Cover crops act as physical barriers against water
and wind erosion (Blanco-Canqui et al. 2015). They can also help directly mitigate climate
change because, in temperate regions, they have higher albedo than do soils; in Europe, the
mitigation potential is 3.16 Mt CO2-eq per year (Carrer et al. 2018). Cover crops suppress weeds
by competing for space and resources (i.e., light, water, nutrients) (Schipanski et al. 2014;
Blanco-Canqui et al. 2015; Smith et al. 2020). Finally, cover crops provide habitat and food
resources for birds, insects, and microorganisms, thus promoting biodiversity (Blanco-Canqui
et al. 2015). Upon destruction, cover crops residues continue to provide other services. Residue
mineralization supplies nitrogen and sulfur to the following crop (Thorup-Kristensen et al.
2003; Tribouillois et al. 2016; Couédel et al. 2018a). Leguminous cover crops fix atmospheric

dinitrogen, boosting the supply available for the next crop, even if they have a lower “catch
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crop” effect on nitrates (Tonitto et al. 2006). When cover crop biomass (roots and shoots) is
incorporated into the soil, carbon storage levels can reach 320 kg C/ha per year (Poeplau and
Don 2015) or even 560 kg C/ha per year (Jian et al. 2020), further contributing to climate change
mitigation. In fact, expanding cover crop use in France could reduce greenhouse gas emissions
by 515 kg CO2-eqg/ha per year (Launay et al. 2021) despite a slight increase in nitrous oxide
emissions also demonstrated in other studies after the incorporation of cover crops (Blanco-
Canqui et al. 2015; Guenet et al. 2020; Abalos et al. 2022). If cover crop roots and shoots are
left in place, they can also control pathogens and weeds via allelopathy (Snapp et al. 2005;

Matthiessen and Kirkegaard 2006; Blanco-Canqui et al. 2015).

Cover crops can also have deleterious effects (i.e., disservices). For example, they may engage
in pre-emptive competition with cash crops for nutrients and water. Their water and nitrogen
consumption, as well as cases of nitrogen immobilization after residue incorporation can lead
to yield losses (Krueger et al. 2011; Alonso-Ayuso et al. 2014; Alvarez et al. 2017; Meyer 2020).
Such effects can be limited by destroying the cover crops early or increasing soil nitrogen
mineralization over time by accumulating organic matter (Constantin et al. 2011; Krueger et al.
2011; Alonso-Ayuso et al. 2014; Acharya et al. 2017). Cover crops can also host pathogens,
allowing their populations to persist and multiply during the fallow period, which can put
subsequent crops at greater risk of diseases (i.e., the “green bridge” phenomenon). Such
dynamics have led to yield losses in several cash crop-cover crop (Acharya et al. 2017). To
eliminate potential green bridge effects, care should be taken to select a cover crop species
that is non-host for the next crop. Finally, cover crop water consumption in the winter can also
reduce drainage and, consequently, groundwater recharge and the water supply available for

other uses (Meyer et al. 2019).

Depending on the specific combination of services and disservices, cover crops can have
positive or negative impacts on the following crop’s yield. For example, green manure effects,
pathogen control, and weed control often boost yield (Matthiessen and Kirkegaard 2006;
Tonitto et al. 2006; Schipanski et al. 2014; Bergtold et al. 2017). In general, yield tends to be
positively influenced, particularly over the long term (Constantin et al. 2011; Blanco-Canqui et
al. 2015), and becomes less vulnerable to climatic hazards (Snapp et al. 2005; Bergtold et al.

2017).
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The selection and management of cover crop species must take into consideration local
climatic conditions, soils, cropping systems, and desired services. For example, if the objective
is to prevent nitrate leaching, a fast-growing, non-leguminous species should be chosen, and
the cover crop should be seeded early, so it can take up as much nitrogen as possible before
the drainage period. To increase soil organic matter content, it is better to select a species with
a long establishment period that is capable of producing large quantities of biomass.
Sometimes trade-offs are observed. For example, there may be a trade-off in water quality and
the supply of blue water under specific soil-climate conditions where certain agricultural
practices are used (Obiang Ndong et al. 2021). In such contexts, species mixtures could be
useful (Tosti et al. 2014; Tribouillois et al. 2016; White et al. 2017; Couédel et al. 2019). Finally,
incorporating cover crops into the soil early on (i.e., more than 15 days before the next crop is

seeded) generally limits the risk of deleterious effects (Justes et al. 2012; Acharya et al. 2017).
1.3.2 Energy cover crops

In France, the definition of an energy cover crop is provided in Decree n°2016-929 for the
Application of Article L.541-39 of the Environmental Code: it is a crop grown between two cash
crops, and its biomass is harvested and anaerobically digested to produce biogas. In western
Europe, energy cover crops are planted either during the summer fallow period (June to
October) or during the winter fallow period (September to May). They can function as

multiservice cover crops.

The fact that energy cover crops are harvested for biogas production rather than being
incorporated into the soil is what differentiates them from conventional multiservice cover
crops. Indeed, the function of energy cover crops more closely resembles that of cover crops
transformed into livestock feed, which are also known as “double crops.” Due to the short
growing period, energy cover crops are harvested before they reach maturity. Because
methanogenic potential varies little among crop species during vegetative stage, the amount
of biomass harvested is the key factor determining levels of biogas production (GraB et al.
2013; Marsac et al. 2019). Aboveground biomass production is higher for species with high
growth levels, such as sorghum [Sorghum bicolor (L) Moench], corn [Zea mays L], and
sunflower [Helianthus annuus L.] in the summer and triticale [x Triticosecale rimpaui Wittm.],
rye [Secale cereale L], barley [Hordeum vulgare L], and oats [Avena sativa L.] in the winter.

Inputs (e.g., fertilizer, irrigation water, pesticides) can be provided to further boost biomass
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accumulation. During the summer fallow period, solar radiation levels are high, but seeding
conditions can be challenging, particularly in the dry regions of southern Europe, which may
face water scarcity during this time of year. Farmers should favor short-cycle species that are
resistant to water stress, such as sunflower and sorghum, and recognize that irrigation must
sometimes be employed to ensure cover crop emergence and biomass production. During the
winter fallow period, biomass production mostly takes place in spring. Farmers should thus
target species with explosive growth during the early spring, such as grasses. Because energy
cover crops are good at accumulating biomass, they take up large amounts of nitrogen from
the soil and require a moderate supply of fertilizer (40-80 kg N/ha), mainly in the form of
digestate; using this approach can ensure sufficient yields without impairing the growth of the

following crop (Szerencsits 2014; Marsac et al. 2019).

Much research has been dedicated to management strategies for maximizing biomass
production by energy cover crops (Heggenstaller et al. 2008; Gral3 et al. 2013; Molinuevo-Salces
et al. 2013, 2014; Negri et al. 2014; Szerencsits 2014; Igos et al. 2016; Marsac et al. 2019;
Wannasek et al. 2019). Best practices for summer energy cover crops include early seeding, the
use of drought-resistant species, and a sufficient supply of water at seedling emergence
(Marsac et al. 2019). In the case of winter energy cover crops, biomass is largely harvested from
April onwards, so a good approach is to delay harvesting as much as possible, without overly
shortening the subsequent crop’s growing period (Szerencsits 2014; Marsac et al. 2019). To
produce sufficient energy cover crop biomass, attention must be paid to seeding and
harvesting dates, which could require farmers to redesign crop rotations. It may be enough to
employ early varieties of cash crops and harvest them a few days or weeks in advance, in the
case of summer energy cover crops; for winter energy cover crops, cash crops can be seeded
with a slight delay. To increase the total biomass production of energy cover crops, the crop
cycle can be modified either by removing winter cash crops—allowing the addition of winter
energy cover crops—or by introducing winter cash crops that can be harvested before July—

allowing the addition of summer energy cover crops.

With regards to environmental impacts, energy cover crops should display the same services
and disservices as conventional cover crops during the soil cover period. These include
reducing drainage; protecting groundwater quality; structuring the soil; mitigating climate

change thanks to higher albedo levels and enhanced carbon storage in soils (via belowground
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biomass); maintaining biodiversity; and controlling weeds. Questions remain with respect to
service intensity. Because energy cover crops are harvested, they do not supply any benefits
associated with aboveground biomass incorporation into the soil (i.e., allelopathy, green
manure effects, enhanced carbon storage via aboveground biomass). It is also unclear whether
the use of energy cover crops could negatively affect food production because of (i) the
resulting changes to crop rotations and (ii) preemptive competition for water and nitrogen

between crop types.

1.4 From cover crop biomass production to digestate storage

1.4.1 Cover crop biomass and nutrient absorption

Cover crop biomass production can vary markedly depending on species, management regime,
soil characteristics, and climatic conditions. In the summer, it is hard to obtain dense and
homogenous cover if plants are seeded in dried-out soil and water is scarce, given that cover
crops are rarely irrigated. In the fall, the important limiting factors are the total number of
growing degree days and levels of global radiation. Furthermore, conventional cover crops are
not usually fertilized and are destroyed early on, by either frost or the farmer. In Europe,
aboveground biomass rarely exceeds 5 tons of dry matter (DM) per hectare (ARVALIS - Institut
du végétal et al. 2011; Justes et al. 2012; Hansen et al. 2021). In general, energy cover crop
biomass is higher because of the longer growing season, the species chosen and the use of
inputs (fertilizer, irrigation water, pesticides). That said, production remains highly variable for
summer and winter energy cover crops (3-15 t DM/ha and 2-16 t DM/ha, respectively),
depending on species, variety, pedoclimatic conditions, and management regime (Szerencsits
2014; Marsac et al. 2019). Initial results have shown that cereal-legume mixtures where the
proportion of legumes does not exceed 40% did not impact the cereal yield (Marsac et al.
2019). Nitrogen levels in the aboveground biomass of cover crops differ based on species: they
range from 13.6 to 52 g N/kg of dry matter for brassicas and grasses (Justes et al. 2009; Bareha
et al. 2018; Hansen et al. 2021). They are higher for legumes: between 43 and 84 g N/kg of dry
matter (Bareha et al. 2018; Hansen et al. 2021). Across trials conducted in France and Denmark,
the total nitrogen absorbed by unfertilized cover crops ranged from 10 to 171 kg N/ha for
legumesand 9 to 89 kg N/ha for non-legumes (ARVALIS - Institut du végétal et al. 2011; Hansen

et al. 2021). Other studies conducted in temperate regions have found that nitrogen uptake by
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legumes can exceed 300 kg N/ha since the plants are not limited by levels of soil nitrogen
(Thorup-Kristensen et al. 2003; Tonitto et al. 2006). Brassicas also have a high nitrogen uptake
capacity, up to 300 kg N/ha (Constantin et al. 2015); furthermore, their nitrogen acquisition
rates per growing degree day are higher than those of legumes when nitrogen is not limiting
(Tribouillois et al. 2015). The C:N ratios of cover crops generally vary from 9 to 40 (Justes et al.
2012; Hansen et al. 2021). They are lower for legumes and/or cover crops that have experienced
a short growing period or conditions of high nitrogen availability (Justes et al. 2012). There
were ranges of values for other nutrients: 2-8.2 g/kg of dry matter for phosphorus; 15-52.8
g/kg of dry matter for potassium; 0.9-4 g/kg of dry matter for magnesium; and 1-9 g/kg of
dry matter for sulfur (MERCI tool, French National Reference Database; Chambre Régionale
d'Agriculture Nouvelle-Aquitaine 2020; Hansen et al. 2021). The carbon content of plant dry
matter can be quite consistent (40-50%; Bertrand et al. 2019). Root:shoot ratios of carbon and
nitrogen may differ greatly among cover crop species. Constantin et al. (2011) found that the
root:shoot ratio for carbon was 20% for mustard [Sinapis alba L] versus 72% for ryegrass
[Lolium multiflorum Lam.]; for nitrogen, it was 6% for mustard versus 37% for ryegrass.
Bispecific mixtures, especially when including legumes, tend to have intermediate values
between those obtained by both species in sole crop. Tribouillois et al. (2016) and Couédel et
al. (2018b) observed nitrogen uptake values intermediate or equal to the best species for
cereal-legume and crucifer-legume mixtures. The same observation was made by Couédel et
al. (2018a) for sulfur uptake. C:N and C:S ratios are always halfway between both species
(Tribouillois et al. 2016; Couédel et al. 2018b, a). A recent meta-analysis showed that it was very
rare for a mixture to perform better than the best of the species alone on various criteria

including biomass production and nitrogen uptake (Florence and McGuire 2020).
1.4.2 Ensiling energy cover crops

After being harvesting, fresh energy cover crop biomass is preserved as silage until it is
anaerobically digested. Feedstock quality greatly affects the success of the storage process: the
feedstock should have high dry matter content, high accessible carbohydrate content, and low
buffering capacity (Teixeira Franco et al. 2016). Farmers should aim for dry matter content of
25-30% to limit fermentation, loss of matter and energy, and leachate formation (Teixeira
Franco et al. 2016). However, this threshold is difficult to achieve when energy cover crops have

a short growing period. The harvest date can be delayed to allow further declines in moisture
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content, but increased lodging risks may result because of poor weather conditions in the
spring and fall (for winter and summer energy cover crops, respectively) (Marsac et al. 2019).
That said, it remains unclear whether dry matter content affects biochemical methane potential
even if it affects fermentation during ensiling (Teixeira Franco et al. 2016). In addition, silage
juices could be recovered to cofeed the digester. It is known that biochemical methane
potential can be affected by air exposure within the silo. To avoid any potential losses, it is
important to use good management practices, such as rapid silo closure and high levels of

biomass compaction (Teixeira Franco et al. 2016).
1.4.3 Fate of carbon during anaerobic digestion

During anaerobic digestion, between 20 and 95% of the substrate’s carbon content is
transformed into biogas (CH4 and CO2), depending on substrate type (Mdller and Miller
2012). The percentage is higher for plants that have undergone little to no transformation: 64%
or 80% for a 100% corn substrate (Thomsen et al. 2013; Béghin-Tanneau et al. 2019) versus
46% for corn previously digested by animals (assuming that ruminal degradation of original
carbon content is 70%) (Thomsen et al. 2013). For energy cover crops, the amount of carbon
converted into biogas during anaerobic digestion represents 43-74% of initial carbon content,
compared to 36-41% in the case of livestock manure (Bareha et al. 2018). These figures are
maxima given that the degree of degradation depends on material residence time and
substrate preparation (Bareha 2018). During anaerobic digestion, microorganisms
preferentially degrade the labile fraction of the organic substrates—avoiding recalcitrant
molecules (e.g., lignin)—and produce stabilized metabolites (Coban et al. 2015; Méller 2015).
Past research has found differences in the degree of degradation of the different organic
matter fractions in energy cover crops: it is between 17 and 30% for the most recalcitrant
fraction (lignin); between 32 and 72% for the intermediate fraction (cellulose + hemicellulose);

and between 10 and 75% for the soluble fraction (Bareha et al. 2019).
1.4.4 Fate of nutrients during anaerobic digestion

During anaerobic digestion, the nitrogen in crop residues is largely conserved in the digestate
(Moller and Miiller 2012), which contrasts with the fate of carbon. Moreover, the nitrogen can
change form: depending on the proportion of mineral nitrogen in the substrate, further

mineralization of organic nitrogen can occur (Bareha et al. 2018). In fresh crop residues with
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N-NH,":total nitrogen ratios of around zero, an average of 57% of the organic nitrogen is
mineralized during anaerobic digestion; this percentage is closer to 33% if residues are
transformed beforehand (e.g., via ensiling or animal consumption; Bareha et al. 2018).
Consequently, the digestate has a higher N-NHs* content than the substrate of origin, a
difference that is further accentuated for crop residue digestate versus livestock manure
digestate (Moller and Miiller 2012). The percentage of N-NH4" varies greatly, from 4 to 82% of
total nitrogen, depending on the substrate (Moller and Miller 2012; Nkoa 2014; Bareha et al.
2018; Guilayn 2018). Even for fresh cover crop residues, the final digestate displays marked
variability: from 1.2 g N-NH4*/kg of fresh matter for barley (31% of total nitrogen) to 6.0 g N-
NH4*/kg of fresh matter for vetch (71% of total nitrogen) (Bareha et al. 2018). This range of
values results from differences in substrate organic nitrogen content and in organic nitrogen
biodegradability. Other nutrients are similarly retained during anaerobic digestion. Levels of
phosphorus range from 0.2 to 31.5 g/kg of dry matter, and levels of potassium range from 0.6
to 95 g/kg of dry matter (Moller and Miller 2012; Nkoa 2014; Guilayn 2018). Although
phosphates, sulfates, and micronutrients (e.g., Fe, Mg, Ca) are mineralized, they are not
necessarily more available to plants for several reasons: (i) they precipitate as phosphates,
sulfide, carbonate, and hydroxides due to increases in pH; (i) they experience sorption in the
digestate’s solid phase; and (iii) they undergo complexation with other compounds in solution
(Moller and Miller 2012). Sulfur might be an issue for anaerobic digestion because at high
doses it reduces the efficiency of the digestion and produces a corrosive gas, H.S (Yang et al.
2016). The production of H,S can be predicted by the C:S ratio of the substrates. Peu et al.
(2012) found that above a C:S of 40, the amount of H,S produced is treated efficiently. However,
the C:S of cover crops varies between 63 and 319 for a large number of species (Peu et al. 2012;
Couédel et al. 2018a; Hansen et al. 2021), above the C:S of pig manure at 44-51. Consequently,
the use of cover crops produces HS but in acceptable quantities to be treated efficiently by

the equipment already in place on the installations.
1.4.5 Digestate storage

Fermentation continues during digestate storage, and part of the carbon in the digestate is
transformed into methane and carbon dioxide. Approximately 8% of the carbon in the raw
digestate is transformed, with figures of 15% for the liquid phases and 34% for the solid phases

(Bareha et al. 2021). These emissions are significant since they represent 1.43 to 10.36% of
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methane production for a given biogas unit (Liebetrau et al. 2010). If the digestate is not
covered, this biogas is lost and contributes to greenhouse gas emissions (Balsari et al. 2013).
Digestate degradation during the storage period also results in the release of nitrous oxide
and ammonia, which can be limited by covering the digestate (Moller 2015; Holly et al. 2017).
According to different studies, nitrogen loss ranges from 9% for uncovered raw cattle manure
digestate to 6% for liquid digestate (Holly et al. 2017) and to 30% of nitrogen for uncovered
raw pig slurry digestate (Sommer 1997). Based on these figures, a recent review by Walling and
Vaneeckhaute (2020) found that emissions from livestock manure digestate under storage
conditions ranged from less than 0.01 to 0.13 kg CO.eg/kg N per day. For the moment, we

have not identified any figures from the digestion of cover crops.

1.5 How the anaerobic digestion of energy cover crops affects

nitrogen fluxes

1.5.1 Nitrogen availability for crops

Upon cover crop destruction, soil levels of mineral nitrogen are often 50% lower than those
associated with bare soil because cover crops absorb nitrogen, a phenomenon that is
particularly pronounced in dry climates (Tribouillois et al. 2016a; Alvarez et al. 2017; Meyer
2020). The level of mineral nitrogen available to the following crop is strongly correlated with
cover crop termination date and winter drainage intensity. Later destruction dates result in
greater differences relative to what is seen on bare soil because the absorption period is longer
and growth is faster in the spring. Lower levels of drainage have the same effect because
mineral nitrogen remains in the bare soil while it is absorbed by the cover crop. When levels of
soil organic matter and cover crop mineralization are insufficient in the early spring, the low
guantities of mineral nitrogen may induce preemptive competition, resulting in nitrogen stress
when the next crop begins growing (Thorup-Kristensen et al. 2003; Marcillo and Miguez 2017).
However, cover crops may furnish nitrogen to the subsequent crop via green manure effects.
Green manure effects result because (i) the growing cover crop takes up mineral nitrogen that
would otherwise leach away during winter and (ii) mineralization releases this nitrogen after
the cover crops are incorporated into the soil, making it available to the next crop. The degree
of these effects depends on the cover crop’s nitrogen uptake efficiency; residue mineralization

dynamics; and leaching risks during the drainage period. When legumes are used as cover
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crops (by themselves or in combination with non-legumes), the fixation of atmospheric
nitrogen can boost green manure effects. Furthermore, the C:N ratio can shape the level and
timing of the nitrogen available for the following crop (Jensen et al. 2005; Justes et al. 2009).
Residues with a ratio of less than 13 resulted in immediate net positive nitrogen mineralization;
in contrast, residues with a ratio of more than 26 resulted in net nitrogen immobilization over
the five-month incubation period. For residues with intermediate ratios, temporary
immobilization occurred during the first few weeks but was then followed by net mineralization
(Justes et al. 2009). It is difficult to reliably determine the range of nitrogen made available to
subsequent crops by cover crops because of all the aforementioned factors. Justes et al. (2012)
tried to establish potential orders of magnitude based on the research to date. They found
available nitrogen ranges of —20 to +10%, —10 to +30%, and +10 to +50% of absorbed N from

grasses, crucifers, and legumes, respectively.

When digestate is applied to fields, the nitrogen made available to crops is the sum of the
mineral nitrogen present in the digestate and the relative amount of organic nitrogen that
mineralizes in the months following application. This figure corresponds almost entirely to the
amount of N-NH4", since only 10-20% of the organic nitrogen is mineralized within six months
(based on studies of manure digestates) (Moller and Muller 2012). Since organic nitrogen is
mineralized during anaerobic digestion, nitrogen in energy cover crop digestate should be
more readily available than nitrogen in cover crop residues (Méller and Miller 2012; Bareha et
al. 2018). For example, it has been found that a mean energy cover crop digestate input of 30
t/ha should provide 37-179 kg N-NH4"/ha (Bareha et al. 2018). Moreover, digestate application

could be timed to better correspond to crop demands for nitrogen.

Energy cover crops are particularly likely to provoke preemptive competition since they are
harvested late and are likely to deplete the mineral nitrogen in the soil as they grow. On the
other hand, avoiding the incorporation of cover crops with high C:N ratios can limit or prevent
nitrogen immobilization. Producing an energy cover crop yield of 4.5 t dry matter/ha requires
the uptake of 60-100 kg of nitrogen, which could cause nitrogen stress for the next crop. By
providing a source of nitrogen, such as digestate fertilizer, it may be possible to both meet the
needs of cover crops and reduce the risk of nitrogen stress for the subsequent cash crop
(Szerencsits 2014). While the latter sometimes occurs after winter energy cover crops

(Szerencsits 2014; Marsac et al. 2019), it is less common after summer energy cover crops.
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Indeed, the initial nitrogen requirements of winter cash crops are often low enough that
nitrogen uptake by cover crops does not have a lasting impact. For example, Szerencsits (2014)
did not observe any nitrogen stress after the use of a summer energy cover crop. However, in
simulations comparing crop cycles with and without energy cover crops, it was necessary to
fertilize winter wheat at higher levels when the cash crop followed an energy cover crop (+30-
80 kg N/ha) to maintain yields at control levels (as defined in Launay et al. 2020). Thus, the risk
of nitrogen stress could be lowered by providing mineral or organic fertilizer to the cash crop.
Another solution could be utilizing an energy cover crop mixture containing legumes (Valkama

et al. 2015).

In conclusion, anaerobic digestion can help promote the green manure effects of energy cover
crops as long as the digestate contains levels of available nitrogen that can compensate for
nitrogen losses during storage and digestate application. At the very least, removing residues
from fields can prevent the nitrogen immobilization that can result from energy cover crops
with high C:N ratios (Brozyna et al. 2013). Moreover, digestate application can be optimally

timed to better respond to the nitrogen needs of cash crops (Méller and Stinner 2009).

1.5.2 Ammonia volatilization

40



Chapter 1

Table 1. Effect of anaerobic digestion on the intensity of ammonia volatilization after application of digestate as fertilizer across field studies. +:

significant increase in volatilization associated with digestate use, —: significant decrease in volatilization associated with digestate use; =: no change

in volatilization associated with digestate use. 'Laboratory experiment. °Calcium ammonium nitrate, calcium nitrate, ammonium nitrate, urea.

Digestate Control  Application Crop/soil Duration Effect on Emission factor Reference
substrate applied to (days) volatilization
Animal slurry Animal Surface Wheat; 2-5 + 10-40% of total N or N-NH4* Sommer et al. 2006";
and/or food slurry grassland; applied Moller and Stinner
waste bare soil 2009; Nyord et al. 2012;
Nicholson et al. 2017
Animal slurry Animal Surface; Grassland; 4-19 = 30-42% of N-NH.* applied on  Wulf et al. 2002;
with or without  slurry Injected bare soil surface; Chantigny et al. 2004
food waste 10% of N-NH." injected
Pig slurry Pig slurry  Surface Bare soil; 8-10 - 10-18% of total N applied; Chantigny et al. (2007,
Grassland 23% of N-NH.* applied 2009)
Energy crops Animal Surface Wheat; 3 + 10-13% of N-NH4" applied Ni et al. (2012)
with or without  slurry grassland;
pig slurry bare soil;
corn
Energy crops or  Mineral  Surface; Grassland; 2-8 +or = if 10-14% of total N applied on  Chantigny et al. 2007;
pig slurry or fertilizer” incorporated; wheat/corn injected surface; 6-29% of N-NH,* Quakernack et al. 2012;

sewage sludge

injected

applied on surface; 12% of N-

NH4" injected

Wolf et al. 2014; Zilio et
al. 2021
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When nitrogen fertilizer is applied, the degree of ammonia volatilization depends on fertilizer
characteristics (pH, NH4* content, dry matter content), soil characteristics (pH), the application
method (surface vs. injection), and climatic conditions (temperature, wind speed, rainfall) (Ni
et al. 2012; Moller 2015). Higher pH and NH4" content both enhance volatilization (Méller
2015). Temperature and wind speed are positively correlated with the degree of volatilization
because they promote ammonia’s transition from its liquid phase to its gaseous phase; the
occurrence of rainfall immediately after application strongly reduces volatilization (Ni et al.
2012). Since volatilization occurs at the interface with the atmosphere, injecting the fertilizer
limits its exposure, reducing volatilization (Webb et al. 2010; Maris et al. 2021). Similarly, low
levels of dry matter content allow the fertilizer to better infiltrate the soil, also reducing
volatilization. Consequently, the identity of the crop in place when fertilizer application occurs
can have an indirect effect on volatilization by slowing down infiltration; for example, the
presence of corn will result in less volatilization than the presence of grasslands or wheat
because the soil is largely bare under corn (Ni et al. 2012; Quakernack et al. 2012). The same
thing for the presence of crop residues (Maris et al. 2021). Studies have found that volatilization
is generally higher for digestate than for slurry (Table 1, Table 22). Increases in pH and NH4*
levels during anaerobic digestion should have a marked effect on volatilization. However, some
work has observed a decrease in volatilization for digestate versus untreated slurry when the
former is more fluid than the latter (Chantigny et al. 2004, 2007, 2009). Very little research has
considered anaerobic digestion in areas with arable crops but no livestock, which means that
there have been few examinations of digestate serving as a substitute for mineral fertilizer. In
their meta-analysis, Pan et al. (2016) found that, on average, mineral fertilizers lose 18% of
applied nitrogen to volatilization, recognizing that urea releases the most emissions and that
substituting in non-urea-based fertilizers can reduce volatilization by 75%. Chantigny et al.
(2007) found that digestate emitted three times more ammonia than did mineral fertilizer,
while Wolf et al. (2014) and Quakernack et al. (2012) found much larger differences since
emissions from the mineral fertilizer control occurred at levels deemed to be negligible. On the
contrary, Zilio et al. (2021) found that with good spreading practices, i.e. injecting the digestate

directly, no difference was visible with urea.

Most studies to date have looked at digestates produced from monofermented slurry.

Digestates resulting from the codigestion of crop residues are more viscous than are pure
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slurry digestates (Plochl et al., 2009 in Quakernack et al., 2012). Thus, infiltration-mediated
reductions in volatilization are probably less pronounced for crop residue digestates. The few
studies examining digestates from monofermented or cofermented crops have found that 6 to
29% of the N-NH.," supplied is released via volatilization (Ni et al. 2012; Quakernack et al. 2012;
Wolf et al. 2014), which falls within the value range for digestates of all origins (6-42% of the
N-NH4" or total nitrogen supplied). In the small number of studies where the digestate was
injected, ammonia emissions drop to 4-12% of the N-NH4" supplied (Wulf et al. 2002; Zilio et
al. 2021; Maris et al. 2021). In addition, it is important to recognize that the use of nitrogen
fertilizers will increase if energy cover crops are added to rotations, a move that will enhance
volatilization overall. If the release of ammonia is not limited, there could be negative impacts

on air quality and greenhouse gas emissions.
1.5.3 Nitrate leaching

Nitrate leaching occurs during the drainage period. The best way to minimize leaching is to
keep soil mineral nitrogen as low as possible before and during this time. One way to achieve
this outcome is by planting a fall cover crop, which will take up mineral nitrogen from the soil.
On bare soils, such an approach efficiently limits nitrate leaching, mainly by reducing soil
mineral nitrogen but also by decreasing drainage (Justes et al. 2012; Tribouillois et al. 2016a;
Meyer et al. 2019). The degree of efficacy is species dependent: on average, non-legumes
versus legumes reduce leaching by 70% and 40%, respectively (Tonitto et al. 2006; Tribouillois

et al. 2016a).
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Table 2. Effect of anaerobic digestion on the intensity of nitrate leaching across field studies. +: significant increase in leaching or leaching risk
associated with digestate use; —: significant decrease in leaching or leaching risk associated with digestate use; =: no difference in leaching or leaching
risk associated with digestate use. '"Ammonium sulfate, ammonium nitrate, potassium nitrate. °Pot experiment.

Digestate Control Application rates Agricultural Effect on leaching Reference

substrate (using equivalents) practices

Animal manure  Mineral Total N or N use Applied in spring or = when same N use Matsunaka et al. 2006; Chantigny
and/or energy fertilizer' efficiency for one fall to a grassland or  efficiency and — when et al. 2008; Walsh et al. 2012a%
crops or food study in spring to corn same total N applied Svoboda et al. 2013; Tsachidou et
waste al. 2019

Animal manure  Animal manure Total N or others Applied in spring or = for 9 studies out of Jakel and Mau 1999 in Svoboda et
and/or energy in fall to grassland or 12 al. 2013; Potsch 2004 in Moller
crop and/or different rotations 2015; Brenner and Clemens 2005
food waste in Svoboda et al. 2013; Borjesson

and Berglund 2007; Chantigny et
al. 2008; Moller and Stinner 2009;
Goberna et al. 2011; Walsh et al.
2012a; Sieling et al. 2013;
Svoboda et al. 2013; Nicholson et
al. 2017; Sigurnjak et al. 2017

Animal manure  Cover crops Total N or others Applied in spring; 3 = for the highest Moller and Stinner 2009;
and/or crop and crop out of 4 years to 1 frequency of Gunnarsson et al. 2011; Brozyna
residues + residues left out of 3 years application and — for et al. 2013

energy cover behind others

crops

44



Chapter 1

Fertilizer use may increase leaching risks if application takes place in the fall just before the
drainage period and/or if too much is employed. The European Union's Nitrate Directive
(91/676/EEC) prohibits applying mineral nitrogen fertilizers, as well as some organic nitrogen
fertilizers (with C:N ratios < 8), including digestates, to winter crops seeded in the fall. It
similarly prohibits the use of all fertilizer types on bare soil from early summer to February,
before spring crops are planted, if no cover crops are seeded. Medium- and long-term leaching
risks can also be increased by higher levels of soil organic matter, which can arise from repeated
cover crop use or the application of organic amendments. In such cases, levels of mineralized
nitrogen will climb (Constantin et al. 2011) if fertilizer quantities are not concomitantly reduced
(Schroder et al. 2007; Constantin et al. 2012; Girault et al. 2019). In the short term, using
digestate as fertilizer does not increase leaching risks if fertilizer levels are calculated based on
the nitrogen use efficiency for the digestate and if the digestate is applied when nitrate
leaching risks are low, such as after the planting of a crop with high nitrogen uptake

(Matsunaka et al. 2006) (Table 2, Table S223).

During the winter fallow period, leaching risks can be reduced by growing energy cover crops
without fertilizer; the effect is similar to that obtained with cover crops. When Riau et al. (2021)
tested the efficacy of three energy cover crop species, they found that black oat reduced
leaching more than did ryegrass or forage rapeseed because the former had faster, more
uniform development. When black oat was grown without fertilizer as an energy cover crop
and harvested in the spring, it was more effective than the same species terminated early and
left in the field as a cover crop (Mdller and Stinner 2009; Gunnarsson et al. 2011). Indeed, when
residues undergo mineralization in the late fall and early spring, it creates the opportunity for
the nitrogen absorbed by the cover crop to leach (Tribouillois et al. 2016a). In contrast, the
digestate created from the harvested energy cover crops is applied at a time when leaching
risks are lower (Mdller and Stinner 2009; Gunnarsson et al. 2011). Applying fertilizer to energy
cover crops does not appear to diminish their ability to reduce nitrate leaching. First,
Heggenstaller et al. (2008) observed lower levels of leaching in systems with energy cover crops
versus in systems with bare soil despite the higher levels of nitrogen fertilizer usage across the
crop succession. Second, modeling research showed that, when identical species were used,
spring-fertilized, harvested energy cover crops reduced leaching more than unfertilized cover

crops that were destroyed a couple of weeks early (Szerencsits 2014; Malone et al. 2018).
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Malone et al. (2018) found that fertilized, harvested rye reduced leaching by 18% compared to
unfertilized, unharvested rye and by 54% compared to what was seen on bare soil. Similarly,
Szerencsits (2014) found that, in multiyear experiments, fertilized winter energy cover crops
reduced leaching by 20% compared to the same species when destroyed 15 days earlier and
by 25% compared to what was seen on bare soil. This result could be explained by greater
biomass production leading to a larger reduction in drainage (Szerencsits 2014) or the decrease
in nitrogen mineralization due to residue removal (Malone et al. 2018). Summer energy cover
crops also seem to be effective in reducing leaching during the following winter compared to

what is seen on bare soil in summer (Szerencsits 2014; Girault et al. 2019).

Clearly, cover crops have a demonstrated ability to reduce leaching. Initial studies of energy
cover crops suggest that they display this function, which is sometimes even enhanced.
Managing energy cover crops in specific ways can affect nitrate leaching dynamics: (i) leaching
can be reduced by producing more biomass and avoiding asynchrony between residue
mineralization and nitrogen uptake by the following crop, and (ii) leaching may be increased
in the medium to long term if nitrogen fertilizer is used. It is important to underscore that long-
term research in this area remains scarce, and it is necessary to further explore the effects of

crop cycle management when rotations include energy cover crops.
1.5.4 Nitrous oxide emissions

Nitrous oxide (N2O) is emitted mainly during denitrification, i.e. the transformation of NO3~
into Ny, as an intermediate product under anaerobic conditions. A small portion of N,O is also
emitted as a co-product during nitrification, i.e. the transformation of NH4" into NO,™ then into
NOs™ under aerobic conditions (Hénault et al. 2012). Both reactions are influenced by the
availability of their substrate (NH4" for nitrification and NOs™ for denitrification) (Hénault et al.
2012; Nicholson et al. 2017) and organic carbon can boost the activity of denitrifying bacteria
if it is easily mobilized/degradable (M&ller and Stinner 2009). Beyond that, N2O emissions are
mostly influenced by climatic conditions: temperature and moisture (Petersen 1999; Hénault et
al. 2012). Soil moisture above a certain threshold promotes denitrification by creating anoxic

conditions (Méller and Stinner 2009).
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Table 3. Effect of anaerobic digestion on the intensity of nitrous oxide emissions across field studies. +: significant increase in N20 emissions associated
with digestate use; —: significant decrease in emissions associated with digestate use; =: no difference in emissions associated with digestate use.

"Modeling.

Digestate substrate Control Application  Effect on N.O Emissions Reference

emissions factor
Animal slurry with or Animal On surface; -72% to +126% 0.08-1.9% of  Petersen 1999; Wulf et al. 2002; Amon et al. 2006;
without food waste and  slurry incorporated; total N Clemens et al. 2006; Vallejo et al. 2006; Chantigny et
energy crops injected al. 2007; Moller and Stinner 2009; Chantigny et al.

2010; Thomsen et al. 2010; Senbayram et al. 2014;
Rodhe et al. 2015; Baral et al. 2017; Herrmann et al.
2017; Nicholson et al. 2017

Crop residues and Cover crops -25to -38% 1% of total N Méller and Stinner 2009; Szerencsits 2014’
energy cover crops and left behind
grass
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Within crop cycles, there is no clear consensus on the effect of cover crops on N.O emissions
(Blanco-Canqui et al. 2015; Kaye and Quemada 2017; Abdalla et al. 2019; Guenet et al. 2020).
During their growth, they reduce the amount of N available to microorganisms and the amount
of nitrate leached, thus reducing the risk of direct and indirect N,O emissions. On the other
hand, the decomposition of their residues after their destruction releases N.O which tends to
offset the previous effect (Viard et al. 2013; Blanco-Canqui et al. 2015; Guenet et al. 2020;
Abalos et al. 2022). The magnitude of N.O emissions depends on the C:N ratio of residues,
their rate of decomposition and their incorporation or not into soil (Guenet et al. 2020; Abalos
et al. 2022). For example, several studies have found an overall increase in N>O emissions with
the insertion of legume cover crops due to their low C:N (Tribouillois et al. 2018; Abdalla et al.

2019; Guenet et al. 2020).

Since digestates are richer in mineral nitrogen but poorer in labile carbon than their substrates
of origin, their use as fertilizers could have contrasting impacts on nitrous oxide emissions. No
consistent pattern has been seen in past research comparing the effects of digestates with their
substrates of origin (Table 3, Table 24). When the soil is rich in carbon, either because it is
covered by grassland or because of its crop history, labile carbon is no longer limiting
denitrification, and digestate use is no longer advantageous (Vallejo et al. 2006; Pelster et al.
2012; Corré and Conijn 2016). Under dry conditions, nitrous oxide emissions largely arise from
nitrification, whose rate outstrips that of denitrification. In this case, the supply of NH4*
determines the level of nitrous oxide emissions (Mdller and Stinner 2009). Reviewing available
studies, we found an average field emissions factor for digestates of 0.52% (0.08-1.9%) of the
total nitrogen applied. This figure is lower than the reference emissions factor provided by the
IPCC (1%). The digestate application method influences the emissions factor. For example,
injection reduces volatilization and increases denitrification (Wulf et al. 2002; Thomsen et al.

2010).

To date, only two studies have compared the effects of using crop residue digestates to leaving
cover crop residues in the field; one was a field study, and the other was a modeling study
(Moller and Stinner 2009; Szerencsits 2014). They reached the same conclusion: compared to
terminating and incorporating cover crops into the soil, removing energy cover crop biomass

to later return it as digestate seems to reduce nitrous oxide emissions. This difference can be
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explained by the lower levels of labile carbon in the digestate versus in the incorporated cover

crop (Moller and Stinner 2009).

1.5.5 Synthesis of the nitrogen balance

Cover crop

Cover crop
(aboveground
biomass)

(aboveground
biomass)

Anaerobic digestion

Norg |200
Norg Nimin NH, volatilized

hot

N

=
=

}
Soil {33
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Figure 3. Schematic representation of the nitrogen balance after the incorporation of
aboveground cover crop biomass into the soil (on the left) or the application of digestate obtained
from anaerobically digested aboveground cover crop biomass (on the right). In both scenarios,
initial cover crop nitrogen content is the same (100 units) and the mineralization period is short
(5-6 months). Each number is a percentage of the original value. The cover crops’ nitrogen
mineralization figures were obtained from Justes et al. (2012); the nitrogen mineralization figures
associated with anaerobic digestion were obtained from Bareha et al. (2018); and the digestate
mineralization figures were obtained from Moller and Miiller (2012). In both scenarios, we
consider that ammonia volatilization took place during digestate storage and application. For
the storage period, we considered that, on average, 20% of the N-NH4+ volatilized (Sommer
1997; Holly et al. 2017). For the application period, we assumed the same average level of
volatilization (20%,), based on figures for crop residues digestates (Table 1). The nitrogen balance
represented here focuses on the mineralization of the nitrogen in cover crop residues in the soil.
It does not represent nitrous oxide emissions or nitrate leaching. Norg: organic nitrogen; Nmin:
mineral nitrogen.

To summarize, we compared the nitrogen balance of a cropping system using multiservice

cover crops and a cropping system using digestate produced via the anaerobic digestion of
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energy cover crops (Figure 3). When the systems start with the same initial amount of nitrogen,
the nitrogen potentially available to the plants across the crop rotation depends on the amount
of available nitrogen added and lost (i.e., nitrogen is preserved during anaerobic digestion).
Nitrogen mineralization during anaerobic digestion and the transformation of green manures
into a controllable fertilizer increased nitrogen availability. With regards to the nitrogen lost,
we saw no increase in nitrous oxide emissions, an increase in volatilization after digestate
creation, and a potential decrease in leaching. Overall, digestate use seemed to slightly
improve nitrogen balance, but the issue should be explored further as few studies are available

for energy cover crops.

1.6 How the anaerobic digestion of energy cover crops affects carbon

dynamics

By fixing atmospheric carbon dioxide, cover crops can increase the amount of carbon stored
in the soil (Blanco-Canqui et al. 2015; Poeplau and Don 2015; Kaye and Quemada 2017;
Tribouillois et al. 2018; Jian et al. 2020). Incorporating the above- and belowground biomass
of cover crops could result in the storage of 320 kg C/ha per year, based on a meta-analysis
by Poeplau and Don (2015), or even 560 kg C/ha per year, according to a meta-analysis by Jian
et al. (2020). In France, the proportion in the cover crops of potential remaining carbon after
application to soil is 28% on average, similar in magnitude to that of grain straw (Justes et al.
2012). The main factors driving carbon storage levels are the frequency of cover crop inclusion
and cover crop biomass (Launay et al. 2021a). Species identity also has an effect, given
differences in C:N ratios. The meta-analysis by Jian et al. (2020) showed that cover crop C:N
ratios tend to negatively correlate with the amount of carbon stored in the soil. Residues with
high C:N ratios are hardly stabilized due to the lower carbon use efficiency of decomposers
(Sinsabaugh et al. 2016) arising from stoichiometric constraints in organic matter
decomposition; microorganisms C:N ratios vary generally between 6 and 11 (Bertrand et al.
2019). Furthermore, it is important to look at the distribution of carbon in aboveground versus
belowground biomass. Indeed, the belowground sources of organic carbon (i.e., roots and
rhizodeposition) contribute more to soil carbon levels than do aboveground sources (Chenu
et al. 2019). Due to their physical and chemical nature and incorporation depths, belowground
carbon sources are more effectively stabilized by adsorption or physical protection (Chenu et
al. 2019).
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Anaerobic digestion increases substrate stability (i.e,, Stumpe et al. 2012; Wentzel et al. 2015;
Coban et al. 2015; Moller 2015). The organic carbon remaining in digestate is at least 50% more
stable than it is in the initial substrate (Chen et al. 2012; Thomsen et al. 2013; Béghin-Tanneau
et al. 2019). Consequently, carbon sequestration is equivalent in the initial crop biomass and
its various byproducts (animal digested and/or biogas plant digested) and corresponds to 12—
14% of the carbon present at the start, according to Thomsen et al. (2013). Other work has
found that the digestion of corn results in a sequestration level of 23% of the carbon initially
present in corn; in contrast, direct incorporation of corn residues does not result in carbon
sequestration but rather in the release of 4% of the initial carbon (Béghin-Tanneau et al. 2019).
This result primarily arises because the fresh biomass triggered a significant priming effect on
soil organic matter mineralization. A temporary inhibition of certain microbial activities after
digestate application has been observed, which contrasts with the boost in response to slurry
(Abubaker et al. 2015). Chen et al. (2012) had already demonstrated that digestate use had less

of a priming effect on soil organic matter degradation than did crop residue incorporation.

Marsac et al. (2019) identified some factors affecting how energy cover crops can influence
carbon storage. Using above- and belowground biomass data in AMG model, they observed
that harvested energy cover crops could result in as much carbon storage as incorporated
cover crops grown over shorter periods without fertilizer (and that thus produced less
biomass). Indeed, energy cover crops grown over longer periods with fertilizer would leave
behind, post harvest, quantities of stubble (1-2 t dry matter/ha depending on cutting height)
and roots (~20% of total biomass) equivalent to quantities of cover crop residues. Choosing a
cover crop species with a high root:shoot ratio, such as grass (Constantin et al. 2011), could (i)
enhance carbon returns via belowground biomass and (ii) provide carbon more effectively
stabilized than aboveground biomass (Chenu et al. 2019). Marsac et al. (2019) found that, if the
resulting digestate was applied as fertilizer, the levels of stored carbon would exceed those
associated with incorporated cover crops. Subsequently, Szerencsits (2014) assessed the humic
balance using the above findings in conjunction with the method described in Kolbe (2007). It
was found that applying the digestate derived from the aboveground biomass more efficiently

stored carbon than leaving the biomass in place as residues.
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Figure 4. Schemattic representation of the carbon balance after the incorporation of aboveground
cover crop biomass into the soil (on the left) or the application of digestate obtained from
anaerobically digested aboveground cover crop biomass (on the right). In both scenarios, initial
cover crop carbon content is the same (100 units). Each number is a percentage of the original
value. The figures for the carbon mineralization of cover crop residues are based on the
decomposition of corn (i.e., serving as a summer energy cover crop) in Thomsen et al. (2013) and
Béghin-Tanneau et al. (2019) and on the decomposition of winter cover crops in Justes et al.
(2012). The figures for the cover crop decomposition via anaerobic digestion were taken from
Thomsen et al. (2013), Bareha et al. (2018), and Béghin-Tanneau et al. (2019). We assumed that,
on average, 20% of the digestate’s carbon was lost during storage (Bareha et al. 2021a). The
figures for the decomposition of cover crop digestate were taken from Thomsen et al. (2013) and
Béghin-Tanneau et al. (2019). Corg: 0rganic carbon.

In conclusion, our initial results suggest that the use of energy cover crops can have rather
positive impacts on carbon storage, when the results are compared to those for cover crops
incorporated into the soil (Figure 4). Although some carbon is lost during anaerobic digestion,
net levels of soil organic carbon are seemingly unaltered because (i) biomass production
increases, increasing the amount of carbon returned below ground and (ii) the remaining
carbon is stabilized during anaerobic digestion. However, this assessment is based on a handful
of studies. Some results are still being discussed and investigated, such as the extent of carbon

stabilization during anaerobic digestion compared to carbon losses in biogas or the amount
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of above-ground and root biomass left in the field by energy cover crops compared to

traditional cover crops.

1.7 How the anaerobic digestion of energy cover crops affects soil

biological activity
1.7.1 Microbial activity

During their growth, cover crops increase microbial abundance and activity via their inputs of
carbon from root exudates and root turnover (Elfstrand et al. 2007; Blanco-Canqui et al. 2015;
Finney et al. 2017). A recent meta-analysis from Muhammad et al. (2021) found that cover
crops significantly increase microbial biomass compared to a bare soil from 24 to 51%
depending on the indicator. On average, they increase the abundance of bacteria by 15% and
the abundance of fungi by 19%, thus increasing the fungi/bacteria ratio. In general, non-
legumes increase the abundance of microorganisms slightly more than legumes due to higher
C substrate supply through higher biomass production. In addition, bacteria and fungi respond
differently to these two groups of species. Non-legumes favor fungi because they are
specialized in the decomposition of high C:N residues, whereas bacteria specialized in low C:N
residues are favored by legumes. Among fungi, arbuscular mycorrhizal fungi (AMF) are
particularly important for crop production because they improve nutrient uptake and provide
resistance to drought and soil pathogens (Soti et al. 2016). In addition, they can have a
stabilizing effect on the soil by entangling soil particles with their mycelium or by sticking them
together with glomalin, which is a glycoprotein produced by AMF that acts as a glue (Garcia-
Gonzalez et al. 2018). Because they live in symbiosis with their host plants, fallow periods are
particularly detrimental to mycorrhizal fungi (Soti et al. 2016). On average, cover crops increase
AMF abundance, AMF root colonization and AMF spore density by 26%, 13%, and 47%.
Legumes had slightly less effect than non-legumes because increased N returns may be
deleterious to AMF root colonization (Muhammad et al. 2021). Schipanski et al. (2014)
calculated that after a winter cover crop, the roots of the following crop were colonized at
100% of their potential by AMF against 85% if the soil was left bare during winter. Cover crops
residue management has an impact on microbial community abundance and structure.
Exporting residues as well as leaving them on the surface reduces the abundance of bacteria

(+10% relative to bare soil) compared to incorporating them (+25% relative to bare soil). The
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abundance of fungi is not impacted, in all cases it is increased. But on AMF in particular,
exporting residues improves root colonization less (+5%) than incorporating residues (+50%)
and seems to have a little less effect than residues left on the surface (+10%) (Muhammad et
al. 2021). Finally, cover crops also tend to increase the size of earthworm populations, resulting

in increased water infiltration and soil aggregate stability (Blanco-Canqui et al. 2015).

In the short term, digestate use tends to increase soil microbial activity, compared to the use
of mineral fertilizers or no fertilizers, although the boost is less than that provided by
undigested substrates (based on measurements of induced respiration; Fuchs et al. 2008;
Abubaker et al. 2015; Méller 2015; Gémez-Branddn et al. 2016; Risberg et al. 2017). This climb
in microbial activity is not due to the digestate adding microorganisms to the soil since such
microorganisms do not persist in the soil (Fuchs et al. 2008; Stumpe et al. 2012; Coelho et al.
2020). Nor is it correlated with the quantity of carbon supplied (Abubaker et al. 2015). Instead,
it is associated with the quality of carbon supplied (Stumpe et al. 2012; Wentzel and Joergensen
2016). DNA analysis and the quantification of taxon-specific growth rates have revealed that a
shift may occur in microbial communities due to the lack of readily degradable organic matter
(Chen et al. 2012; Abubaker et al. 2013). Fast-growing microorganisms (r-strategists) that
preferentially degrade labile organic matter disappear; they are replaced by slow-growing
microorganisms (K-strategists) that more efficiently degrade recalcitrant organic matter. This
change induces a modification in the ratio of fungi to bacteria (Chen et al. 2012). Differences
between treatments tend to fade a few months or years into digestate use (Walsh et al. 2012b;
Abubaker et al. 2013; Moller 2015; Gobmez-Branddn et al. 2016; Sadet-Bourgeteau et al. 2018).
Consequently, a single dose of exogenous organic matter has a temporary effect on microbial
communities, depending on dose size. In the case of repeated applications, the effects on
microbial communities can be long lasting and associated with changes in soil chemical
characteristics such as pH, cation exchange capacity, and soil organic carbon (Sadet-
Bourgeteau et al. 2018). Several studies have shown that soil type also has a significant impact:
clay soils are more resilient than sandy soils (Walsh et al. 2012b; Abubaker et al. 2013; Wentzel
et al. 2015). If a cover crop is in place when fertilizer is applied, microbial population size is not
directly affected by the fertilizer's physicochemical characteristics, but is rather indirectly
affected by the characteristics’ impact on plant growth (Terhoeven-Urselmans et al. 2009;

Walsh et al. 2012b; Abubaker et al. 2013).
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1.7.2 Earthworms

Rollett et al. (2020) observed a positive correlation between the amount of organic matter
supplied and the increase in earthworm population size. Sizmur et al. (2017) has shown that it
is the quantity of energy provided by the organic matter that matters most; it is therefore
organic matter quality that strongly affects earthworms. Digestate is a source of food for
earthworms, particularly anecic earthworms. In the short term, digestate use increases
earthworm abundance (Clements et al. 2012) and biomass, as seen in field and microcosm
studies (Ernst et al. 2008; Koblenz et al. 2015; Sizmur et al. 2017). Endogeic earthworms are not
able to directly consume organic matter from digestate (Ernst et al. 2008), but they can still
benefit from the input of energy by consuming the waste generated by anecic earthworms
(Koblenz et al. 2015). In some cases, short-term mortality has resulted from the high quantity
of ammonium introduced by larger doses of digestate or slurry (> 170 kg N.ha") (Johansen et
al. 2015; Tigini et al. 2016; Renaud et al. 2017; Rollett et al. 2020). Sizmur et al. (2017) showed
that, when equivalent levels of carbon were used, straw increased the biomass of an anecic
earthworm, Lumbricus terrestris, significantly more than did plant digestate because of the
higher energy input. Similarly, in a field study, Fraseth et al. (2014) observed that the immediate
incorporation of green manure increased the size of the earthworm population compared to
the use of plant digestate. In the long term, such differences seem to disappear (Johansen et
al. 2015; Koblenz et al. 2015; Rollett et al. 2020). However, there are no long-term studies on
the impacts of directly incorporating cover crop biomass into the soil versus returning later in

the form of digestate.

1.8 The impact of energy cover crops and their digestate on water
dynamics

Cover crops can have complicated effects on groundwater recharge. First, by covering the soil,
they can increase transpiration and reduce evaporation (Qi and Helmers 2010; Nielsen et al.
2015; Tribouillois et al. 2016). Second, they can increase water infiltration and reduce runoff
(Snapp et al. 2005; Blanco-Canqui et al. 2015; Yu et al. 2016). A recent meta-analysis by Meyer
et al. (2019) found that, in most studies, cover crops decreased drainage, although the results
were highly variable (-110 to +40 mm). Depending on climatic conditions, this reduction in

drainage may represent a small or a large percentage of annual water drainage, which could
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have major implications for water recharge in dry regions. Cover crop biomass seems to be
one of the main determinant factors, with seeding date close behind (Meyer et al. 2020;
Tribouillois et al. (2018). Tribouillois et al. (2018) observed that increases in cover crop biomass
were strongly correlated with increases in evapotranspiration and decreases in drainage.
However, at a certain threshold of biomass (< 2.5 t dry matter/ha) or leaf area index values,
evapotranspiration showed no further increases (Meyer et al. 2020). Based on this work,
advancing seeding by one month can result in a threefold difference in the degree of drainage
reduction; the termination date does not affect drainage but does affect soil water levels for
the next crop. Based on these findings, the large quantities of biomass produced by energy
cover crops should not significantly reduce drainage, compared to what is seen for multiservice
cover crops. However, the seeding date should be chosen so as to trade off between biomass
production and groundwater recharge. In any case, the broader-scale use of cover crops
(whether multiservice or energy) could create challenges for groundwater recharge, an issue

should be assessed.

The above increase in evapotranspiration could result in a water deficit for the following
summer crop. The depletion of water reserves in surface has often been seen in association
with multiservice cover crops or energy cover crops terminated/harvested in the spring
(Krueger et al. 2011; Alonso-Ayuso et al. 2014; Blanco-Canqui et al. 2015; Marsac et al. 2019;
Meyer et al. 2020). During the first months after cover crop seeding, water profiles are generally
the same for fields with cover crops and fields with bare soil because of heavy rainfall (Alonso-
Ayuso et al. 2014). However, in the spring, the profiles begin to differ as the cover crop grows,
notably if rainfall levels do not compensate for evapotranspiration levels (Alonso-Ayuso et al.
2014; Meyer et al. 2020). The factor with the greatest impact is termination date (Krueger et al.
2011; Alonso-Ayuso et al. 2014; Meyer 2020), followed by crop species, and amount of
precipitation (Meyer 2020). Thus, the next crop is likely to face water stress if termination takes
place later; if the cover crop produces large quantities of biomass; if climatic conditions are
dry; and if water storage capacity is low. Apart from this latter situation, water stress appears
to be minimal in the temperate zone, even if termination occurs at a later date, because the
soil (particularly the first centimeters) has time to recharge before the next crop is established
(Szerencsits 2014; Blanco-Canqui et al. 2015; Marsac et al. 2019; Meyer 2020). These findings

suggest there is a risk of water stress for the subsequent crop when cultivating energy cover
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crops under specific circumstances (i.e., late destruction and high levels of biomass production),
an issue that should be studied further. Mean quantities of digestate (30 m3.ha™") contain less
than a millimeter of water, which does not at all compensate for water depletion by cover
crops. With regards to summer energy cover crops, it is theoretically possible for them to
reduce soil temperatures, thus reducing evaporation and leading to greater water reserves than
what is seen on bare soil (Blanco-Canqui et al. 2015). While such a result was observed for a
multiservice cover crop at one site during a dry year (Blanco-Canqui et al. 2015), it was not
observed for energy cover crops at an experimental site in southwestern France (Marsac et al.

2019). More studies are needed on this topic.

1.9 The impact of energy cover crops and their digestate on soil
physical properties

Because they provide cover during periods when the soil would usually be left bare, cover crops
reduce wind and water erosion. They are particularly effective at protecting sensitive soils, such
as sandy soils (Snapp et al. 2005). Using a meta-analysis, Daryanto et al. (2018) found that, on
average, cover crops reduce the amount of soil lost by 75%, compared to situations in which
the soil is left bare over the winter. In their study, Du et al. (2022) even found an average
reduction of 90% at different points of the globe. The determinant factors were the degree of
cover and cover duration (Snapp et al. 2005; Blanco-Canqui et al. 2015). By reducing erosion,
cover crops also reduce the loss of dissolved nutrients (e.g., phosphorus and nitrate) via runoff
(Blanco-Canqui et al. 2015). In addition to directly protecting the soil from the disturbance
caused by rain and wind, cover crops improve soil structural stability (Blanco-Canqui et al. 2015;
Daryanto et al. 2018). Cover crops rapidly increase the stability of aggregates (< 3 years) by
protecting them against the impacts of raindrops; by providing root-mediated carbon inputs;
and by boosting microbial activity (Blanco-Canqui et al. 2015). Increasing aggregate stability
subsequently increases water retention, carbon storage, macroporosity, and root growth; it

decreases the soil’s susceptibility to compaction (Blanco-Canqui et al. 2015).

Few studies have looked at the impact of digestate use on the physical properties of soils
(Moller 2015). Alburquerque et al. (2012) performed a two-year experiment but found no effect
of digestate use on structural stability when compared to other treatments (i.e.,, no amendment,

mineral fertilizer, or cattle manure). Some studies cited in Moller (2015) found a positive effect
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of digestate use on bulk density, hydraulic conductivity, water retention capacity, and
aggregate stability, compared to what was seen for unamended soil. Béghin-Tanneau (2020)
also observed an increase in aggregate stability following digestate application over periods
of 12 to 265 days. However, the digestate had a significantly weaker effect than its substrate
of origin (corn). Similarly, Sarker et al. (2018) found that while digestate use increased
aggregate stability, the effect was less pronounced than that seen for alfalfa residues. These
results were attributed to a correlation between the decomposability of the organic residues

and both soil microbial activity and aggregate stability.

Consequently, introducing energy cover crops into crop cycles and utilizing the resulting
digestate as fertilizer should help reduce erosion and promote aggregate stability. As these
services are furnished during the growing period, they will be unaffected by the fact that energy
cover crops are harvested rather than being left in place. On the contrary, service quality should
be better than that provided by conventional multiservice cover crops because their magnitude
is positively correlated with biomass. That said, energy cover crops have one drawback
compared to multiservice cover crops: when three crops are cultivated in two years instead of
two, field traffic climbs, increasing the risk of soil compaction (Peters et al. 2016; Quennesson
and Decaux 2020). Ensiling the energy cover crops and applying the digestate (Duttmann et al.
2014; Lantz and Borjesson 2014) requires the use of heavier machinery, sometimes under
sensitive conditions during the early spring or fall. The risk of soil compaction is particularly
high on clay soils and can lead to yield losses (Lantz and Borjesson 2014). However, this risk
can be reduced by using tank-free spreading systems (Lantz and Borjesson 2014) or controlled
traffic farming systems for silage operations (i.e., the equipment always follows the same path)
(Duttmann et al. 2014). Moreover, commonly used energy cover crop species are rarely taproot

species, which are able to loosen the soil (Chen and Weil 2010; Blanco-Canqui et al. 2015).

1.10 Impacts on cropping systems and farms

1.10.1 Food/feed production

In the previous sections, we noted that energy cover crops can reduce the yield of subsequent
crops because of preemptive competition for water and nitrogen and because of increased soil
compaction risks. However, the greatest potential deleterious effect of energy cover crops on

subsequent crops is associated with the delay in seeding and the use of early varieties
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(Szerencsits 2014; Marsac et al. 2019). Szerencsits (2014) observed that the yield of spring crops
declined by an average of 10% if seeding was delayed by more than 7 days, and Marsac et al.
(2019) observed a 7% loss in yield if the delay attained 10-15 days. When the delay was even
longer (one month or more), the next cash crop could not reach maturity before harvest. Thus,
the cash crop can no longer feed humans but can be used to feed animals or can undergo
anaerobic digestion (Gral3 et al. 2013; Peters et al. 2016; Quennesson and Decaux 2020). In such
systems, the objective is to optimize the production of both crops in tandem, and both crops
are harvested before maturity. In such cases, there is no longer a clear distinction between the
cash crop and the cover crop. These systems do not align with the intended purpose of energy
cover crops, which is to produce biomass for energy purposes without replacing food crops.
The widespread use of such systems in areas where food crops are grown could end up

reducing overall food production (Kemp and Lyutse 2011; WWF France 2020).
1.10.2 Nitrogen balance at the farm level

A survey program in France contacted farmers with anaerobic digesters and obtained data to
calculate the nitrogen balance on their farms. Unfortunately, most were livestock farmers, and
only a small number (9 out of 46) had introduced energy cover crops to their crop rotations.
None of these nine farms increased their mineral fertilizer consumption following the
introduction of anaerobic digestion and energy cover crops. Four of them even reduced their
mineral nitrogen fertilizer purchases (ADEME and Solagro 2018). However, this survey does not
allow us to isolate the impact of energy cover crops. Anaerobic digestion is often accompanied
by other changes in farm practices and, above all, by exchanges of materials with neighboring
farms, industries and collectivities. In addition, these farms still have insufficient hindsight on
their new production system to observe long-term effects on soil fertility. According to field
trials or simulations, introducing a third fertilized crop within a two-year rotation would likely
mean an increased need for nitrogen (Heggenstaller et al. 2008; Igos et al. 2016; Berti et al.
2017; Girault et al. 2019). Additional nitrogen would be required to meet the energy cover
crop’s needs and, possibly, to compensate the following crop for nitrogen lost between the
ensiling of the energy cover crop and the application of the resulting digestate; there could
also be preemptive competition for nitrogen. The use of synthetic fertilizers could be reduced
by codigesting farm-derived biomass with externally derived biomass or by using legumes

alone or in mixture as energy cover crops.
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1.10.3 Life cycle assessment

A recently released Life Cycle Assessment (LCA) found that an anaerobic digestion scenario
with 50% energy cover crops in the feedstock supply performed better than a non-biogas
scenario with multiservice cover crops on indicators of energetic resource depletion, climate
change and ozone depletion (Esnouf et al. 2021). This study considered the production of heat
energy through the combustion of methane injected into the network, the management of
livestock effluents and soil fertilization. The finality of the biogas produced had a strong impact
on these indicators. In LCAs studying biogas transformed by cogeneration, the poor
valorization of heat completely degrades the environmental balance of the anaerobic digestion
(Bacenetti et al. 2016; Hijazi et al. 2016). If we look at the greenhouse gas balance in more
detail, the studies agree that double cropping increased i) nitrogen fertilizer use and therefore
N>O emissions in the field or CO, emissions upstream and ii) field operations and thus CO;
emissions from fuel combustion (Igos et al. 2016; Berti et al. 2017; Maier et al. 2017; Esnouf et
al. 2021). However, the soil C storage and above all the substitution of fossil gas largely
compensated these side-effects in the study of Esnouf et al. (2021) where the anaerobic
digestion scenario reduced by 75% the greenhouse gas emissions. The indicators of fine
particle emissions, environmental acidification and terrestrial eutrophication that were also
measured in this study depend to a very large extent on ammonia emissions during storage
and spreading of the effluent and digestate. In this case, adopting anaerobic digestion with
good storage and spreading practices improved the performance on these indicators
compared to the reference scenario. Conversely, not covering the digestate could increase
greenhouse gas emissions by 80% (Bacenetti et al. 2016; Esnouf et al. 2021). Finally, still in the
same study, for indicators related to electricity consumption and fertilizer consumption, the
performance was worse with anaerobic digestion but the introduction of legumes in energy
cover crops and the optimization of digestate spreading equipment could reduce these
impacts by 10 to 50%. The use of legumes had already been noted to reduce the greenhouse
gas balance related to the reduction of the use of synthetic fertilizers and the reduction of N,O
emissions (Stinner 2015). Other LCAs exist in the literature but they rather study energy crops
whose impact on land use change strongly influences the performance on the climate change
indicator (Bacenetti et al. 2016; Igos et al. 2016; Hijazi et al. 2016). Styles et al. (2015) compared

different energy production systems, including one in which corn serves as a summer energy
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cover crop or as a simple energy crop. They found that the greenhouse gas balance of the first
system was rather neutral compared to the baseline system. In contrast, anaerobically digesting
dedicated crops increased emissions, notably because additional land was needed to

compensate for the loss in food production.
1.11 Conclusions

This review reveals that the use of energy cover crops and their digestates has several
advantages. In addition to allowing the production of renewable energy, the crops can provide
several ecosystem services, including improved water quality, climate change mitigation,
reduced soil erosion, and increased microbial activity. Thus, to answer the question raised in
the introduction, we can still consider them as multiservice cover crops. However, they could
also have some disservices, such as reduced groundwater recharge and the need for increased
nitrogen inputs. Furthermore, energy cover crops are not always used as intended, leading to
competition with food crops. Energy cover crops can compete with food crops for water and
nutrients. This competition can be limited if there are sufficient levels of spring precipitation
and if fertilizer is used. Additionally, incorporating energy cover crops into rotations induces
changes in cropping systems that can lead to certain excesses, where energy cover crop
production is favored to the detriment of food crop production. Cropping systems should be
designed so as to maximize the non-energy-related services provided by energy cover crops.
Alternatively, trade-offs should be identified, such that energy cover crops can be treated more
as multiservice cover crops than as cash crops. In this way, farmers would view energy cover
crops not only as a new income source, but also as a way to improve their fields over the long
term (e.g., via increased soil organic matter, improved soil structural stability, decreased pest
pressure). Some research is still needed to expect widespread adoption of energy cover crops
by farmers. We can suggest a few leads. At the varietal selection level, improvements are
possible to adapt forage species to double cropping. In terms of technical management, the
problem of summer cover crops establishment need a solution; seeding under cover could be
an opportunity to explore. Finally, at the academic level, we have a great deal of knowledge
about cover crops and digestates that allows us to speculate on the impacts of energy cover

crops. They remained to be confronted with the field in a wide variety of situations.
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Learnings

Cropping systems integrating ECCs have been little studied so far and the few studies are

concentrated in Europe. However, by crossing the literature on cover crops and the literature

on the use of AD digestate, we were able to formulate hypotheses on what this new practice

could achieve:

ECC with the return of digestate would store as much carbon in the soil as MSCC left

in place.

The insertion of fertilized ECCs is expected to increase overall N consumption and
NHjs volatilization associated. The use of digestate should create additional NH3

volatilization.

Exporting biomass from ECCs and returning it in a more stable form would decrease

N>O emissions compared to MSCCs left in place.

Even if fertilized, the ECCs would reduce nitrate leaching compared to bare soil and

compared to MSCCs due to higher biomass production and residue export.

ECCs should decrease drainage in the same way as MSCCs compared to bare soil but

irrigation of ECCs could increase pressure on the water resource.
The insertion of fertilized ECCs is expected to increase overall N consumption despite

ECCs are more likely to reduce the yield of the following crop than MSCCs because of
their late harvest, but more importantly because of changes in farmers' practices who

would sow their crops later with earlier varieties.

In the next chapters, we will confront these assumptions with data obtained in laboratory, field

and modeling experiments.
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2.1 Introduction

Agroecology promotes the use of cover crops for a more environmentally friendly agriculture
(Altieri 2018). From there, two paths emerge: the insertion of cover crops left in place to
produce ecosystem services and the insertion of harvested cover crops to produce renewable

energy.

Since 1991, the European Nitrate Directive (91/676/EEC) has encouraged and then required
farmers to grow cover crops for a minimum of two months during winter fallow in areas
classified as nitrate vulnerable zones. The objective is to protect groundwater quality by
limiting nitrate leakage from agricultural soils to the water tables. These particular cover crops
are called "catch crops” (CC) in reference to their role as nitrate traps. The species used are
fast-growing species with a high capacity to absorb nitrogen (e.g. mustard, radish, etc.).
Conservation agriculture already advocated the use of cover crops during fallow periods
looking for other services (Scopel et al. 2013; Du et al. 2022). The desired services are mainly
soil protection against erosion and the green manure effect providing nitrogen to the following
crop. Therefore, the sown species differed from catch crop species with a high soil cover rate
for the first service and legumes for the second service. Cover crops provide additional
ecosystem services: climate change mitigation, disease and weed control, biodiversity
improvement, soil structure improvement, etc. (Blanco-Canqui et al. 2015; Abdalla et al. 2019).
Thus, they are now called "multi-services cover crops” (MSCC) and not "catch crops” or "green

manure".

Today, the use of cover crops as biomass input for anaerobic digestion is growing with the
development of renewable gas production. The gas used in the world is almost exclusively
from fossil origin (IEA 2021). The production of renewable gas could contribute to the decrease
of fossil gas consumption and to mitigate the global warming, in addition to other priority
actions such as the decrease of energy use. Anaerobic digestion is the most successful process
today to produce renewable gas. Germany is the world leader in the production of biogas by
anaerobic digestion with more than 10,000 sites in operation by 2018 (OFATE 2020). In France,
the sector is younger but has been growing rapidly until the Covid crisis (GRDF et al. 2022). It
has been estimated that 30% of the biomass used in biogas plants could come from energy
cover crops (ECC) by 2050 (ADEME 2018). However, the French regulation wants to limit

competition between food and energy crops. To this end, the main crops have been defined
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as the crops present on June 1 in the field, when energy cover crops are sown between two
main crops (Article D543-291). They introduced a limit of 15% of main crops in the ration of
biogas plants (Article D543-292). Unlike MSCC, the ECCs are harvested at the end of the fallow
and not destroyed and left on the field. They are sown to produce biomass on the first place.
Therefore, they are fertilized (most often with digestate from anaerobic digestion but also with
mineral fertilizer) and irrigated if the regulations allows it. In addition, ECC can be sown in
autumn between a crop harvested in summer and the following crop sown in spring, so-called
winter ECC, or the ECC is sown after harvesting of crop in late spring and the following main
crop sown in late autumn, so-called summer ECC. Launay et al. (2022) reviewed the current
knowledge on the ecosystem services that ECCs could provide. From this review, energy cover
crops could perform as well as MSCC in terms of soil carbon storage, reduction of nitrate
leaching, reduction of N,O emissions, reduction of erosion and increase of soil microbial
activity during fallow. However, ECCs could decrease the production of the following spring

crop, increase the risk of soil compaction, and decrease drainage.

The first objective of the study was to evaluate the impact of ECCs on nitrogen losses (ammonia
volatilization, N2O emissions by nitrification and denitrification, nitrate leaching), groundwater
replenishment, and the production of the following crop in comparison to fallows with bare
soil or planted with unharvested MSCC. We mobilized an approach combining a field
experiment and field modeling to quantify the different fluxes and stocks of interest,

considering the N cycle together with water fluxes.

2.2 Material and Methods

2.2.1 Methodological approach

In order to quantify the impact of fallow management on N, water and C fluxes in a crop

succession, we used the following methodological approach:

1. Atwo-year field experiment was conducted to compare the impact of implanting
cover crops with three types of management against a soil left bare during
intercropping. The monitoring concerned soil water content (SWC), soil nitrogen
content (SNC), aboveground biomass produced by cover crops and main crops as
well as their N content, and ammonia volatilization following N fertilizer

applications.
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2. Data collected in the field experiment were used to calibrate the STICS crop
model and evaluate the model capacity to predict the experimental results
measured in the field experiment. We assumed that if dynamics of SWC and SNC,
crop biomass and nitrogen content were simulated accurately, then those of
water and nitrogen fluxes would also be simulated accurately. After verifying
satisfactory agreement between model predictions and experimental
observations, STICS was used to predict evapotranspiration, water drainage,
nitrate leaching, N20O emissions, nitrogen and water stress for crops (processes

not measured in the field) for the two experimental years.

3. To integrate the variability of the experimental and simulated results with the
interannual variability of climatic conditions of the site, we used the calibrated

STICS model to repeat the experiment over a 30-year climate series.
2.2.2 Field experiment

2.2.2.1 Experimental site and design
A field experiment was conducted in southwestern France at Auzeville-Tolosane (43°31'N,
1°30'E) over the period summer 2020-spring 2022 (Figure 5). The weather station at the
experimental field provided weather data (precipitation, global radiation, minimum and
maximum temperature, Penman potential evapotranspiration) for the last 31 years (1991-
2022). The average temperature, precipitation, potential evapotranspiration and radiation per
year are described in the Table 25. The climate of this site is temperate with a mean (+ standard
deviation) annual precipitation of 639 + 120 mm, an annual potential evapotranspiration
(Penman equation) of 1031 + 64 mm, and an average temperature of 15.2 + 6.7°C. The spring
and summer 2021 (124 and 152 mm, respectively) were more humid than spring 2022 (87.5
mm) and summer 2020 (52 mm) (Table 26). The soil was deep (= 90 cm), a clay loam type with
34% clay in the tilled horizon (0-30 cm) and a pH of 8.2. The organic matter content of 1.2% of
the tilled horizon was slightly high compared to same soils of the area but within the French

average.

Two parallel crop successions were set up in order to be able to study various management of
summer or winter fallow period (Figure 5). In the “summer” half, the succession was: winter

durum wheat (Triticum turgidum subsp. durum) - short summer fallow (from June 30, 2020 to
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November 6, 2020) - winter barley (Hordeum vulgare L.) — short summer fallow (from July 2,
2021 to November 21, 2021) — winter pea (Pisum sativum L.). In the “winter” half, the succession
was: winter durum wheat — winter long fallow (from June 30, 2020 to May 5, 2021) - sunflower
(Helianthus annuus L.) — winter long fallow (from September 14, 2021 to May 12, 2022) -
sorghum (Sorghum bicolor L.). In both cases, the fallow management modalities were: i) bare
soil (BS), ii) energy cover crop (ECC) and iii) multi-services cover crops (MSCC). In the "winter”
succession, another management option was added with a catch crop (CC). In both parallel
trials, all modalities were repeated three times in randomized blocks of 6x20 m plots. In
addition, four large plots (24x20 m) were set on the same soil and with similar crop successions
to monitor ammonia volatilization after fertilizer application on the energy and multi-services

cover crops.
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Figure 5. Crop successions of “summer” half and “winter” half of the experiment with the different
modalities.

2.2.2.2 Cover crop management

Choice of species

We chose to sow cereal-legume mixtures as cover crops: a mixture of Bengal vetch (Vicia
benghalensis L.) - forage sorghum (Sorghum sudanense x Sorghum sudanense) in summer and
faba bean (Vicia faba L.) - rye (Secale cereale L.) in winter. These species were chosen according
to their potential biomass production in the region. In winter fallow, the additional catch crop
modality was sown with white mustard (Sinapis alba L.) classically used in France as a nitrate

catch crop.
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Table 4. Details of the cover crops management on both parts of the field experiment (“summer”
and “winter” parts).

’

Sowing Termination Fertilization Irrigation
“Summer” MSCC  2020/07/10 2020/09/17 / 2020/07/13
2020 Sorghum: 125 plt.m2 Destroyed ;’8 2”8’87 31
Vetch: 90 plt.m /07/
35 mm
ECC 2020/07/10 2020/09/17 2020/07/10 2020/07/13
Sorghum: 125 plt.m? Harvested 55 kg N-NH4*.ha' Zg 22%7/ 31
Vetch: tm? igestat
etch: 90 plt.m from digestate 35 mm
“Summer” MSCC 2021/07/16 2021/10/20 / /
2021 Sorghum: 125 plt.m2 Destroyed
Vetch: 90 plt.m2
ECC 2021/07/16 2021/10/20 2021/07/16 /
Sorghum: 125 plt.m2 Harvested 63 kg N-NH4*.ha'’
Vetch: 90 plt.m from digestate
“Winter” CC 2020/09/18 2020/11/24 / /
2020-21 Mustard: 230 plt.m™ Destroyed
MSCC  2020/09/18 2021/05/03 / /
Rye: 135 plt.m™ Destroyed
Faba bean: 70 plt.m~
ECC 2020/09/18 2021/05/03 2021/03/03 /
Rye: 135 plt.m~ Harvested 67 kg N-NH4*.ha'’
Faba bean: 70 plt.m~ from digestate
“Winter” CC 2021/10/20 2022/03/28 / /
2021-22 Mustard: 215 plt.m Destroyed
MSCC  2021/10/20 2022/05/10 / /
Rye: 240 plt.m~ Destroyed
Faba bean: 20 plt.m~
ECC 2021/10/20 2022/05/10 2022/03/31 /
Rye: 240 plt.m~ Harvested 75 kg N-NH4*.ha’
Faba bean: 20 plt.m~ from digestate
Sowing

The experiment started after the harvest of the previous durum wheat with the soil preparation.

Throughout the trial, there was no tillage with soil inversion nor deep tillage (>15 cm). The

wheat stubble was crushed and the soil was tilled to a depth of 10 cm. Before each sowing, the

soil was tilled to a depth of 10-15 cm and then the cover crops were sown with a combined

seeder. The bare soil was tilled several times to keep it bare throughout the fallow period. The
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details about the sowing date and density are presented Table 4. The sowing density of winter
ECC and MSCC mixture were readjusted in the second year. Indeed, the first faba bean having
frozen in January and the rye having been strongly competed by weeds, we changed the faba
bean and rye varieties in the second year and increased the density of rye. Because the summer
2020 was dry, the summer cover crops received two rounds of water of 40 and 35 mm 15 days

apart. With more rainfall in 2021, the cover crops were not watered.
Fertilization

Table 5. Chemical composition (g.kg " of fresh weight) of the digestate used in the field experiment
and sampled at application dates.

Date of Dry matter  Total N NH;*-N OrganicC C:totalN pH
analysis (%)

2020/07/10 4.7 4.59 1.56 15 3.2 8.8
2021/03/03 5.9 4.97 1.92 19 3.8 8.5
2022/03/31 2.7 3.3 2.1 8.2 2.5 7.7

No mineral fertilizers were applied to the cover crops. The ECCs were fertilized with a raw
digestate while the other cover crops were not fertilized (Table 4). The digestate came from an
agricultural biogas plant located in the neighboring department. Its characteristics, measured
on three of the four applications, are described in Table 5. The application rate was 35-40
m>.ha”’ to target about 60 kg N-NH,*.ha™". The digestate was injected directly to a depth of a
few centimeters on the sowing day of the summer energy cover crops or applied to the surface

with a hose on the winter energy cover crops at the end of winter.
Termination

The mustards were crushed and plowed in at flowering, i.e. two months after sowing the first
year and five months after sowing the second year due to the later sowing (Table 4). The ECCs
were mowed and exported. The MSCC were crushed and plowed in the day the ECC were

harvested.
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2.2.2.3 Main crops management

Table 6. Details of the main crops management on both parts of the field experiment (“summer”
and “winter” parts).

Sowing Harvest Fertilization
“Summer” MSCC  2020/11/06 2021/07/01 2021/03/03
2020 Winter barley: 200 plt.m 50 kg N.ha'" from ammonium
nitrate
ECC 2020/11/06 2021/07/01 2021/03/03
Winter barley: 200 plt.m 67 kg N-NH4*.ha'™ from
digestate
BS 2020/11/06 2021/07/01 2021/03/03
Winter barley: 200 plt.m2 50 kg N.ha'" from ammonium
nitrate
"Winter” cc 2021/05/05 2021/09/13 /
2020-21

Sunflower: 7 plt.m>2
MSCC  2021/05/05 2021/09/13 /

Sunflower: 7 plt.m>2
ECC 2021/05/05 2021/09/13 /

Sunflower: 7 plt.m?
BS 2021/05/05 2021/09/13 /

Sunflower: 7 plt.m?

The winter barley was sown after the summer cover crops or the bare soil in the “summer” part
of the trial (Table 6). It received a nitrogen fertilizer application at the end of winter. The
fertilizer was ammonium nitrate in the BS and MSCC modalities and digestate for the ECC
modality. The sunflower was sown soon after the ECC harvest and MSCC soil incorporation on
the "winter” part. No mineral fertilizer was applied on sunflower because of enough soil
nitrogen supply. We tilled the soil over 10 cm before sowing each crop and used a combined

seeder.

2.2.2.4 Measurements
Soil water and mineral nitrogen content
Soils were sampled from 0-90 c¢cm in all treatments before sowing and after the
destruction/harvest of the cover crops and at the beginning and end of winter in each modality

(seven times in total in each half of the trial; Table 27). Soils were sampled from 0-30 cm seven

days and about one month after the fertilizer applications in each modality. Soil water,
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ammonia and nitrate content were measured in the laboratory. To determine the water
content, soils were weighed fresh, dried for 48h at 105°C and reweighed according to standard
ISO 17892-1. Ammoniacal N and nitric N determinations were performed by extraction with
potassium chloride solution using an automated spectrophotometric method according to

standard I1SO 14256-2.
Plant measurements

We counted the number of plants emerged per meter in two rows for cover crops and
sunflower to calculate an emergence density (Table 27). At harvest of the main crops, three
samples of 1 m? per plot