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Abstract Biodynamic agriculture (BD agriculture)
was presented as an alternative form of agriculture
by the philosopher Rudolf Steiner and is nowadays
considered one of the forms of organic agriculture.
The objective of the present manuscript is to criti-
cally review international scientific literature on bio-
dynamic agriculture as published in highly ranked
journals and to assess its performance. This review
was based on a structured literature survey of peer-
reviewed journals indexed on the Web of Science™
(WoS) Core Collection database carried out from
1985 until 2018. We found 147 publications of studies
in journals with an impact factor. Of these, 93 focused
on biodynamic agricultural practices, 26 on the sus-
tainability of the biodynamic method, and 28 on the
food quality of biodynamic products. The results
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of the literature review showed that the BD method
enhances soil quality and biodiversity. Instead, fur-
ther efforts are needed to implement knowledge on
the socio-economic sustainability and food quality
aspects of BD products. One particularly promis-
ing topic of research consists in the assessment of
microbial activity and the potential that microbiomes
have in BD farms to enhance soil fertility and human
health following the One Health approach. Moreover,
it is critical that such subjects be investigated using
a systemic approach. We conclude that BD agricul-
ture could provide benefits for the environment and
that further efforts should be made with research and
innovation activities to provide additional information
to farmers, policy makers, and stakeholders regarding
this type of organic agriculture.

Keywords Literature review - Biodynamic
agriculture - Organic agriculture - Agricultural
practices - Sustainability - Food quality

Introduction

Biodynamic agriculture (BD agriculture) was pre-
sented as an alternative form of agriculture by the
philosopher Rudolf Steiner (Steiner 1924) and is
nowadays considered one of the forms of organic
agriculture. The BD method is based on a closed
production system that aims to reproduce an agro-
ecological model focused on a reduction of energy
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consumption and capable of achieving high levels
of environmental efficiency. The method has been
institutionalized by the international certification
label Demeter® (Doring et al. 2015). As reported
by Willer et al. (2020), since the turn of the mil-
lennium, Demeter-certified farms have grown sig-
nificantly in number (more than 5900 farms in June
2019), and the certified surface area has almost
doubled to over 200,000 ha in 63 countries. Ger-
many has the largest BD area (34% of the world
total), followed by Australia (20%), and France
(6%) (Paull et al. 2020). In total, around 15,000 ha
of the Demeter-certified area are biodynamic vine-
yards, with around 760 BD wineries in Europe, led
by France with 375 wineries (Willer et al. 2020).
In comparison to the global total of 71.5 million
certified organic hectares, BD farming represents a
small niche as it covers only 0.35% of the land in
question (Paull and Hennig 2020).

BD and organic agriculture share most princi-
ples and rules; however, Demeter’s production rules
include restrictions on many organic farming prac-
tices in order to strengthen the multifunctional role
of the farm. Demeter-certified farms fully comply
with organic agriculture rules but impose additional
obligations. The main differences between Demeter
and organic production rules as defined by the Inter-
national Federation of Organic Agriculture Move-
ments (IFOAM) concern the use of specific prepara-
tions applied to crops or soil in very small amounts
(Table 1), the obligation to leave 10% of the total
farm area available for ecological infrastructures, and
the obligation to rear animals on the farm (0.2 live-
stock units per hectare). While the use of preparations
has always been compulsory, the minimum ecological
infrastructure areas rule entered into force recently,
and the constraint on animals currently applies only
to Italian farms (Demeter Associazione Italia). How-
ever, although in the past, only preparations were
normed, it has always been standard practice for BD
farms to promote biodiversity and rear animals within
the farm.

The hypothesis at issue is whether BD meth-
ods possess the capacity to support optimum per-
formances in terms of agroecosystems and human
health. In recent decades, international research has
examined BD agriculture to assess whether the BD
method affects ecosystems, crops, and products.
Even though the BD method is not in widespread
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Table 1 List of the main biodynamic preparations (Masson
2009)

Number of prepara- Main ingredient

tions

500 Cow manure

500P Preparation 500 with 502-507

501 Silica

502 Yarrow flowers (Achillea millefolium)
503 Camomile flowers (Matricaria recutia)
504 Stinging nettle shoots (Urtica dioica)
505 Oak bark (Quercus robur)

506 Dandelion flowers (Taraxacum officinale)
507 Valerian extract (Valeriana officinalis)
Compost Cow manure with preparation 502 to 507

use around the world, these aspects, combined
with potential impacts on biodiversity and overall
sustainability, make the BD method an interesting
option for agroecosystem management. The num-
ber of scientific studies investigating BD agricul-
ture is restricted when compared to those inves-
tigating organic agriculture, which has attracted
considerable interest in the scientific community.
The first studies specifically focusing on the BD
method were carried out between the end of the
1980s and the beginning of the 1990s, while the
most recent peer-reviewed research into BD agri-
culture was published by Turinek et al. in 2009. On
the basis of these considerations, the objective of
this paper is to critically review international sci-
entific literature on BD agriculture as published
in highly ranked journals and to assess its perfor-
mance, as well as to detect any lack of knowledge
on relevant issues in agriculture, if any exist. In
the concluding section, the results obtained are
discussed in the context of the development of
sustainable agriculture, with some specific sugges-
tions for further development of BD research.

Materials and method

A review of international scientific literature on BD
agriculture was conducted with specific reference
to highly ranked journals. The review was based
on a structured literature survey of peer-reviewed
journals indexed on the Web of Science™ (WoS)
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Core Collection database carried out for all years
from 1985 until 2018. All possible combinations
of the terms “biodynamic,” “bio-dynamic,” “agri-
culture,” and “farming” were used for the literature
search and no other search terms were considered
as we wanted to focus exclusively on studies aimed
specifically at BD agriculture. Conference proceed-
ings were excluded from the search. The whole set
of WoS categories were considered. The document
types considered were articles and reviews pub-
lished in English in scientific journals with impact
factor. The references were exported to our data-
base; double entries and material not related to BD
agriculture were excluded.

Statistical analyses were conducted on accu-
mulation of BD agriculture publication over time
and on geographical distribution utilizing R statis-
tical software version 4.0.3 (R Core Team 2020)
and one of its libraries (Wickham 2011). Articles
were then grouped based on their correspondence
to three topics: (a) biodynamic agricultural prac-
tices, (b) sustainability of the biodynamic method,
and (c) food quality of biodynamic products. The
relevance of targeted journals of BD agriculture
studies was considered in terms of impact factor
(IF) by dividing the publications into three cate-
gories: publications in journals with (i) 0<IF <1,
(i1)) 1<IF<?2, and (iii) IF>2. For each journal,
the Five-Year Journal Impact Factor™ referring
to 2018 (source: Journal Citation Report™) was
considered and was taken directly from the Journal
information section of Web of Science™.

Additionally, we selected first-quartile articles
from among those belonging to the third IF cat-
egory (IF>2). Our qualitative remarks referred to
the last category.

To compare the extent of studies carried out of
BD agriculture with those conducted on Organic
and Integrated Agriculture, we used more selective
entries and counted total publications of literature
searches for three groups of topics:

i. “Biodynamic Agriculture,” “Biodynamic Farm-
ing,” “Bio-dynamic Agriculture,” “Bio-dynamic
Farming;”

ii. “Organic Agriculture,” “Organic Farming and

iii. “Integrated Agriculture,” “Integrated Farming,”
“Integrated Crop Management,” “Integrated
Pest Management”.

Results

The number of articles on BD agriculture published
between 1985 and 2017 is shown in Fig. 1. Publica-
tion of research in journals with impact factor started
recently, i.e., 1990, for a total amount of 147 arti-
cles, of which 87 were published in the last decade.
This means that in 33 years of potential publication,
less than five articles per year have been published.
When we compare the 147 publications focussing on
BD agriculture with the number referring to Organic
Agriculture (5498) and Integrated Agriculture (6676),
we deduct that the research effort into BD agriculture
carried out is indeed at an early stage of development.
Of the total of 147 articles reporting to a broad extent
studies on BD agriculture, 82 resulted in IF>2 and
68 (46% of the total) belonged to the first quartile of
the corresponding WoS category.

The worldwide geographical distribution and focus
on the Mediterranean area of articles published on peer-
reviewed journals indexed on the Web of Science™
(WoS) Core Collection database from 1985 until 2018
are reported in Fig. 2. Most of the studies in the arti-
cles published on BD agriculture were carried out by
institutions located in Europe: 54% were conducted in
North and Central Europe (Germany, Sweden, Swit-
zerland, Netherlands, UK, Ireland, Lithuania, Czech
Republic, and Austria), 12% in Italy, and 6% in other

15 20

Published articles
10

Fig.1 Total number of articles on biodynamic agriculture
published in peer-reviewed journals indexed on the Web of
Science.™ (WoS) Core Collection database from 1985 until
2017. Articles published before 1990 were not found in the
database
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North and Central Europe (54%)

South America (3%)

Asia (6%)

Mediterranean area (18%) North America (7%)

Oceania (12%)

(b)

Italy (67%)

Tunisia (4%)
Spain (11%)

Slovenia (19%)

Fig. 2 Worldwide geographical distribution (a) and focus on
the Mediterranean area (b) of the articles published in peer-
reviewed journals indexed on the Web of Science.™ (WoS)
Core Collection database from 1985 until 2017

Mediterranean countries (Spain, Slovenia, and Tuni-
sia); 12% of research was carried out in Oceania (Aus-
tralia, New Zealand), 7% in North America (USA, Can-
ada), 6% in Asia (India, Philippines), and 3% in South
America (Brazil, Venezuela).

The amounts of articles published on three major
themes regarding BD agriculture, i.e., biodynamic
agricultural practices (a), sustainability of the biody-
namic method (b), and food quality of biodynamic
products (c), are shown in Fig. 3. The number of arti-
cles referring to BD agriculture practices, sustain-
ability, and food quality amounted to 93, 26, and 28,
respectively (i.e., 63.3, 17.7, and 19.0%). Moreover,
sustainability and food quality articles never exceeded
two publications per year, with many years featuring
no publications at all. Studies regarding food quality
are exclusively recent, with the first publication in IF
journals in 2004.

@ Springer
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Fig. 3 Number of the articles published in peer-reviewed jour-
nals indexed on the Web of Science.™ (WoS) Core Collection
database from 1985 until 2017 grouped by three topics, i.e., bio-
dynamic agricultural practices (a), sustainability of the biody-
namic method (b), and food quality of biodynamic product (c)

Result of the literature survey on biodynamic
agricultural practices

It is not easy to draw generic, globally valid conclu-
sions on the impacts of BD agricultural practices
based on such a small number of publications (93).
However, a few tentative considerations can be made
based on consolidated outcomes published in impor-
tant publications since the 1990s, although only in
reference to specific pedo-climatic and production
conditions.

There are 42 articles within the “BD practices”
topic belonging to the first quartile of the correspond-
ing WoS category and with IF > 2. Articles presenting
generic results as broadly as possible applicable to
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corresponding production systems (i.e., arable crop-
ping and horticulture, viticulture, and olive tree crop-
ping) were selected for further analysis. Our concern
was to cover as many production systems as possible
and consider those publications that produced generi-
cally applicable results. The selection of most inform-
ative publications on the impacts of BD practices is
shown in Table 2 together with geographical location
of the trials, trial description and duration, duration
of the single experiments, size of experimental plots
or samples, and parameters employed to assess the
impacts of BD practices.

Most articles included in the BD practices group
refer to aspects of soil quality. As reported by Mider
et al. (2002), BD practices, which primarily make use
of preparation 500, improve the overall soil quality.
Reganold et al. (1993, Table 3), comparing 16 BD
and conventional farms in New Zealand, found that
BD farms had better soil quality than conventional
ones. In BD farms, significantly higher organic matter
content and microbial activity, earthworm abundance
and infiltration rate, better soil structure, aeration and
drainage, and lower bulk density as well as thicker
topsoil were found.

Several selected articles focus on outcomes from
the well-known, 40-year-old DOK trial, which were
published between 1993 and 2017 in highly ranked
journals like “Science.” These articles report on long-
term comparisons between biodynamic, organic, and
two conventional arable cropping systems. Based on
the outcomes of the experiment in Therwil, Switzer-
land (Table 2, Therwil-1), the authors conclude that
organically manured, legume-based crop rotations
utilizing organic fertilizers from the farm itself are a
realistic alternative to conventional farming systems.
As regards soil aggregate stability, soil pH, stable
organic matter formation, soil calcium and magne-
sium, microbial and faunal biomass (earthworm,
carabids, staphylinids, and spiders), the BD system
demonstrated the potential to be superior, under given
circumstances, even as compared to the organic sys-
tem (Méder et al. 2002).

In a later study in the DOK trial (Table 2, Ther-
wil-1), FlieBbach et al. (2007) found that soil pH,
total soil N, and soil organic carbon are higher in
BD systems as compared to conventional systems. In
addition, soil microbial biomass, soil organic matter
for microbial biomass establishment, and dehydro-
genase activity are higher in BD systems, indicating

better soil quality in BD systems. In this article, it
was also found that the metabolic quotient for CO,
(qCO,), which summarizes microbial carbon utiliza-
tion, was higher in conventional as compared to BD
soils, suggesting a higher maintenance requirement
for microbial biomass in conventional soils. How-
ever, as regards soil microbial biomass C/N ratio
(Cmic-to-Nmic), which is an indicator of biological
soil fertility (Sparling 1992; Stockfisch et al. 1999), a
treatment with compost and BD preparations reported
lower performances as compared to a conventional
manured system. The authors were unable to say
whether this effect was caused by composting or by
the BD preparations. This trend was not confirmed by
Gadermaier et al. (2012) who stated that BD prepara-
tions increased the Cmic-to-Nmic in the Frick long-
term experiment in Switzerland (Table 2).

From these studies, some additional conclusions
can be drawn in terms of impact on agroecosystem
biodiversity. The research carried out by Méder et al.
(2002) stated that BD preparations positively impact
biodiversity. Moreover, Rotchés-Ribalta et al. (2017),
in a study carried out in the DOK trial (Table 2, Ther-
wil-1), found that weed seedbank abundance, diver-
sity, and community composition were higher in the
BD systems as compared with those of the conven-
tional systems. They also found that high inputs of
mineral fertilizers selected for more nitrophilous spe-
cies, while herbicide applications selected against
herbicide-susceptible species.

Crop yields are influenced by agricultural prac-
tices, and much research has focused on studying the
differences between organic and conventional agri-
culture. However, only a few studies take into consid-
eration BD agriculture. Among them, studies regard-
ing arable cropping systems confirm that mean crop
yields in BD farming are lower than those of conven-
tional systems (Méder et al. 2002; Mayer et al. 2015).
While this is a common outcome of much research
comparing yields of BD agriculture and also organic
farming in many productive sectors, it is worth men-
tioning that higher yields are more often than not a
result of higher input use which comes with a mon-
etary but also with an energy and an ecological cost,
as is more extensively remarked in the section below.
Yield differences between organic and BD farming
were surveyed by Zikeli et al. (2017) in a study of ten
BD and organic greenhouses in Southern Germany. In
this study, the BD farms had statistically significant

@ Springer
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Table 3 (continued)
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Length/years of experiment

4 years

Trial description
16 biodynamic and con-

North Island of New Zealand

Sustainability domain Location of the trial

Economic

Springer

through the MAF*

ventional farms including

market garden (vegetables),

pip fruit (apples and pears),
citrus, grain, livestock

(sheep and beef), and dairy

Forster et al. (2013)

Agronomic, economic, and

4 years

Field trial system compari-

Madhya Pradesh, India

ecological performance,
gross margin of cotton,
soybean, and wheat

son between biodynamic,

organic, and conventional

cotton-soybean-wheat crop

rotations

Ingram (2007)

Bruno Latour’s circulatory

1’1.21b

System comparison between
biodynamic, organic, and

USA

Social

model

conventional agriculture

McMahon (2005)

n.a"—the interview was done Social analysis

Interview with six biody-

namic farmers

Ireland

in 2001

2Models used by the New Zealand Ministry of Agriculture and Fisheries (1987-1991); ®Not applicable

higher yields in tomatoes and cucumbers as compared
to the organic farms. Despite higher yields from BD
farms, authors found strong imbalances between
organic and BD farms as regards nutrient flows, with
high average surpluses for N, P, S, Ca, and Na, which
could lead to risks of increased soil alkalinity and
salinity. Moreover, BD farms showed a lower N use
efficiency (NUE) and significantly lower concentra-
tions of soil available P. These imbalances were also
confirmed by Mayer et al. (2015) in a previous study
in the DOK trial (Table 2, Therwil-2). In this study,
the conventional farming system at half standard fer-
tilization level had a better NUE than organic and BD
systems. Furthermore, low organic fertilizer inputs
lead to degradation of soil quality in organic as well
as in conventional systems. The results showed that
fertilization strategies in organic and BD farming sys-
tems are a focal point for developing new strategies to
avoid long-term nutrient imbalances.

BD practices have been mainly tested in vineyard
production systems. This is because in recent years,
many wine farms have decided to convert to BD
agriculture (Demeter and BDA Certification 2020).
A recent study involving a long-term trial in vine-
yards found that the organic and the BD treatments
showed higher soil nitrogen levels, which had been
successfully ensured through cover crop management
and compost addition (Doring et al. 2015). How-
ever, magnesium content in leaf tissues, an important
parameter required for chlorophyll composition, was
found to be significantly higher in the integrated treat-
ment, while phosphorous and potassium contents did
not show any relevant differences. This is in line with
the findings of an article published in Nature Sci-
entific Reports, which stated that 10 years of differ-
ent management practices had not caused any major
shifts in terms of physicochemical soil parameters,
and the only parameter exhibiting relevant differences
was magnesium, which was found to be lower in BD
systems (Hendgen et al. 2018). However, in terms of
microbial activity, soil under integrated management
had a significantly reduced bacterial and fungal spe-
cies richness as compared to organic. Organic and BD
treatments were statistically indistinguishable from
one another, and the additional input of BD prepara-
tions did not affect the fungal composition or richness
as compared to the organic treatment. Fungal com-
munities were also quantified in six conventional and
six BD vineyards by Morrison-Whittle et al. (2017).
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By analyzing samples from several different vineyard
“habitats” (i.e., bark, fruit, and soil) with metagen-
omic techniques, they found significantly higher spe-
cies richness in BD fruit and bark communities, but
not in soil. However, in terms of types and abundance
of fungal species, BD management had a significant
effect on soil and fruit.

In terms of yields, an average yield reduction was
also found in BD vineyard production systems as
compared to in integrated systems, which amounted
to—34% (Doring et al. 2015). This is probably due
to plant health and disease incidence. Indeed, in this
study, disease frequency of Botrytis was signifi-
cantly increased in the BD treatment as compared
to the integrated treatment where botryticides were
applied. Furthermore, in a 3-year field trial in Italy,
grape yields were found to not differ when compar-
ing organic and BD treatments (Botelho et al. 2016),
probably due to similar disease incidence levels.
Botelho et al. (2016) also assessed physiological
responses of grapevines to BD management and pro-
vided evidence of a strong stimulation effect of natu-
ral defence compounds in grape plants grown with
BD preparations 500, 500 K, fladen, and 501. They
found that BD management led to an increase in leaf
enzymatic activities of chitinase and f-1,3-glucanase
as compared with organic management. Chitinase
and glicanase activities are typically correlated with
plant biotic and abiotic stresses and associated with
induced plant resistance. Finally, they also found
that the application of BD preparations reduced sto-
matal conductance and leaf water potential which
indicated a higher water use efficiency (Chaves et al.
2010) in biodynamically managed vineyards. This is
in line with Doring et al. (2015), who asserted that
organic and BD treatments show significantly lower
assimilation rates, transpiration rates, and stomatal
conductance as compared to the integrated treatment.
A reduction in stomatal conductance was then asso-
ciated with enhanced tolerance of vine plants toward
biotic (Zeng et al. 2010) and abiotic stresses (Salazar-
Parra et al. 2012).

In addition to the studies conducted on vineyards
and arable cropping systems, our literature review
found that a single article related to BD olive produc-
tion in Tunisia (Blibech et al. 2012). Blibech et al.
(2012) detected a high number of Bacillus species
in olive groves managed with BD and organic meth-
ods. After Choudhary and Johri (2009), these authors

then supposed that an environment rich in organic
substrates and micro-niches could support a complex
of microbial species, in turn promoting the prolifera-
tion of Bacillus. Given the entomopathogenic role of
Bacillus for several insects responsible for olive tree
pests, they argued that BD and organic practices pro-
mote the biocontrol of olive pests. This is the first
study that showed the occurrence of Bacillus lar-
vicidal strains in a BD olive tree farm that could be
used in biological control programmes.

In addition to studies related to different produc-
tion systems, we found studies dealing with single
BD practices. Faust et al. (2017) found that, in a long-
term field trial in Germany, the application of BD
preparations did not give rise to any positive effects
additional to those of composted farmyard manure
fertilization. This is in line with Reeve et al. (2010),
who report no differences in terms of pH, mineral
elements, C/N ratio, NO5-N, and NH4+-N between
a BD compost and an untreated compost. However,
in a later study, Reeve et al. (2011) stated that, under
changing circumstances, both the Pfeiffer field spray
and other BD preparations were found to be moder-
ately effective in raising soil pH.

In terms of microbial activity, conflicting results
are reported by Reeve et al. (2010) and Reeve et al.
(2011). In the first study, they reported the occasional
superiority of BD compost to untreated compost, but
in the latter, no effect of BD compost was found. In
addition, Reeve et al. (2011) found no effect on for-
age yield between fields treated with BD compost and
with untreated compost but reported the occasional
superiority of the impact of BD compost on wheat
seedling height; results showed that a 1% extract of
BD compost grew 7% taller wheat seedlings than a
1% extract of untreated compost did (Reeve et al.
2010).

According to our selection of articles, there are
only two surveys based on the manner of action of
BD preparations. Giannattasio et al. (2013) performed
a microbiological characterization of preparation 500
and identified some of its biological actions. They
found that it is rich in enzymatic-specific activities
and exhibits a positive auxin-like activity on plants
but had no quorum sensing-detectable signal and no
rhizobial nod gene-inducing properties. Moreover,
they found that preparation 500 is relatively low in
leucine aminopeptidase activity (an enzyme involved
in nitrogen cycling), but enzymatic analyses indicated

@ Springer
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a bioactive potential in the fertility and nutrient
cycling contexts.

Another study aimed at characterizing the com-
position of BD preparations is that of Botelho et al.
(2016), in which the concentrations of isopenthyl
adenine, indole-3-acetic acid, and abscisic acid were
below the detection limits. Moreover, the extremely
low amount of plant regulators supplied by the BD
preparations suggests that the hormonal mode of
action proposed by Stearn (1976) is unlikely. This is
in contrast with Giannattasio et al. (2013) who found
that the indol-3-acetic acid activity and microbial
degradation products qualify preparation 500 for pos-
sible use as soil biostimulants.

Results of the literature survey on sustainability of
the biodynamic method

There were 15 articles related to topic of the “sustain-
ability of the BD method” (26) belonging to the first
quartile of the corresponding WoS category and with
IF>2. The selection of most informative publications
on the sustainability of the BD method is shown in
Table 3 together with the geographical location of the
trials, trial description, duration of the single experi-
ments, and assessment method for measuring BD
sustainability. Moreover, we classified sustainability
based on the United Nations Millennium Declaration
(2000) in which three domains of sustainability were
distinguished: environmental, economic, and social
sustainability. Most of the studies of the sustainability
of the BD method are included in the environmental
domain (8 studies), with there being only four and
three studies respectively on economic and social sus-
tainability. Having so few scientific studies on these
topics available prevents us from drawing generic
conclusions, especially if we consider that the vast
majority of the studies mentioned do not show com-
parisons between different cultivation methods under
a range of different influencing factors, such as soil
type, climate or year of production, as can be argued
from Table 3, where locations with corresponding
pedo-climatic conditions, as well as years of experi-
ments are reported.

Environmental sustainability

Agri-food is one of the sectors that contributes
most to environmental impact in terms of resource

@ Springer

depletion, land degradation, gaseous emissions, and
waste generation (Cellura et al. 2012). There are sev-
eral methods for assessing the agricultural impact on
the environment, but life cycle assessment (LCA)
is the most commonly used method as regards BD
agriculture and one of the most commonly used in
general. With this method it is possible to assess the
environmental burden caused by a product, a produc-
tion process, or any activity for providing services
(Curran 2008).

A decrease of environmental burden due to produc-
tion activities measured with LCA was observed for
BD viticulture in North-West Spain (Villanueva-Rey
et al. 2014) and apricot production in Southern Italy
(Pergola et al. 2017). Pergola et al. (2017) compared
two integrated systems and one greenhouse managed
under BD agriculture in an apricot orchard long-term
field trial. They reported that BD practices led to
higher environmental impacts due to the specific cul-
tivation techniques used in BD greenhouse produc-
tion. However, excluding the plantation phase from
the analysis, the BD system consumed less energy
and showed a favorable energy balance. Indeed, con-
sidering only cultivation operations, the production
of 1 kg of integrated apricots required from 2.60 to
3.00 MJ kg~ 'of energy, while the production of BD
apricots required 1.32 MJ kg~!. A lower environ-
mental burden for BD production systems was also
found by Villanueva-Rey et al. (2014) due to an 80%
decrease in diesel input. This is in accordance with
other studies (Alaphilippe et al. 2013; Bavec et al.
2012; Stavi and Lal 2013; Venkat 2012). In Bavec
et al. (2012), a markedly reduced ecological footprint
was found in organic and BD wheat and spelt produc-
tion, mainly due to the absence of external produc-
tion factors. When considering yields, the organic
and BD systems had a reduced overall footprint per
product unit and increased ecological efficiency of
production.

Soil carbon sequestration is a measure to prevent
against CO, increase in the atmosphere and slow
global warming (Janzen 2004; Page et al. 2011).
Pergola et al. (2017) confirmed that, due to the soil
management techniques used, the BD system fixed
about 45% of the total CO, produced in the produc-
tion cycle, with specific reference to soil. This is in
line with FlieBbach et al. (2007, Table 2) who found
in the DOK trial that the soil organic carbon of the
BD system was maintained at the same level for over
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21 years and showed a small gain. This result is con-
firmed also by Reganold et al. (1993) and Droogers
and Bouma (1996) comparing conventional and BD
systems in which soil organic matter was proven to be
stable only in the BD farming systems.

According to Mider et al. (2002), the energy to
produce an organic crop dry matter unit was 20 to
56% lower than in conventional (Table 2). Indeed,
nutrient input, energy, and pesticide were reduced by
34%, 53%, and 97%, respectively, in the organic sys-
tems, whereas mean crop yield was only 20% lower,
indicating more efficient production. In addition,
Nemecek et al. (2011a and 2011b) concluded that the
environmental impacts per unit area were minimized
in organic and low-input farming. However, resources
and inputs (nutrients, water, soil) use efficiency is
also necessary to implement environmental sustain-
ability in farms. Indeed, the reduction of fertilizer use
cannot be pushed too far without risking poor crop
performance, and a minimum level of nutrient sup-
ply must be maintained to ensure good eco-efficiency
(Nemecek et al. 2011b). This was also confirmed by
Mayer et al. (2015), who found that, disregarding
parameters of long-term soil sustainability, the con-
ventional farming system at half standard fertilization
displayed the best performance in terms of yields,
crop quality, and efficiency.

Economic and social sustainability

The lower BD yields are compensated for by higher
prices for BD commodities and by additional subsi-
dies (Nemecek et al. 2011b). Consumers are willing
to spend more to acquire BD products (Bernabéu
et al. 2007; ICEX, 2010) but, as suggested by the
Greentrade marketplace (2006), the increasing num-
ber of farms shifting to BD agriculture will eventually
lead to a steady convergence between conventional
and BD prices.

In our review, there were only two articles focus-
ing principally on economic sustainability and the
economic profit derived from BD and conventional
farming systems (Table 3).

Forster et al. (2013) considered economic perfor-
mance in a cotton-soybean-wheat crop rotation in
India. They found that soybean gross margin was sig-
nificantly higher for the BD system (+8%) as com-
pared to conventional system, and the slightly lower
productivity of BD soybean was counterbalanced by

lower production costs. However, this was not con-
firmed for wheat and cotton because of their low crop
yield. The second study included in our literature
selection was published by Reganold et al. (1993)
and compared 16 BD and conventional farms in New
Zealand. They found that the BD farms were just as
financially viable on a per hectare basis as the con-
ventional farms.

Besides results on the economic and environmen-
tal sustainability of the BD method, we also found
interesting outcomes from a social perspective. Fol-
lowing sociologist Bruno Latour’s circulatory model
of scientific work (Latour 1999), Ingram (2007)
argued in the Annals of the Association of Ameri-
can Geographers that forms of alternative agriculture
such as BD agriculture based on the “Going Back
to Nature” paradigm were and have been the result
of a scientific process characterized by an ongoing
exchange of knowledge between scientists and farm-
ers. BD networks have continued to consider farmers,
especially those rejecting mainstream agriculture, as
their primary counterpart (Ingram 2007). This is also
confirmed by McMahon (2005), who interviewed six
BD farmers in Ireland. However, he also found that
some BD farmers restrict communication with the
rural community and do not want to communicate the
spiritual aspects of their farming methods, building
from this perspective boundaries between them and
“the Others.”

Result of the literature survey on food quality of
biodynamic products

There are 11 articles within the “food quality” topic
(28) belonging to the first quartile of the correspond-
ing WoS category and with IF>2, with the first pub-
lished in 2006 by Zorb et al. The selection of most
informative publications on the food quality of BD
products is shown in Table 4 together with the geo-
graphical location of the trials, trial description, BD
relevant products, year of product harvest, size of
experimental plots or samples, and parameters to
assess food quality.

In Zorb et al. (2006), a metabolite profiling of
wheat (Triticum aestivum L.) grains was analyzed
based on a total of 52 compounds. Only eight showed
significant differences between organic and con-
ventional systems, and no differences were found
between organic and BD systems. Furthermore,

@ Springer
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Table 4 (continued)

Parameters for assessing References

food quality

Years of product harvest Size of experi-

Products

Trial description

Location of the trial

mental plots or

samples

Microbial diversity on Mezzasalma et al. (2017)

Samples

Purple grape juices from 2015

Field trial compari-

Alghero, Mamoiada,

wine must

son between three cultivar “Cannonau”

Mores, and Santadi,

Italy

conventional and one
biodynamic systems

Fat content, protein, lac- Capuano et al. (2014a)

Samples

2011

Cow milk

Comparison between

Gelderland and Frie-

tose, urea, unsaturated
fatty acid, milk freez-
ing point depression

three organic, three

sland/Groningen,
Netherlands

biodynamic, and 24

conventional farms

Capuano et al. (2014b)

Fatty acid profiling,

chemometric model-

ling

#Not applicable

Mayer et al. (2015) found that the conventional farm-
ing system at half standard fertilization had higher
crude protein than organic and BD systems with
standard fertilization and that doubling organic fer-
tilization in organic and BD systems did not allow
for improving grain baking quality. No differences
between organic and BD systems were reported in
terms of protein fractions, unextractable polymeric
protein, gliadin, and dry gluten contents.

In another field trial comparison, Turinek et al.
(2016) investigated the composition of rapeseed
(Brassica napus L.) seeds and found that BD and
organic production systems positively influenced
oleic fatty acid and oil content as compared to an
integrated system. Conversely, the integrated system
produced seeds with higher protein and water con-
tents, as well as higher contents of linolenic, gadoleic,
and hexadecadienoic fatty acids, due to mineral ferti-
lizer application.

Other studies comparing different management
systems including BD farming were conducted on
horticultural crops to study chemical composition
and corresponding food quality. In an experiment
conducted in Italy, the antiradical activity of chicory
(Cichorium intybus L.) proved to be higher under
BD than under conventional systems (Heimler et al.
2009). Such findings concerning antiradical activ-
ity were not confirmed by a following study carried
out on Batavia lettuce (Lactuca sativa L.) in which,
however, a higher amount of polyphenols was found
under BD management (Heimler et al. 2012). Sig-
nificantly, higher amounts of flavonoids and hydroxy-
cinnamic acids in BD lettuce were detected as well,
which was not the case for chicory. This last aspect
could indicate an effect of BD practice on secondary
metabolites in lettuce.

In the abovementioned studies, the response of
different crops to BD, organic and conventional man-
agement is not univocal and probably derives from
several causes, including genetic characters and pedo-
climatic conditions. Despite this, other studies report
univocal outcomes in favor of BD agriculture, e.g.,
Bavec et al. (2010), who analyzed the chemical com-
position of red beet (Beta vulgaris L.) in a long-term
field trial. They found that samples from BD plots
had significantly higher total phenolic content, anti-
oxidant activity, and malic acid content than samples
from conventional plots, whereas total sugar content
did not differ between production systems.

@ Springer
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In terms of number of studies, wine is the most
common product to feature in BD food quality lit-
erature. Morrison-Whittle et al. (2017) evaluated the
concentrations of volatile thiols important for aroma
and quality in wines and found that there was no dif-
ference between BD and conventional wines. This
was in line with Doring et al. (2015), who assessed
grape quality comparing three farming systems (inte-
grated, organic, and BD vineyards) and found that
fruit quality in terms of total soluble solids, total acid-
ity, and pH during ripening was not affected by the
management system. However, BD treatment showed
a significantly higher content of primary amino acids
in healthy berries during maturation compared to the
integrated treatment. Many other studies have argued
that organic and BD viticulture have little influence
on grape composition (Danner 1985; Hofmann 1991;
Kauer 1994; Linder et al. 2006; Reeve et al. 2005).
However, there is a trend for organic and BD juices
to present higher contents of bioactive compounds as
compared to conventional counterparts (Granato et al.
2016), and it is possible to differentiate organic/bio-
dynamic and conventional purple grape juice through
measurement of volatile organic compounds by pro-
ton transfer reaction mass spectrometry (Granato
et al. 2015). Nevertheless, these and other studies
found that BD and organic juices have very similar
quality traits (Granato et al. 2015, 2016; Reeve et al.
2005), which is in line with the findings of Parpinello
et al. (2015) who reported that the chemical and sen-
sory properties of organic and BD wines do not differ.

In terms of types and abundance of communities
of fungal species in juice, Morrison-Whittle et al.
(2017) found no differences between management
systems. However, Mezzasalma et al. (2017) stated
that natural berry microbiome could be influenced by
farming management and pointed out that biodynam-
ics had a consistent effect on the bacterial communi-
ties of berries and corresponding must.

Animal-derived food is another important topic for
understanding how the cultivation method can influ-
ence the quality of food. Capuano et al. (2014b) car-
ried out an analysis of milk fatty acid profiles with
cows from conventional, organic, and BD farms and
found that organic/biodynamic milk differed from
conventional milk. This was confirmed in a second
part of their study (Capuano et al. 2014a), which ana-
lyzed the bovine milk by Fourier-transform infrared
(FTIR) spectroscopy.
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Discussion and conclusion
Discussion of the biodynamic method

The aim of this review was to critically review the
international scientific literature on BD agriculture
as published in highly ranked journals, as well as
to detect any lack of knowledge on relevant issues
in agriculture. The results of the literature review
showed that the BD method enhances soil quality
and biodiversity, while no conclusion can be drawn
regarding the socio-economic sustainability and food
quality of BD products; further efforts needing to be
made to implement knowledge of these aspects.

Despite its being impossible to carry out a meta-
analysis due to the small amount of data available
and the vast range of differing parameters considered
in the literature, some conclusive, semi-quantitative
considerations can be drawn. To this end, we car-
ried out a pairwise comparison exercise based on the
results of BD, organic, and conventional agriculture
regarding a vast range of parameters as published in
highly ranked journals (IF>2 and belonging to the
first quartile of WoS corresponding categories). The
results of pairwise comparison are shown in Table 5.

The pairwise comparisons regarding the impact
of agricultural practices showed that from a total of
74 observations comparing differences between BD
and organic farming, 22 observed better performance
from BD agriculture, 37 found equal performance,
and 15 found better performance from organic agri-
culture. The comparison of BD and conventional
farming showed that 44 observations found BD agri-
culture performed better, 12 found they performed
equally well, and 14 found conventional agricul-
ture performed better. Finally, comparisons between
organic and conventional farming showed that 33
observations found organic agriculture performed
better, 13 found equal performance, and 11 found
conventional agriculture performed better.

In terms of the sustainability of the BD method,
the pairwise comparisons between BD and organic
farming showed that one observation found in favor
of BD agriculture, 24 found equal performance and
two found in favor of organic agriculture, while the
comparison between BD and conventional farming
showed that 28 observations found BD performed
better while seven found conventional agriculture
did. Finally, the comparison between organic and
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Table 5 Results of pairwise comparison between biody-
namic/organic, biodynamic/conventional, and organic/con-
ventional production systems grouped by three topics, i.e.,
impact of agricultural practices, sustainability, and food qual-
ity. +and — values were attributed based on counting of pair-
wise comparisons carried out in the literature for all the crite-
ria reported in the first row of the table. The results of pairwise
comparisons were standardized on a—1/+1 scale, which was
then transformed into five levels of performance ranging from
— —,—,=,+and+ +. It must be stressed that the majority of
publications reporting ORG/CON comparisons in the overall
literature do not encompass corresponding comparisons with
BD agriculture; hence, the subset of comparisons upon which
this table is based does not represent the entirety of ORG/CON
comparisons in the literature

Impact of agri-  Sustainability ~ Food quality
cultural practices
BDvs OR =° =° =°
BDvsCO +BD‘ ++BD* +BD!
ORvsCO  +OR‘ ++OR° =°
a_ —, Highly worse performance; ®—, Worse performance;

¢=, Neutral result; 9+, Better performance; ®+ +, Highly bet-
ter performance

BD, biodynamic agriculture; OR, organic agriculture; CO, con-
ventional agriculture

conventional farming showed that 22 observations
found organic performed better and four found con-
ventional agriculture did.

As regards the food quality of BD products, the
pairwise comparisons between BD and organic farm-
ing showed that three observations found in favor of
BD agriculture while 20 found equal performance.
The comparison between BD and conventional farm-
ing showed that 13 observations found BD agricul-
ture performed better, eight found no difference and
seven found conventional agriculture performed bet-
ter. Finally, the comparison between organic and
conventional farming showed that four observations
found organic agriculture performed better, 13 found
no difference and four found better results from con-
ventional agriculture.

It must be stressed that the majority of publica-
tions reporting organic/conventional comparisons in
the overall literature do not examine BD agriculture;
hence, the subset of articles cited in this manuscript
does not represent the universe of organic/conven-
tional comparisons in the literature, which greatly
reduces the possibility of drawing generic conclu-
sions in this matter. We have in any case reported
the results of organic/conventional comparisons in

BD agriculture publications as a reference for other
comparisons within the set of publications analyzed
in this article.

BD agricultural practices promote overall agro-
ecosystem biodiversity. BD farms usually maintain
vegetative buffer strips, riparian corridors and hedge-
rows that provide shelter to pollinators and natural
predators. Indeed, the Biodiversity Farm Programme
imposed by Demeter Standards obliges 10% of total
farm area to be dedicated to the care of biodiversity,
which includes elements for the maintenance of rare
or endangered plant and animal species, creating
optimal conditions for insects, birds and in general
all lifeforms, including soil microorganisms. One of
the major challenges for all production methods is to
provide enough nutrients to plants while promoting
overall soil quality. To this aim, BD agriculture pro-
motes close cycles using farm-produced animal and
green manure instead of employing external organic
fertilizer. Indeed, it is a general principle required by
BD standards to include the animal element in any
farming system to avoid imports of organic inputs
and related nutrient imbalances. By contrast, in some
cases such as those reported by Zikeli et al. (2017),
high intensification of production in greenhouse sys-
tems backed by minimum compliance of BD stand-
ards led to strong imbalances in nutrient cycles. How-
ever, it should be noted that cases like those described
by Zikeli et al. refer to unique production condi-
tions in intensive horticultural systems subject to the
exceptional derogation offered to smallholders.

The combined effects of biodiversity manage-
ment and nutrient cycling practices in BD agroeco-
systems seem to hold the potential to enhance soil
microbioma. In our review, we found that overall
microbial activity increased in BD farming systems
as compared to conventional and organic agriculture
(Mider et al. 2002; FlieBbach et al. 2007). This was
also confirmed by a recent meta-analysis by Chris-
tel et al. (2021), which found that 52% of microbial
indicators were higher even in comparison with
organic farming. In this article, BD farming appears
as the farming system with the most favorable effect
on soil ecological quality, followed by organic
and, finally, conventional farming. This is in line
with previous studies by and Droogers and Bouma
(1996), who found that organic matter contents were
higher in BD as compared to conventional fields.
However, microbial activity and proliferation could
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be influenced not only by the farming system but
also by differing supply of organic substrate, water
availability, climate, and by the absence of pesti-
cides. Overall, one of the most important issues to
be addressed and promoted among farmers, what-
ever farming method they adopt, is that soil acts as a
habitat for many living organisms that supply a vast
range of ecosystem services including soil fertility,
and that the maintenance of healthy soil is vital to
fulfill the needs of those microbial populations.

The third relevant aspect regarding the impact of
agricultural practices focuses on the use of BD prepa-
rations (Table 1). Turinek et al. (2009) reviewed the
effects of BD preparations on yield, soil quality, and
biodiversity and came to the conclusion that the natu-
ral science mechanistic principle backing BD prepa-
rations is still unclear and needs further investigation.
Beyond a scarcity of information on BD preparations,
our selection of articles reports conflicting results,
which does not allow us to draw generic conclusions
on related potential benefits. However, two studies
not included in our selection suggest that preparation
500 could have the potential to stimulate plant growth
(Spaccini et al. 2012) and that cow horns in which
bovine fecal material is incubated for several months,
could provide suitable substrates for a specific pro-
teolytic decomposition process (Zanardo et al. 2020).
Further studies are needed to test the activity of BD
preparations under different conditions.

The amount of selected articles on the sustainabil-
ity of the BD method is notably low, which hinders
the possibility of reaching robust conclusions. Most
outcomes found in the literature on the sustainability
of BD agriculture concern the environmental aspects,
while socio-economic considerations are scarcely
considered. Indeed, the results of the pairwise com-
parisons which focused exclusively on environmen-
tal sustainability showed that, from a total of 21
observations comparing the difference between BD
and organic farming, one observation found in favor
of BD agriculture, 19 found no difference and one
found in favor of organic agriculture. The compari-
son between BD and conventional farming showed
that 24 observations found BD to be better while 4
found for conventional agriculture. Finally, the com-
parison between organic and conventional farming
showed that 19 observations found in favor of organic
and two in favor of conventional agriculture. Hence,
as regards environmental sustainability, there appears
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to be robust evidence in the literature of the fact that
BD agriculture greatly outperforms conventional
agriculture, while no difference has been detected as
compared to the performance of organic agriculture.

At the farm economics level, our review confirms
that remuneration of BD farmers appears to be equal
or even considerably more profitable on a per hec-
tare basis than conventional farming. This was con-
firmed on a national scale by the 2019 Bioreport
published by the Italian Ministry of Agriculture,
which stated that the turnover per hectare of Ital-
ian BD farms was in general higher as compared to
conventional farms (i.e., 13.300 versus 3.207 euro/
ha, Rete Rurale Nazionale 2019), and also by Pen-
fold et al. (1995) who reported that BD system had
the highest gross margins as compared to conven-
tional, organic, and integrated systems. This might
also be due to lower production costs and supply of
wider range of goods and services producing income
diversification in BD farms (Mansvelt et al. 1998).
On the other hand, Aare et al. (2020) found that
extra costs connected to diversification in BD farms
do not generally pay off on standard food markets
because of equal prices of organic and BD products,
which leads BD farmers to export their products to
countries like Germany and France where they can
achieve 20% higher prices on average.

Finally, the results of the review of literature on
social sustainability regard only two publications and
are thus wholly insufficient to allow any generic con-
clusions on BD agriculture.

As regards the impact on food quality, BD agri-
culture performs slightly better than conventional
while no difference was detected when comparisons
between BD and organic were carried out. Though
the food quality of BD products is at an early stage of
development in the literature, some general remarks
can be made concerning BD agriculture perfor-
mances in relation to nutritional properties, which are
the most frequently addressed topic in the scientific
literature on the quality of food from BD agriculture.
The outcomes of our review show BD products to be
nutritionally richer than conventional counterparts.
Other studies not included in our selection confirmed
that nutritional properties, in particular the content
of phenolic compounds, flavonoids, and antioxidant
activity were significantly higher in strawberries,
mangoes, and grapes from BD farming as compared
to conventional (respectively, D’Evoli et al. 2010;
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Fonseca Maciel et al. 2011; Reeve et al. 2005). How-
ever, dietary health is not only a matter of the nutri-
tional value of food but also the result of how the
soil microbiome interacts with plants, animals, and
humans. Indeed, the concept of One Health proposes
that there is a connection between human, animal, and
environmental health (Karesh et al. 2012; Wolf 2015).
Van Bruggen et al. (2019) argued that the health con-
ditions of all organisms in an ecosystem are intercon-
nected through the cycling of subsets of microbial
communities from the environment (in particular the
soil) to plants, animals, and humans. The One Health
approach combined with better performances of BD
soils in terms of microbial indicators as previously
reported (Christel et al. 2021) might therefore support
the idea that BD products are healthier.

Need for a systemic approach

One frequent observation on the robustness of the
results analyzed in this review of the literature regard-
ing BD agriculture is that they can be greatly affected
by production and site-specific conditions of relevant
experiments. This aspect is common to all fields of
research in agriculture but becomes, if possible,
even more important when we investigate agroeco-
logical types of farming, including BD and organic
agriculture. Systems theory holds that the behavior
of any system in a hierarchy, e.g., the farm system,
is not readily discoverable from a study of lower sys-
tems, e.g., cropping/livestock systems, and vice versa
(Checkland 1981; Milsum 1972; Simon 1962; Whyte
et al. 1969). The behavior of a system is instead a
consequence of the combination of impacts of deci-
sions taken at different levels in the hierarchy. Each
level in the hierarchy could be related to any other,
within and between levels (Conway 1987).

As a reaction against the reductionist approach
which emphasizes the simplification of the system,
agroecological thinking resulted in the development
of an “agroecosystem” view (Conway 1987; Marten
1988), which promotes the need for a holistic and
systemic approach to agroecosystems analysis. Sys-
tems theory (Bertalanffy 1968; Morin 1993; Odum
1989; Prigogine 1980) is an analysis method which
describes interactions between components of the
system and aims for a better understanding of sys-
tem complexity. Any application of the theory of
scaling should take into consideration the complex

interactions between biophysical, social, economic,
and institutional factors to analyze and understand
the relations that characterize farming systems (Mar-
chetti et al. 2020; Wigboldus et al. 2016). However,
as reported by Schiller et al. (2019), limited analysis
of how technological, political, and financial factors
interact has been performed, and the evaluation of
agroecosystem factors is complicated by their high
dependence on the environmental and social condi-
tions in which they are applied (Marten 1988). Cur-
rent methods of analysis do not sufficiently consider
system complexity and are based on the premise of
“find out what works in one place and do more of the
same in another place” (Wigboldus et al. 2016). Agri-
cultural systems such as BD agriculture require more
research based on a systemic approach which consid-
ers interconnections between ecological, economic,
social, and political variables. A system thinking per-
spective on BD agriculture, as well as for other forms
of agriculture, has to be conceptualized, and may
serve as a basis for future research.

The best solutions for achieving a systemic
approach for agroecological transitions might be
found by integrating disciplines that explore the
diversity and synergies of relationships between the
various levels involved (Comeau et al. 2008; Ollivier
et al. 2018; Wigboldus et al. 2016). This may require
new expertise with the aim of facilitating collabora-
tive processes (Brouwer et al. 2016; Hermans et al.
2013; Schut et al. 2011; Spruijt et al. 2014; Turnhout
et al. 2013; Wigboldus et al. 2016; Wittmayer and
Schipke 2014). Moreover, as reported by Ollivier
et al. (2018), beyond scientific disciplines, agro-
ecological transition requires increasing knowledge
through experiential and social learning processes
within transdisciplinary epistemological research,
involving farmers in all stages to cultivate new sus-
tainable cultural approaches (Marchetti et al. 2020).
It is necessary to innovate across all agri-food sys-
tems through forms of participatory research, which
implies the involvement of farmers and consumers,
and re-establishing producer—consumer connections.

While considering issues of experimental design,
trials should minimize or eliminate confounding
variables which can offer alternative explanations
for the experimental results. For example, if BD and
organic farmyard manure treatments are obtained
from two different farms, differences could be
caused not only by the biodynamic preparations but

@ Springer



392

Org. Agr. (2022) 12:373-396

also by the different manure qualities (Heinze et al.
2010). Finally, as suggested by several authors (Bar-
beri et al. 2010; Perry 1997), it is important that the
experimental design includes large plots ensuring
adequate replication in trials to avoid methodologi-
cal spatial problems linked to heterogeneity of site-
specific conditions.

In conclusion, BD agriculture offers promising
contributions for the future development of sustain-
able agricultural production and food systems, but the
extent to which relevant results can be considered sci-
entifically reliable depends on a systemic and partici-
patory approach being applied when addressing real-
world business challenges.

Concluding remarks

Scientific research into BD agriculture seems still
to be at too early a stage of development to allow
for reasonable, generic conclusions about its perfor-
mance as a production method. All the topics so far
analyzed need further study in order to allow relevant
conclusions about different pedo-climatic, production
and even cultural conditions to be made. Neverthe-
less, some tentative conclusions can be drawn. The
results of the literature review showed that the BD
method enhances soil quality and biodiversity. Many
of these results were generated in long-term trials
where the temporal dynamics of soil indicators could
be studied. Further efforts need to be made, however,
to understand the socio-economic sustainability and
food quality aspects of BD products. One particularly
promising topic of research consists in the assessment
of microbial activity and the potential that the micro-
biome has in BD farms to enhance soil fertility and
human health following the One Health approach.
If such results could be obtained in BD agriculture
by improving biodiversity management and nutri-
ent cycling through animal rearing in farms or sim-
ply by applying BD preparations, the topic could be
included in the research agenda. Moreover, it is criti-
cal to take a systemic approach to investigating simi-
lar subjects. We can therefore conclude that BD agri-
culture could provide benefits to the environment and
that more research and innovation activities should be
undertaken in order to provide additional information
to farmers, policy makers, and stakeholders about this
type of organic agriculture.
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