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Biodiversity loss 1is strongly influenced by land use transformation on farms,
overexploitation of resources and deterioration of soil and water health due to pollution.
Regenerative agriculture (RA), which is one of the agroecological practices, has proven to
be effective in terms of biodiversity conservation and restoration globally in general, and in
Finland in particular. However, there is a lack of standardized methods that can
comprehensively assess biodiversity of products systems or along product life cycles. This
issue can be solved by environmental DNA (eDNA) metabarcoding and life cycle
assessment (LCA). eDNA, which is a method with simultaneous determination of various
taxa in different land use types, can provide more accurate and updated inventory data for
LCIA. To find ways to integrate eDNA data into LCA models, an in-depth literature review
was conducted to scrutinize various trends of correlation between eDNA-, LCA-, RA- and
biodiversity-related studies. As a result, the tremendous gap in the combination of these
studies was proved, suggesting possible reasons for this and ways of further elaboration.
Based on literature analysis, an eDNA sampling strategy in RA was proposed, which is also
applicable to Finland. Due to limitations with specificity of spatial distribution of
biodiversity, the lack of RA standardization and absence of use of eDNA results in LCA
models, ways to adjust characterization factors, reference state and baseline for more precise
biodiversity assessment in LCA models were proposed. The following improvements were
also presented to further enhance the approach.
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1. Introduction

The problems of the biodiversity (BD) crisis are getting more significant every year, having
exceeded safe operating space of both genetic and functional planetary boundaries (within
“biosphere integrity”’) (Richardson et al., 2023). This problem was later recognized by
IPBES as one of the most dangerous threats not only to the nature, but also to human well-
being in particular (IPBES, 2019) due to rapid loss of BD abundance by 69% averagely and
even by 94% in Latin America during last half century (WWF, 2022). Despite continued
worldwide contributions to BD conservation, according to experts and their publications
such as Global Biodiversity Outlook 5 and other scientific studies, almost none of the
previously established Aichi Biodiversity Targets have been fully achieved by 2020 (Han et
al., 2020; Maira et al., 2021; CBD, 2020). Thus, raising the question of the reality of full and
inclusive implementation of the Sustainable Development Goals by 2030 (Leal Filho et al.,
2020) at least from the BD perspective, and the subsequent realization of the Vision for
Biodiversity targets by 2050 under The Kunming-Montreal Global Biodiversity Framework
(CBD, 2020).

One of the sensitive areas where BD might be changed, simplified, or even declined is
agriculture due to transformation of the natural habitat land to the pastures and croplands,
contamination with overutilization of variety of fertilizers and pesticides, soil depletion and
water deterioration (NAS, 2021). Meanwhile, BD decrease and the amount of crop
production in agriculture have been shown to have a mutual influence on each other (Seppelt
et al., 2016). As the number of people and their life expectancy grows, the need to provide
enough food for everyone increases as well. Thereby raising the amount of land used for
agriculture and boosting the production of crops, meat, and dairy products by 54%, 53% and
58% respectively over the last 20 years (FAO, 2023) with predicted growth of agricultural
production by averagely 46% (maximum by 56%) from 2010 to 2050 (Dijk et al., 2021).

Since it’s almost impossible for constant augmentation of the land area to cover all of
humanity's food needs due to the already high utilization of the global land areas for food
production, incorporating regenerative agriculture (RA) seems to be a perfect way for
solving problems in food production. According to unified definition by Schreefel et al.,

(2020) RA is sustainable practices that prioritize soil conservation and restoration using



different methods for food production. RA methods can include amplification of the
efficiency of utilization of resources, minimization of leakages of nutrients and further
looping of them inside the ecosystem, which enhance soil quality and conservation of BD in
agricultural ecosystems (Velasco-Mufioz et al., 2021). RA practices also allow to combat
climate crisis thanks to Greenhouse gas (GHG) emission mitigation through soil organic
carbon (SOC) sequestration, which has better results (averagely by 17% higher SOC
sequestration, depending on climate and soil type) in comparison with conventional
agricultural (CA) practices. Implementing different RA practices contributing to accumulate
averagely 4.7 Mg C/ha/year of SOC (Rehberger et al., 2023). Agroforestry (when trees or
shrubs are planted on farms to improve environmental performance) being one of the RA
practices shows higher results with an average SOC content of 35.2 Mg C/ha/year (De
Stefano and Jacobson, 2018.)

For better understanding and proper assessing the quantified impacts of variety items and
services through their lifespans on environment, scholars usually have been using the life
cycle assessment (LCA) tools due to its commonly standardized methods, broad scopes of
research and possibility to see implications on environment from different points of view.
LCA has a wide scope of application, from the item or process design of almost any man-
made entities to the development and evaluation of long-term sustainable strategies for entire
companies or even country to reduce their adverse impact on nature and humanity. (Moutik
et al., 2023.) BD assessment using LCA tools has been no exception and is becoming more

and more relevant every year (e.g. Marques et al., 2021).

However, as emphasized by many researchers, integrated biodiversity LCA still faces
difficulties for a several reasons, such as incomplete input data, high rates of species
richness, different types of BD levels, divergent evaluation approaches and confusion with
relevant indicators (Crenna et al., 2020; Marques et al., 2021; Winter et al., 2017). In order
to clearly see the effects of BD change, including in agricultural systems, using different life
cycle impact assessment (LCIA) methods, besides using data about the land itself (land use
occupation and fragmentation) (Marques et al., 2021; Trottier et al., 2021), it is necessary to
have a generalized and standardized indicator (Chaudhary et al., 2015). Such an indicator in
the scientific community is called characterization factor (CF), thanks to which it is possible
to know the quantitative damage to the BD of a particular area of ecosystem and calculate

impacts from other indicators (e.g. Chaudhary and Brooks, 2018; Trottier et al., 2021). At



the same time, the need for more systematized BD indicators for more accurate assessments
of their impacts within agricultural systems has been frequently stated (Crenna et al., 2020;
Damiani et al., 2023). A promising CF covers different land use types (from croplands and
grasslands to urban lands and agroforestry) and intensity levels (intense, light and minimal
usage) of BD (Chaudhary and Brooks, 2018). In order to indicate BD loss, the special unit
Potentially Disappeared Fraction of species (PDF) is used (Verones et al., 2020). It has been
also tested and proven to be effective in assessing BD change for comparing CA and organic
agriculture (OA) (Knudsen et al., 2017). However, PDF being one of the examples of using
with the CF (Scherer et al., 2023) it cannot comprehensively assess BD in different types of
land use, thereby it cannot account and analyze well all impacts within agriculture (Knudsen
et al., 2017; Quevedo-Cascante et al., 2023). Summarizing abovementioned, after several
years of continuous improvement in BD assessment using LCA methods, current scientific
studies agree that LCA is not sufficiently developed enough for a full and meaningful
assessment of BD in general as well as in agricultural systems (Crenna et al., 2020). Despite
of a lot of different methods and LCA tools (more than 64), none of them fully takes into

account all aspects and parameters at the same time (Damiani et al., 2023).

Thanks to comprehensive and collaborative cooperation of researchers and experts from all
over the world during last decade, there has been a shift in technologies towards more
sustainable approaches to land and natural resources use and changing behavior patterns.
Altogether can lead to better conservation of BD throughout the different ecosystems.
(IPBES, 2019.) One of such technologies is environmental DNA (eDNA) metabarcoding,
providing larger and more updated BD input data throughout combination with LCA tools,
which can help to determine and quantify some impacts on environment in general (e.g.
acidification, eutrophication) and BD in particular. eDNA can be defined as the simultaneous
identification and detection of total DNA from different species of different taxonomic
groups taken from environmental samples, which relatively recently has been developed and

became revolutionized during last decade (Pawlowski et al., 2020; Taberlet et al., 2012a).

Many different advantages have been discovered through numerous studies for eDNA in
comparison to conventional tools of BD assessment, such as i) broad widespread use (can
be used in almost any ecosystems in any weather conditions and it’s possible to detect
broader amount of taxa from only one sample), ii) can detect more hidden species such as

cryptic, elusive, rare, nocturnal and even extinct species, iii) easier to use (less people are
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required to collect and analyze samples as there is no need for specialists in collecting data
from different biomes, easier to interpret for the end-users), iv) molecular processes in
laboratory can be fully automated, v) non-invasive method, vi) cost effective (due to
widespread utilization and lower cost per each species) and there is a room for improvement
(Holdaway et al., 2017; Thomsen and Willerslev, 2014). Also, it is possible to take eDNA
samples from water, soil, and air, as well as from different parts of extant and extinct species
(e.g. fur, epithelium, secretions and excretions, bones, crops and rotten bodies, vegetation

parts of the plants etc.) (Ruppert et al., 2019).

However, despite the quick development and sophistication of eDNA metabarcoding
technology and expansion to the new spheres of utilization, there is still a significant lack of
systemized information about using this method in BD assessment in RA. Also, despite the
claims that methods related with eDNA can benefit BD, nowadays there is a little knowledge
on BD levels of RA (Kestel et al., 2022). Solving this problem about lack of clear standardize
information of eDNA methods within RA, allows to facilitate better detection of different
species and further improves BD assessment on RA farms both locally in Finland and,
potentially, globally. Furthermore, deeper development of eDNA metabarcoding in RA
might allow 1) notify about health trends of ecosystem (e.g. thanks to demonstrable changes
in the quantity and diversity of biota and soil quality) (Freslev et al., 2022; Rishan et al.,
2024) i1) detect and envisage threats to the ecosystem (e.g. pathogens, pests, etc.) (Brunner,
2020; Mehetre et al., 2021), ii1) based on the results of BD changes might show the better

management practices with usage of pesticides and fertilizers (Nam et al., 2023).

Despite of all benefits, eDNA metabarcoding has also some drawbacks due to the still not
enough developed and researched knowledge base of eDNA metabarcoding sites (Kestel et
al., 2022; Ruppert et al., 2019), problems with data interpretation and analyzing (Buxton et
al., 2021; Darling et al., 2021), DNA degradation (Goldberg et al., 2018; Harrison et al.,
2019) and others (Forstchen, 2020), which will be scrutinized later within this thesis work.
However, eDNA metabarcoding is still a promising and robust method that, together with
advancing science and combining with other complementary methods, can improve BD

assessment.

Many researchers point to the lack of comprehensive data in LCA, combining all pressures
on BD, fairly standardized groups of taxonomic diversity at each level (genetics, species and

ecosystem) as well as impacts from some of the essential BD variable classes and other
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fundamental aspects (Damiani et al., 2023). That’s why development of collaborative
methods of using eDNA and LCA technologies is so crucial because it can enhance
taxonomic capturing and characterizations for different agricultural practices. It also
provides primary data collection from actual farms along the life cycle, making BD

assessment much more accurate than average ecoregion level CFs (Jarvio et. al., submitted).

Earlier literature reviews have been conducted by some authors on approaches to use eDNA
in agricultural systems, including for BD assessment (e.g. Kestel et al., 2022). However,
there is a large gap in research on the use of eDNA as a tool to improve BD assessment
through LCA, especially in RA systems, which is proven within this thesis through the
conducted literature review. Correspondingly, there is no standardized protocol for eDNA
sampling strategy in RA systems and how eDNA can be used within LCA methods. This
thesis contributes to filling the gaps in this knowledge and presents a plan how eDNA
metabarcoding can improve BD assessment thanks to LCA in RA in Finland, which also has

a big potential for spreading globally.
According to abovementioned, within this thesis work, I aimed:

1) Analyze current situation with opportunities and limitations about eDNA, LCA,
RA and their correlations in order to find way how eDNA can help to enhance
biodiversity LCA in RA;

1) Develop and present improvements of eDNA sampling strategy plan for
regenerative farms in Finland;

111) Determine baseline and reference state for biodiversity assessment in LCA for
RA;

1v) Define and propose ways how characterization factors can be adjusted to improve
the LCIA of BD in RA;

V) Envise possible improvements in this method for the future.

This thesis consists of an introduction, background information, methods, results, discussion

and conclusion parts with a total of 5 chapters and 16 subchapters.
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2. Background information

This part briefly presents necessary aspects of LCA, eDNA metabarcoding and RA related
to BD assessment, with a great emphasis on how they can complement each other and be

used together.

2.1. Brief review of biodiversity assessment in LCA

According to the globally accepted definition by the ISO 14040 the Life Cycle Assessment
(LCA) is “compilation and evaluation of the inputs, outputs, and potential environmental
impacts of a product system throughout its life cycle” (Sala et al., 2016, 6). Since the
utilization of LCA has a broad range of applications, this work mainly considers this method

from a BD assessment perspective and with a big focus on agricultural systems.

Although BD assessment has not been included directly into the LCA from the beginning
(Teillard et al., 2016; Winter et al., 2017), there has been a gradual enhancement in
operational indicators and their integration into life cycle impact assessment (LCIA) of BD
(Winter et al., 2017). Nowadays, LCA methods implemented for assessing environmental
impacts on BD in horticulture (croplands (Fan et al., 2022), orchards (Van Der Meer et al.,
2020) and vegetable gardens (Ordikhani et al., 2021)), aquaculture (Vélez-Henao et al.,
2021), livestock pastures (Goglio et al., 2023), and agroforestry (Quevedo-Cascante et al.,
2023) and other systems. Only about 35% (or 42 out of 119) of indicators can be conceivably
utilize for LCIA of BD (Winter et al., 2017). The most popular indicators will be presented
below. However, some of the most informative of LCA indicators related with BD
assessment (e.g. land use intensification (Chaudhary and Brooks, 2018), landscape
fragmentation (Larrey-Lassalle et al., 2018), species richness (Beckmann et al., 2019) and
extinction rates (Rounsevell et al., 2020)) are recognized and included in the GLAM project

led by UNEP (Scherer et al., 2023).

BD assessment through LCA in RA systems has the same four main steps as LCA of any
other processes and products. It starts from determination of goal and scope; making
inventory analysis with collecting all necessary data from inputs and outputs; then doing life

cycle impact assessment (LCIA); and final interpretation of the results. Firstly, researchers
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define their goal and scope, which depend on the main objectives of conduction LCA of BD
(conservation of species diversity or protection BD in global scale) (Winter et al., 2017).
Having analyzed 64 existing LCA methods Damiani et al. (2023), presented that some
methods mostly analyze some specific sector (only terrestrial, or only aquatic), when the
focus of others depends on pressures (e.g. climate change) or ecosystems (e.g. freshwater).
For more detailed BD analysis, the system boundaries should include the entire lifespan of
some item, system, or service, but most of the LCA methods are limited to specify particular
system boundaries due to various possibilities of utilization. According to study led by
Damiani (2023) only one LCA method assesses and covers a whole life cycle throughout
BD assessment (Woods et al., 2018), while other LCA methods may define system
boundaries differently depending on the research objectives. Reference states (RS) and
baselines are also different in research LCA methods due to the reasons, which will be
discussed further, resulting in a lack of overarching coherence. Inventory data taken from
existing LCA datasets or literature, results from the maps or manual expert surveys usually
also differ. (Damiani et al., 2023.) The completeness, correctness, and trustfulness of the
data (both inputs and outputs) depending on all pressures, ecosystem types, taxa, and BD
levels varies across the LCA model. When compiling an inventory, it is also crucial to collect

data for the same spatial site. (Winter et al., 2017.)

LCIA of BD consists of defining type and power of pressures on the specific ecosystems,
which allow to use impact indicators and determine necessary methods and/or models for
their assessment (Damiani et al., 2023). Due to divergence of indicators and metrics it is
complicated comprehensively assess BD and various measurement methods (both LCA and
beyond-LCA) suggest different approaches (Lammerant et al., 2021). One of the first
attempts to standardize and combine integrated indicators for BD assessment was the
creation and determination of the Essential Biodiversity Variables (EBVs). The eponymous
article proposed 6 classes of EBVs including genetic and community composition,
ecosystem structure and function, as well as species populations and traits. (Pereira et al.,
2013.) They have subsequently been developed more precisely for specific ecosystems (Dias
et al., 2023) or globally (Kissling et al., 2018). Later on, different EBVs classes were
integrated into some LCA of BD (Crenna et al., 2020; Damiani et al., 2023). Nowadays,
together with other indicators (e.g. different pressures on BD, ecosystem types, taxa, and

fundamental aspects such as global species extinction and ecosystem multifunctionality), as
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far as I know, they have become the most exhaustive metrics for BD impact assessment in

the context of LCA.

Such LCIA methods as ReCiPe 2016 (Huijbregts et al., 2017), LC-Impact (Verones et al.,
2020), Impact World+ (IW+) (Bulle et al., 2019), Stepwise2006 (Weidema, 2008), Global
Extinction Probability (GEP) method (Verones et al., 2022), have the diverse quantity of BD
loss pressures (maximum 7). The leader in pressures coverage with 9 of pressures, which
together with those, which are included into operational LCIA methods, has also pressures
as invasive species and overexploitation is Product Biodiversity Footprint (PBF) method
(Asselin et al., 2019). For their assessment operational (i.e. commonly used in LCA studies)
and LCA-based methods (i.e. not too popular but based on LCA principles) are utilized
(Crenna et al., 2020). Most common EBV class is community composition due to often
implementation of PDF. Meanwhile, among all LCIA methods only ReCiPe 2016, LC-
Impact, IW+, GEP and PBF are fully investigated impacts in all ecosystems (terrestrial,
marine and freshwater). The most diverse methods for analyzing different taxa are IW+, LC-
Impact and GEP methods, because they are taking into account a maximum of 15 different

taxonomic groups. (Damiani et al., 2023.)

In spite of gradual enhancement and updates of LCA and beyond-LCA methods for assessing
BD as well as the wide range of approaches, there are no fully independent and inclusive
LCA method, which consider all aspects and parameters of BD simultaneously (Crenna et
al., 2020; Damiani et al., 2023). Some of them are better from analyzing the pressure point
of view (PBF) or fully covering different ecosystems (ReCiPe 2016, LC-Impact, IW+, GEP
and PBF), while other are better to study taxa completeness (GEP) or cover maximum EBVs

categories (Habitat Change Potential method) (Damiani et al., 2021). (Damiani et al., 2023.)

Due to the complexity (e.g. high species richness) and heterogeneity of BD (e.g. different
type and intensity BD levels), many studies refer to the difficulties of assessing BD using a
single and universal indicator (or group of indicators) in LCA (Crenna et al., 2020; Marques
et al., 2021; Winter et al., 2017). For example, according to a study by Winter et al. (2017),
just over one third of indicators evaluate species and ecosystem diversity (40 and 35%
respectively), more than 20% of indicators do not assess BD directly, and the rest are
relatively evenly split between assessing only genetic diversity and a combination of

assessing the three levels of BD. Also, another study shows that there is significant
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prevalence of analyzing diversity from the taxonomic point of view, rather than from

functional (92% and 8% correspondingly) (Mathieu et al., 2020).

In order to somehow cope with the myriad of various LCA indicators to properly assess BD
alteration, an accurate standardization of LCA methods and determination of a universal
measurable indicator (or group of them) is needed. One possible reason for the lack of such
universal methods and indicators could be the controversial issue of whether BD impacts are
considered as midpoint or endpoint impact categories. Within LCA, midpoint methods
illustrate environmental ramifications of intermediary effects of specific environmental
impacts (biosphere flows). (Crenna et al., 2020.) Mostly the main force of BD loss in such
examples are human overexploitation of natural resources (e.g. overfishing) (Crenna et al.,
2018; Woods et al., 2016) and subsequent changes on species habitat (e.g. land use)
(Damiani et al., 2021) in specific areas. However, the impact of the midpoint can also be
studied at the global level if key habitat types and BD status are taken into account (Winter
et al., 2018). Endpoint impacts are much broader, being a direct or indirect consequence of
midpoint impacts, and affect larger important areas of protection such as human health,
ecosystem quality and scarcity of resources. In such case, BD depletion plays a significant
role in ecosystem quality and that is why it can be considered as part of the endpoint impact.
BD also can be studied in both categories simultaneously because species are equally natural
resources and parts of the ecosystem. (Crenna et al., 2020.) For more profound analysis
Winter et al. (2017) have proposed several new midpoint (sound and odor pressure,
irradiance, behavior and physiological change and tissue damage) and endpoint (loss of

genetic and ecosystem diversity) categories.

To quantify the loss of BD for any reason, a special indicator is used, which has a common
name in LCA as characterization factor (CF), which shows the damage caused to BD in a
particular area in units (De Schryver et al., 2009). CFs are actively used in both terrestrial
(e.g. Chaudhary and Brooks, 2018) and aquatic ecosystems (Trottier et al., 2021) within
LCIAs. Inconsistencies in BD assessment approaches also arise when considering the same
factor at different levels, which can lead to different results. For example, one of the CF
could be the Potentially Disappeared Fraction of species (PDF) for determining the relative
BD loss in richness of species mostly due to anthropogenic impacts for assessing ecosystem
quality. In some studies, PDF is used as an indicator of midpoint effects (Ahlgren et al.,

2022) and in others at the endpoint level (Crenna et al., 2020). In the study led by Scherer
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(2023), authors used PDF, land use CF, integrated allocation factor and regeneration time
for calculation impacts to species abundance in specific regional scale area. They also
presented that if there are shifts from localized relative extirpation of species leading to
global extinction, then regional PDF metrics can be converted to global metrics, showing
long-term consequences. Moreover, the PDF unit can be applied to BD assessments of both
animals (e.g. mammals, amphibians) and plants (Scherer et al., 2023). However, due to its
relative simplicity and clear results, this has not constrained researchers from using the PDF

extensively for BD assessment in CA and OA (Quevedo-Cascante et al., 2023).

Quite often ubiquitous CFs also have some flaws. Firstly, what important to keep in mind
that CFs show not the real time BD changes due to the different land use management
practices but provide potential change due to the delay (i.e. extinction debt). If pressure on
an ecosystem is kept for a long time, the probability of BD change increases, so the temporal
aspect is also important to consider. For example, a PDF/m2 unit should be used when
measuring occupational CF, which is used in inventory data reporting of some system over
time, and a PDF-yr/m2 unit is used to estimate transformation CFs. Both CFs measure PDF
within a year, and changes between the results of the two CFs can be interpreted as the time

it takes for the biota to regenerate. (Scherer et al., 2023.)

Another small drawback was emphasized by Ahlgren et al. (2022). They asserted that
invented by Chaudhary and Brooks (2018) CFs, despite the well-described various research
ecoregions (over 800) for different taxonomic group and their correlation with 3 levels of
BD intensity, these CFs are pretty similar between the levels of intensity. That leads to non-
significant differences in the final outputs comparing OA and CA practices. (Ahlgren et al.,
2022.) A possible reason could be the different choice of a reference situation/state (RS)
within one comparison group. They chose baseline and re-naturalization RSs, i.e.
undisturbed/unmanaged natural habitat and natural (semi-natural) states after human
interventions (mostly croplands and pastures) correspondingly (Chaudhary and Brooks,
2018). Ultimately, their work shows only adverse BD impacts, without covering some
possible improvements (Ahlgren et al., 2022). In general, the selection of an accurate RS
(i.e. example of environmental integral ecosystem to which BD is compared) or baseline (i.e.
starting point against which altered BD will be quantitatively compared) is a complex
process that affects clear conclusions (Damiani et al., 2023). This is due to the great range

of approaches and different interpretations of terms, targets, and objects of research in BD
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conservation, temporality of baselines, presence/absence of threatened species, dynamism
of biomes changes and illusion of “naturalness” (i.e. when an initially seemingly pristine

nature has already been subjected to human influence on some rate). (Vrasdonk et al., 2019.)

The most popular pressure within LCA methods, which assess BD in agricultural terrestrial
systems, is land use. Land use is included in around 83% of all methods, which consider
maximum 8§ various land use classes such as croplands and grasslands, pastures, and forest
(both natural and plantations). (Damiani et al., 2023.) This popularity is explained by the
fact that land use is recognized as one of the strongest drivers of species depletion in
terrestrial ecosystems due to the alteration of a homogeneous natural environment into often
heterogeneous, fragmented, and degraded mosaic parts with different levels of intensity

(Jaureguiberry et al., 2022; Semenchuk et al., 2022).

In contrast to previously mentioned criticisms (Ahlgren et al., 2022) of the CFs developed
by Chaudhary and Brooks (2018) that the results of BD change are almost indistinguishable
from the level of intensity of land management, study led by Semenchuk (2022) proves the
opposite. They quantitatively showed that, due to different types of land use intensity, the
average global loss of vertebrate species could be about 15% in human-altered landscapes.
That puts more than 550 species at risk of extinction, with a higher risk for species with
smaller habitats. Different alterations with diversity of microorganisms are also mostly
negatively affected by different land use practices (Burton et al., 2022). Cropland and pasture
contribute most to BD depletion (5.7% and 4.2% totally, correspondingly) even more
aggressively than urban areas (less than 1.6% totally) (Semenchuk et al., 2022). Furthermore,
without applying any action to regulate land use, which otherwise land will be used more
intensively, may lead, according to the researchers' calculations, to the BD loss of up to 26%.
Meanwhile, the authors observed almost similar rates of BD loss between vertebrates (where
amphibians were less affected (12.2% on average), but reptiles were more severely affected
(15.2% on average). The highest species losses were observed in the regions of Asia and
Europe in dry tropical and temperate broadleaf forests, as well as in Mediterranean forests

with maximum species depletion rates of even more than 50%. (Semenchuk et al., 2022.)

Moreover, Semenchuk et al. (2022) determined that about 3.6% of the global 15% BD loss
is caused by land use intensity effect (the rest part is driven by conversion natural areas to
any land use type). Even low intensity land use is responsible for about one quarter of all

BD loss globally due to large used territories. Untransformed ecosystems on which humans
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do their activities anyway (e.g. grazing on natural lands or harvesting timber and
mushrooms/berries in the forest) were calculated separately, and the sum of all

anthropogenic actions on natural sites contributes about 3.6% of BD loss.

For solving problem with heterogenous impacts on BD and quantify species loss, researchers
often used previously developed countryside species-area relationship (cSAR) approach and
expanded its application (Semenchuk et al., 2022). CSAR is a gradually refining model for
more accurate BD assessment that uses functional classification of certain species and their
affinities to different habitat types (Pereira et al., 2014). The cSAR was later updated by
adding vulnerability score of species and reflection of land use intensity levels, as was
previously mentioned (Chaudhary and Brooks, 2018). Subsequently, other researchers have
increased the use of BD assessment methods where cSAR models are also applied, from
animals to plants as well (Scherer et al., 2023). In recent article led by Semenchuk (2022),
researchers improved cSAR by increasing the spatial resolution and more precisely including
intensity land use types. Hence, in their BD assessment they used 2 different integrated sets
of metrics, where one of them represented indicator for comprehensive net primary
production, and another combined various independently derived metrics of relevant inputs
and outputs. The authors clarify that data about BD from field experiments around the world
may differ from their model because they are looking at the problem from a global
perspective and not local. The authors call for the incorporation and improvement of more
sustainable types of land use intensity (Semenchuk et al., 2022). These two statements
suggest that eDNA metabarcoding techniques can be used to better define BD on the RA,

which are presented further in this thesis.

2.2.  Briefreview of eDNA metabarcoding

DNA research has long interested scientists since the early years of its discovery, and many
different studies have emerged in its long history (e.g. DeSalle and Goldstein, 2019; Ruppert
et al., 2019). With further delving into the study of DNA, researchers became interested in
detecting traces of RNA and DNA of microorganisms from the environment, but initially
there was no accurate definition of eDNA (Ogram et al., 1987; Olsen et al., 1986). Later,
with the development of technology and the enlargement of areas, objects and methods of

research, abundant number of papers appeared (Ruppert et al., 2019), where authors
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interpreted the definition of eDNA differently (Nagler et al.,, 2022). There was even
confusion due to the same eDNA terms (i.e. Environmental DNA and Extracellular DNA),
making it difficult to generally perceive and analyze the literature, which however was later
rectified (Cristescu and Hebert, 2018). For unifying and standardizing the multitude of
definitions that had already appeared, a classified terminology was proposed (Pawlowski et
al., 2020; Taberlet et al., 2012a). Therefore, according to Taberlet et al. (2018, 2012a.),
environmental DNA is a mix of DNA traces from various species, which can be
simultaneously detected from the samples which had been taken from environment. Also,
they stated that the term “DNA (or eDNA) metabarcoding” is more suitable among other
high-throughput sequencing (HTS), if the research target related with determination of
different taxonomic groups. There are variety of HTS, for example, metagenomics,
metatranscriptomics, environmental barcoding (Rios-Castro et al., 2021; Shendure and Ji,
2008). Some scholars use the term next generation sequencing (NGS) instead of (Satam et
al., 2023) or together (Ruppert et al., 2019) with HTS, but in a general sense it is the same
(Creer et al., 2016).

In order to avoid confusion in terms, which exists in the scientific community, and for a
slight simplification due to the rather wide scope of this work, according to the
recommendations of experts, in this thesis the total eDNA is considered (Cristescu and
Hebert, 2018; Nagler et al., 2022). Thus, there was no delving into the definition of structure
and/or taxonomic composition when eDNA can be extracted from outside of destroyed cell
(e.g. due to lysis or extrusion) such as extracellular DNA (exDNA), or inside of the
unharmed cell such as intracellular DNA (iDNA). According to study conducted by Nagler
et al. (2022) they proved that variety types of DNA (e.g. exXDNA and iDNA) can affect
differently on quality of the final results of research. Also, this work considers different
taxonomic groups, micro-, meso-, and macroorganisms, without a general specialization on
the two-level definition based on (1) the origin of environmental samples and (2) the target
taxa proposed by Pawlowski et al. (2020). Because of the broader scope of this thesis, the
work specializes on eDNA metabarcoding, which differs from DNA barcoding or species-
specific method by a wider identifying of species from single environment sample (Cristescu

and Hebert, 2018; Riaz et al., 2011; Thomsen and Willerslev, 2014).

Due to the invention and development of polymerase chain reaction (PCR) (Kaunitz, 2015)

and relative straightforwardness of extraction and further determination, initially the main
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objects of eDNA research were various microorganisms (Bass and Cavalier-Smith, 2004;
Ogram et al., 1987). Only in the beginning of the XXI century technologies for studying
eDNA from meio- (e.g. Brannock and Halanych, 2015; Taberlet et al., 2012b) and
macroorganisms (e.g. Willerslev et al., 2003) became available and they have been actively
further developed (Pawlowski et al., 2020). Nowadays, there are plenty eDNA related
studies that have examined different taxa (plants, fungi, microorganisms, invertebrates, fish,
and extant tetrapods such as amphibians, reptiles, birds, mammals) in different habitats (air,
terrestrial (both above and below ground), marine (both surface and sediments), freshwater,
ice and snow, inside other organisms), which were detailed presented in many reviews (e.g.
Bohmann et al., 2014; Deiner et al., 2017; Kestel et al., 2022; Ruppert et al., 2019).
Moreover, thanks to eDNA it is possible to analyze results both in temporal and spatial scale,
however more researchers (68% of reviewed studies) conduct eDNA studies in the spatial
scale (Mathieu et al., 2020). All of this has been made possible through the development and
standardization of detailed user-friendly protocols for each phase (from sample collection
from the site to taxonomic identification in laboratory) for both aquatic (e.g. Goldberg et al.,

2016) and terrestrial ecosystems (e.g. Taberlet et al., 2018).

The large number of publications is explained by the distinctive advantages of eDNA
metabarcoding over other methods (i.e. traditional monitoring methods) which are useful for
BD assessments, including in RA (Deiner et al., 2017; Fediajevaite et al., 2021). Thanks to
universal primers utilization, eDNA metabarcoding has a broader taxa detection coverage in
any ecosystems, which allows it to find millions of tiniest traces of DNA, assess BD
efficiently qualitatively, and quantitively. BD can be assessed through eDNA in terms of
species richness and/or species abundance, although correct determination of species
abundance might be challenging due to false results from dead species or local physical
features of specific area. (Tillotson et al., 2018.) However, the feasibility of utilizing eDNA
metabarcoding to quantify BD is still debatable. For instance, Fonseca (2018) studied fungi
and plants using eDNA methods has concluded, that it is impossible to determine species
abundance quantitively in soils due to statistically vague and unspecified data and biases
which might occur during sequestration. On the other hand, there is opposite clear results
that thanks to eDNA metabarcoding is possible to accurately quantify plants and fungal
abundance in soils (Pauvert et al., 2019). However, the results of species abundance in soil
might differ due to different applied bioinformatic approaches showing, for example,

overestimated richness of species and often depends on specific taxa or research area.
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(Pauvert et al., 2019.) Beside that, eDNA methods can show the accurate quantitative results
of species abundance of microorganisms (e.g. Smets et al., 2016), fish (e.g. Hanfling et al.,
2016) or amphibian (e.g. Li et al., 2021). Also, often there are no any specific weather or

even season requirements for eEDNA metabarcoding (Thomsen and Willerslev, 2014).

Scope of eDNA applications is so broad that it is possible to detect cryptic and rare (Ruppert
etal., 2022), nocturnal (Sakata et al., 2022) and even extinct (Willerslev et al., 2014) species
which is highly beneficial for RA systems. Another advantage of eDNA metabarcoding is
its relative ease of use because there is no need for highly skilled experts for sampling and
determining species due to automated processes (Puillandre et al., 2021) and massive
datasets (Beng and Corlett, 2020; Rodriguez-Ezpeleta et al., 2021). Since during eDNA
methods scientists mainly take small samples of soil, water or air that may contain traces of
DNA from different organisms without directly interacting with them, this method is
considered relatively non-invasive and non-destructive (Banerjee et al., 2022; Farrell et al.,
2022). The exception is the use of traps or clipping of plant parts for further eDNA analysis
of insects (Jusino et al., 2019; McPherson et al., 2022). eDNA is also widely recognized as
arelatively cheap and fast method (Fediajevaite et al., 2021). Herewith, the price could differ
in 10 times (both in absolute value and in relation to 1 hour of work of an employee) in

comparison with traditional methods (Biggs et al., 2015; Fu et al., 2021).

Due to the previously mentioned benefits, eDNA is more convenient (required less efforts)
(Johnson et al., 2021), and most importantly more sensitive for BD determination compared
to conventional methods (Banerjee et al., 2022; Fediajevaite et al., 2021). The superiority of
eDNA over traditional methods in the literature is most often observed for studies on fish
(e.g. were founded 11 undiscovered species (Evans et al., 2017)), amphibians (e.g. at least
in 300% higher (Wineland et al., 2019)) and fungi (e.g. at least in 1080% higher (Banchi et
al., 2018)). It is possible to use eDNA metabarcoding for agricultural conservation purposes
as detection and control of invasive species (Coghlan et al., 2021; Piggott et al., 2021).
However, traditional methods of BD assessment should not be completely abandoned, as in
some cases they may be even more successful than eDNA metabarcoding, as it was proved
in the study led by (Ulibarri et al., 2017), where authors compared conventional and eDNA-
related techniques for detection of some rare fish species. Moreover, combined use of eDNA
metabarcoding and conventional methods may partially overlap with the disadvantages of

both and show better results (Banerjee et al., 2022; Brys et al., 2021). For example, in the
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article written and led by Ji (2021), the authors compared how well traditional and eDNA-
related methods assessed aquatic plant BD. Even though eDNA metabarcoding presented
better results than traditional methods of species identification per site (e.g. abundance in
hydrophytes), but traditional methods showed more broad and accurate aquatic plant
assemblage in different study sites. Nevertheless, it is important to keep in mind that it is
quite likely that the scientific community does not know the full picture of the comparison
between eDNA metabarcoding and conventional methods due to reluctance to publish

negative results of eDNA analysis (Beng and Corlett, 2020).

Besides that, eDNA metabarcoding is not an ideal method, because it still has several
drawbacks which might affect on BD assessment. Difficulties might occur at every stage.
For instance, during sample collection, due to inaccurate perceptions of the species being
studied from a biological perspective, the location of the study and its characteristics (Beng
and Corlett, 2020; Stewart et al., 2017), and quite often the accidental taking of already dead
DNA (Pochon et al., 2017), incorrect samples may be obtained. Sample transportation is also
crucial, because eDNA can start to degrade due to physical (e.g. time and temperature (Lamb
et al., 2022; Qian et al., 2022), weather conditions and rate of ultraviolet light (Valentin et
al., 2021)) or environmental reasons (e.g. soil, water, or air conditions as well as due to
different biotic factors or biological interactions (Ariza et al., 2023; van der Heyde et al.,
2020)). That can lead to false negative or positive results, which can cause repercussions
with further analysis (Burian et al., 2021). For example, in amphibian eDNA detection
experiments in streams, the effects of the first eDNA decay were detectable after 3 days and
disappeared completely after 8 sunny days or 11 cloudy days, depending also on the species
density rate (Pilliod et al., 2014). DNA degradation under natural conditions in soil occurs
in less than a week on average, while in artificial conditions the detection of DNA integrity
can take up to 80 days (Sirois and Buckley, 2019). To prevent DNA degradation during
transportation, it is important to follow protocol standards (e.g., retrieve the material as soon
as possible and deliver by stopping DNA degradation with cold, special substrate (Taberlet
et al., 2018), or even desiccation with specific filter (Thomas et al., 2019)). When samples
are delivered, care should be taken to prevent contamination (Forstchen, 2020) as well as
following protocols accurately during multiplication of eDNA in laboratories to avoid errors
with PCR amplification, such as incorrect amplicon measures, degeneration of specific
primers, and variables of PCR efficiency (Nester et al., 2020). This is essential to avoid

misinterpretation of the final data (Darling et al., 2021; Goldberg et al., 2016). Another flaw



23

a researcher may encounter when working in the lab with already collected eDNA samples
is inaccurate reference databases due to massive data and biases, as well as final data

interpretation (Beng and Corlett, 2020; Kestel et al., 2022).

Despite of all disadvantages, benefits of eDNA mainly outperform drawbacks, which make
eDNA metabarcoding quite useful tool for many research purposes. Many of them have been
presented in various articles with a deep focus on BD assessment, including in RA systems
(Beng and Corlett, 2020; Cristescu and Hebert, 2018; Kestel et al., 2022; Ruppert et al.,
2019), but scientists are still finding applications for eDNA that facilitate human life (e.g.
for identification COVID-19) (Rishan et al., 2024). One of the most relevant and crucial
application of eDNA methods for agriculture is detection different pathogens and pests,
especially when the threat is in its incipient stage and the number of pests is difficult to
determine due to low abundance (Manfrin et al., 2019). Awareness about pests allow to
prepare to such threats as vegetation degradation and reduction of crop production in
advance, which enable to develop better management practices related to the sustainable use
of various pesticides and fertilizers (Nam et al., 2023) or to human health preservation
(Rishan et al., 2024), which can improve RA practices. Also, indirectly it allows to
understand the soil health quality and hence develop more sophisticated methods for tillage
conservation and agriculture practices (Froslev et al., 2022; Kestel et al., 2022). Moreover,
eDNA technologies are applicable for pollinators’ assessment for preventing degradation of
cultivated ecosystems (Evans and Kitson, 2020), or for understanding trophic interactions
between plants and animals, which allow to keep and save environmental health (Hassan et

al., 2023). More examples of how eDNA can be used in RA are presented in Chapter 4.1.

Due to high perspective of usage eDNA methods for assessing impacts on BD and preserving
biota, eDNA metabarcoding has been chosen as one of technology for national monitoring
program within “Vision and Action Plan for 2022-2025 in Finland as a part of “European
Biodiversity Strategy for 2030”. Stakeholders involved in this project not only evaluated
global current eDNA technologies with all opportunities, challenges, and their possible
enhancements, but also, they have developed concrete plan for conceivable implementation
of BD conservation and preservation activities in Finland before 2030. According to this
plan eDNA metabarcoding is going to be integrated into the national monitoring system of
agriculture and forestry. Thus, it promotes also international coordination and collaboration

as well as cross-organizational interaction in practice among research organizations related
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with eDNA and BD across Europe. (Norros et al., 2022.) The joint partnership of this project
with the International eDNA Standardization Task Force (iESTF) (2024), Horizon Europe
(2024) and Biodiversa+ (2024) contributes to the development and enhancement of the best
eDNA practices. For instance, nowadays, the special technology related to eDNA sampling

from the air is being developed and perfected within the SPORELIFE collaborative project.

The “Vision and Action Plan for 2022-2025 is a piloted roadmap, which has not been
implemented before for comprehensive BD monitoring in Finland. There were mostly
specific cases, with a theoretical description of the situation (Elbrecht et al., 2017; Iso-Touru
et al.,, 2021; Kahlert et al., 2021; Turunen et al.,, 2021a), but without applicable
implementation of BD conservation and improvement at the national level. At least one of
them analyzed methods for BD improvements but focused only on some invertebrates
(Turunen et al., 2021b). As assured by one of the authors of this roadmap by Tiina Laamanen
in the interview, there were several national efforts within molecular environmental
monitoring methods, but they are scattered and most of them in the testing stages. For
example, there is research work under extensive metabarcoding detection of phyto- and
zooplankton, benthic invertebrates, fungi, and diatoms. Since this thesis fits well within the
aims of this roadmap, it is expected that thesis can serve as a supplement to optimize this
roadmap even more. In addition, the eDNA sampling strategy for RA systems presented in

Chapter 4.2 can also be useful to refine this roadmap.

2.3. Briefreview of regenerative agriculture

The large number of people and the amount of food needed for all, has long-term impact on
agriculture, leading to large losses of BD (WWF, 2022). That induced researchers to find
methods to prevent BD depletion and keep agriculture as sustainable as possible, which
entailed that they have started to apply regenerative agriculture (RA) techniques. Although
the first attempts of defining and implementing of RA appeared in 1980s (Francis et al.,
1986; Sampson, 1982), there has been no standardized definition of RA due to heterogeneity
in the interpretation of that term. For example, there were terms such as “regenerative
farming”, “organic agriculture”, “sustainable agriculture” and their variations. The idea of

utilizing such practices was ahead of the time and capabilities of humanity at that moment,

which led to a decrease in citation about RA. However, since 2016, both in the news media
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and in scientific literature, RA has once again become widely discussed and the number of

publications has been growing every year. (Giller et al., 2021.)

Relatively recently, working simultaneously, but in parallel, two groups of researchers have
tried to analyze the trends in the use of the RA concept in the scientific community and give
a definition to it (Newton et al., 2020; Schreefel et al., 2020). To obtain the results, both
groups analyzed more than 200 scientific publications. The first of them emphasized the
reasons for the use of certain related RA concepts, highlighting definitions based on
processes, outcomes, or their combination (Newton et al., 2020). Another group analyzed
the concept of RA in terms of the objectives of the use of such practices, including socio-
economic dimensions’ point of view. Based on that work, Schreefel et al. (2020, 5) provided
a unified, but temporary definition of RA, which can be interpreted as “an approach to
farming that uses soil conservation as the entry point to regenerate and contribute to
multiple provisioning, regulating and supporting ecosystem services, with the objective that
this will enhance not only the environmental, but also the social and economic dimensions
of sustainable food production”. Later, the desire to bring their own more refined definition
of RA arose among researchers, but the initial definition was either restated or expanded
only by particular cases (Sands et al., 2023). For instance, article of Velasco-Mufioz and his
partners (2021) has added into original term part about regeneration of BD, implying BD in
general. It is important to keep in mind that conventional agricultural (CA) practices are
quite often used as a counterpoise against RA practices. CA, which is the opposite of
alternative agriculture, being the target of abusive discussions as mostly outdated or even
insufficient for the environment. Although in most situations this is false. (Sumberg and
Giller, 2022.) As outlined in the Global Land Outlook by UNCCD (2022) the combined use
of CA and alternative agricultural practices can cease to be the main reason of land
degradation and become the main driver for its restoration. This master's thesis adheres to
the definition of RA by (Schreefel et al., 2020), but other combinations of words (see chapter

3.2) used that refer to RA were also considered to address the objectives of this thesis.

According to UNCCD (2022) and statistics from Ritchie and Roser (2024) agriculture takes
the largest part (44%) from all habitable land in the world and cause about 70% of BD
depletion in terrestrial ecosystems (UNCCD, 2022). This encourages researchers to focus
mainly on developing methods to restore soil health and contribute to improving BD rates

(or reverse BD loss). Among the various practices applied in RA, most of them referred to
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improving soil quality (implied relatively equally for enhancing BD (both under and above
ground), physical characteristics and soil organic carbon (SOC) capturing), amplify the
efficiency of utilization of natural resources and reduce harmful effects from climate change.
(Schreefel et al., 2020.) To be more precise, the most popular practices of RA are reduction
or fully stopping tillage, diverse crop rotation, SOC sequestration, circular principles with
using biological nutrients and water, excluding synthetic fertilizers and rotational livestock
grazing (Giller et al., 2021; Khangura et al., 2023). Meanwhile some of these practices is
useful for mostly restoration soil quality (e.g. minimization tillage), some is better from BD
improvement point of view (e.g. circumvention of synthetic pesticides), and some are both
beneficial for these objectives (e.g. SOC sequestration or diversification of crops) (Giller et
al., 2021). RA’s promising SOC sequestration practice has shown good results in retaining
and mitigating GHG emissions in the soil, which helps to counter rapid climate change. For
instance, Rehberger et al. (2023) have proved that following “no-tillage” strategy allow to
increase SOC level on 17% averagely in comparison with CA practices and can accumulate
averagely 4.7 Mg C/ha/year of SOC in agriculture (results depends on climate and soil type,
time passed after inception and method effectiveness). The best results with SOC capturing
showed agroforestry allows binding averagely 35.2 Mg C/ha/year if CA would be converted
to agroforestry (the maximum results were 66% better if the transition from CA to
silvopasture no deeper than 60 cm was realized) (De Stefano and Jacobson, 2018).
Agroforestry is one of the types of RA when trees and/or shrubs are planted on agricultural
system to improve environment in general and land use management in particular

(Ramachandran Nair et al., 2010).

A promising method for enhancing BD within ecosystems with crops could be agricultural
diversification, which was confirmed by plenty of studies. This approach not only improve
BD generally, but also responsible for pollinator richness and nutrient cycling, combat pests
and generally impact positively on soil quality and fertility, herewith without detrimental
effect on the crops themselves (Tamburini et al., 2020). For example, diversification has a
positive impact on rice yields and production in 80% of cases (He et al., 2023). It is also
crucial to consider such implementations from long-term perspective for elimination long-
lasting pernicious effects for both nature, farmers and economic (Carof et al., 2022).
Moreover, integrated joint implementation of different approaches leads to more beneficial
improvements in BD. For instance, collaborative land management and agricultural

diversification (related to both crops and livestock) stimulates the expansion of soil
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microbial communities (quantitatively and qualitatively), which in turn amplifies and
accelerates nutrient circulation. Ultimately, this allows to substitute synthetic chemicals with
natural fertilizers, which brings positive environment and businesses advantages. (Voisin et
al., 2024.) Besides that, the abundance diversity of invertebrates is improving for the same

reason (Fenster et al., 2021b).

A qualitative assessment of RA practices was conducted by a group of researchers led by
Fenster (2021a), where they not only analyzed various RA practices, but also ranked them
and proved advantaged of RA techniques. Authors reviewed the most popular RA
approaches for crops and pastures and rated them from 0 (for traditional practices) to 1 or 2
(depending on approach, intensity, or site). Their evaluations were based on 60 sites in the
USA (farms, orchards, ranches, and pastures), where RA practices had been implemented
for more than 3 years and some of the farms were recognized as the best in their area for the
application of RA methods. They assessed soil quality; water infiltration; diversity and
structure of microbial, insect (also pests, but separately) and plant communities, as well as
yield and profit from each site. In all cases, RAs were found to be the best in terms of BD
and soil quality, which also contributed to increased profitability. The only exception was
corn production, where traditional methods were beneficial from the yield rate and
profitability point of view, which can be explained due to recent starting of using RA
practices in that particular studied farm. It is noteworthy that through study conducted by
(Fenster et al., 2021a), it 1s clear evident that there is not one single RA technique that will

improve BD, as the positive aspects of each method are important.

Such method of evaluation presented by Fenster et al. (2021a) can be used to attribute some
farm being RA or CA. Based on the data from this study, if 3 and 5 points are scored in
pasture and farming respectively, and these practices have been applied for at least 3 years,
such a farm can be classified as RA. More information on the status of RA awarded to the
farm and the number of years passed when RA practices were applied is explained in Chapter
4.3. As it was mentioned earlier, the process of standardization and attributing a particular
agriculture to RA is a complex process due to the influence of many factors. There are
independent programs for certification and classification of RA (e.g. A Greener World,
2024; ROA, 2023), as well as examples of strategies with policy recommendations at the
European level (EASAC, 2022; Nyssens-James et al., 2023). For example, in Finland, many
agriculture farmers adhere to the BSAG’s definition, criteria and principles of RA (BSAG,
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2024). Although the BSAG’s definition differs from Schreefel et al. (2020) only in that in
BSAG’s definition the main objectives are aimed at improving the environment and do not
affect directly the social or economic aspect, for example. However, until an international
standardized classification principle is implemented, the awarding of RA status to a crop or

pasture farm will remain blurred.
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3. Methods

In this part, a comprehensive literature review is conducted to find articles on how LCA,
eDNA metabarcoding and RA are related to each other for BD evaluation in order to find
out how eDNA can help to improve biodiversity LCA for RA. The literature review also
allowed to collect best recommendations and practices for the joint adoption of LCA and
eDNA methods to update eDNA sampling strategy for RA systems and to propose improved
baseline, RS and CFs for BD assessment through LCA (see Chapter 4).

3.1. Correlation between LCA, eDNA, RA and their contribution to BD

As was mentioned before, there were conducted and presented a plenty of separate scientific
articles about LCA, eDNA and RA (e.g. Damiani et al., 2023; Kestel et al., 2022; Khangura
et al., 2023). Each of these can be studied independently to a greater or lesser extent.
However, all three of these terms can be bound by BD and since BD loss has become a
prominent topic, I decided to analyze their joint combination in terms of achieving a unified
solution for proper BD assessment in RA systems. All of these methods are unique and have
their own benefits. For example, LCA is a convenient and all-encompassing tool for
assessing BD and detecting the scale of human influence on it through entire lifespan of
some product or service. At the same time eDNA metabarcoding method allows researchers
to get vast and broad data of species, which could supplement inventory analysis in LCA.
Moreover, integrating methods to obtain taxa data using eDNA techniques can fulfill part of
the most important best practice recommendation proposed by Curran et al. (2016),
complementing the multidimensional approach in LCAs. RA practices provide an auspicious
basis for BD improvement because they involve the implementation of protective and
conservative actions for the environment, which stimulate reduction of BD loss with further
restoration. A more detailed study and comparison of BD changes between CA and RA can

also contribute to the 4th recommendation of Curran et al. (2016) to improve LCA.

All of them have some flaws in terms of BD assessment as was mentioned in Chapters 2.1-
2.3. For instance, LCA hasn’t got globally unified indicator(s) for BD assessment and there

are some difficulties with CFs, RSs and data fragmentation. Meanwhile, if the researchers
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would not carefully follow protocols during eDNA analysis it may lead to biased results.
Due to the relative innovativeness of RA practices and the consequent confusion in defining
and standardizing of it, these agricultural practices are not perfect either. However, by
complementing each other LCA, eDNA and RA can offset common shortcomings and
together achieve BD restoration and conservation in the future. For example, accurate
extensive simultaneous detection of different species in eDNA metabarcoding can fill gaps
in incorrect inputs related to LCA, (see Chapters 2.1-2.2) and better understand BD impacts
through LCA approaches. In addition, new automated technologies can provide near-instant
species assessments right on the field using eDNA (Tsuji et al., 2018). Combined with the
use of relatively fast-analyzing LCA methods (da Costa et al., 2024) will not only speed up
the process, but also allow to apply sustainable measures in almost real time. With near-
instant species identification using eDNA metabarcoding, it would be much easier to detect
invasive species and some pathogens (Hashizume et al., 2023), which would be beneficial
to agricultural systems and implementation of RA practices could reduce their detrimental
impact on the environment. A future clear understanding of standardized RA principles will
allow narrowing and refining BD assessment methods for any particular area, reducing the
number of possible imperfections (Beacham et al., 2023). Moreover, further in-depth
integration of new technologies (e.g. the internet of things, big data and machine learning,
wireless sensor networks) in RA will allow to fully automate agricultural management
processes, increasing their efficiency and productivity while remaining safe for nature
(O’Donoghue et al., 2024). That’s why it is so essential to their further development and

collaborative integration of one method into the other.

As was discovered by team of the researchers led by Jarvio (submitted) there is a significant
gap in the collaborative study and simultaneous use of eDNA metabarcoding, LCA and RA
principles in terms of BD assessment. In order to prove this, I conducted an extensive
literature review analyzing the possible interactions of the above-mentioned terms for joint

use for BD assessment.

3.2.  Screening and selection of data

In order to broadly evaluate correlations between LCA, eDNA, RA and BD the literature

review has been conducted. The literature search has been done on the Scopus because,
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according to several analyses, this database has a wider coverage in articles in Life Sciences
and Biomedical, and Technological disciplines in English than Web of Science
(e.g.Pranckuté, 2021). The search was conducted in 29" of April 2024 in English. The
literature review was completed adhering to the guidelines and review protocol for LCA

(Zumsteg et al., 2012) and Environmental studies (Mengist et al., 2020).

The purpose of this literature review is not to thoroughly analyze each research object (LCA,
eDNA, RA and BD), as such reviews have already been conducted (Damiani et al., 2023;
Kestel et al., 2022; Maxwell et al., 2020; Rehberger et al., 2023). The main idea of this
literature review is to find out how eDNA can help to improve biodiversity LCA for RA.
The final results of the literature review can show ways to further improve this technology,
which has great potential both for Finland and worldwide. In addition, final results allow to
collect current recommendations and update the eDNA sampling strategy specifically for

RA systems.

The literature review was conducted in three broad phases. First, it was necessary to
understand the total number of literature sources about LCA, eDNA, RA and BD related
topics in order to see the broad picture. Then it was necessary to find those literature sources
where the use of at least two research objects was considered, but great attention was paid
to the works mentioning 3 and 4 research objects. The third step consisted of a detailed
analysis of the literature that mentioned the combined use of at least two study objects under

consideration (LCA, RA or eDNA) with BD assessment (see Table 1).

Table 1. Phases of literature review with study objects.

Phase Study objects
1. Screening the total number of | LCA, eDNA, RA, BD

relevant literature sources

2. Find, screen, and briefly analyze | LCA + eDNA, LCA + RA, LCA + BD,

study objects from 2" phase eDNA + RA, eDNA + BD, RA + BD
3. Find, screen, and deeply analyze | LCA + eDNA + RA, LCA + ¢eDNA + BD,
study objects from 3™ phase LCA + RA + BD, eDNA + RA + BD,

LCA +eDNA + RA + BD
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To get an initial list of references for each study object, the following keywords and their
variations were used (see Table 2). The keywords search included "Author keywords" (if
available) and "Index keywords" (suggested by Scopus). Each search string topic has wider
search terms to cover more topics and increase the chances to find relevant articles that use
eDNA methods for biodiversity LCA on RA farms. Consequently, if one of the search string
topics is mentioned, e.g. “RA”, it is not necessarily RA, but can be e.g. OA. The literature
review considered some (and not always all) RA practices on farms (e.g., no tillage). If other
practices (e.g. OA) were not mentioned, for aims of the thesis, it was assumed that these
farms were categorized as “RA”. However, in Chapter 4.1. all such cases as well as particular
eDNA-related methods for assessing BD using LCA on RA are separately emphasized. For
a more accurate search for abbreviations, all possible articles with other abbreviation

decipherments were first found and then excluded from the search by combining queries.

Table 2. Search strings with terms and logical operators.

Search string | Search terms
topic

Life Cycle | “LCA” OR “Life Cycle Assessment*” OR "Life Cycle Impact

Assessment Assessment™*" OR “LCIA” OR “Environment Impact Assessment™” OR
(LCA) “LCA Method*” OR "Life Cycle Method*" OR “Life Cycle Analys*”
OR "Life Cycle Impact Analys*" OR "Life Cycle Approach*" OR “Life
Cycle Perspective*” OR “Carbon Footprint” OR “CO2 Footprint” OR
“Environmental Footprint” OR “Impact Model*”

Environmental | "Environment* DNA" OR "eDNA" OR "Extracellular DNA" OR
DNA (eDNA) | "exDNA" OR "Intracellular DNA" OR "iDNA" OR "Total DNA" OR
"DNA Barcod*" OR "DNA Metabarcod*" OR "eDNA Barcod*" OR
"eDNA  Metabarcod*" OR  "Environment*  High-Throughput

Sequencing"” OR "Environment* High-Throughput Screening” OR
"Environment® HTS" OR "HTS" OR "Environment* Next Generation
Sequencing" OR "Environment® NGS" OR "NGS" OR "Metagenomics"

Regenerative | "Regenerative agricultur*" OR "Regenerative farm*" OR "Regenerative
Agriculture aquacultur*" OR "Regenerative horticultur*" OR "Regenerative

(RA) practic*" OR "Regenerative agricultur® practic*" OR "Organic
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agricultur*" OR "Organic farm*" OR "Organic aquacultur*" OR
"Organic horticultur*" OR "Organic practic*" OR "Organic agricultur®
practic*" OR "Organic Regenerative Agricultur*" OR "Organic
Regenerative farm*" OR "Organic Regenerative aquacultur*" OR
"Organic Regenerative Horticultur*" OR "Organic Regenerative
Practic*" OR "Organic Regenerative Agricultur* Practic*" OR
"Alternative agricultur*" OR "Alternative farm*" OR "Alternative
aquacultur*" OR "Alternative Horticultur*" OR "Alternative practic*"
OR "Alternative agricultur* practic*" OR "Circular agricultur*" OR
"Circular farm*" OR "Circular aquacultur®*" OR "Circular horticultur*"
OR "Circular practic*" OR "Circular agricultur* practic*" OR "Circular
Economy agricultur*" OR "Circular Economy farm*" OR "Circular
Economy aquacultur*" OR "Circular Economy Horticultur*" OR
"Circular Economy practic*" OR "Circular Economy agricultur®
practic*" OR "Sustainable agricultur*" OR "Sustainable farm*" OR
"Sustainable aquacultur*" OR "Sustainable horticultur*" OR
"Sustainable practic*" OR "Sustainable agricultur® practic*" OR
"Conservation agricultur*" OR "Conservation farm*" OR "Conservation
aquacultur*" OR "Conservation Horicultur*" OR "Conservation
practic*" OR "Conservation agricultur® practic*" OR "Agroecological
agricultur*" OR "Agroecological farm*" OR "Agroecological
aquacultur*" OR "Agroecological Horticultur*" OR "Agroecological
practic*" OR "Agroecological agricultur* practic*" OR "RA" OR
"Agroecolog*" OR "Agro Ecolog*" OR "Agrosilvicultur*" OR
"Agrosilvopastur*" OR "Silvopastur*" OR "Agroforestry" OR
"Improved Fallow*" OR "Agricultural Efficiency" OR "Agricultural
Sustainability" OR "Sustainable Intensification" OR "Agricultural

Practic*”

Biodiversity
(BD)

“Biodiversity” OR “Biodiversity Assess*” OR “Biodiversity Impact
Assess®™” OR “Biodiversity Monitoring” OR “Biodiversity Los*” OR
“Biodiversity Depletion” OR “Biodiversity Deterioration” OR
“Biodiversity Damage” OR “Species Assess*” OR “Species Impact
Assess®™” OR “Species Monitoring” OR “Species Los*” OR “Species
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Depletion” OR “Species Deterioration” OR “Species Diversity” OR
“Population Assess*” OR “Population Impact Assess*”” OR “Population
Monitoring” OR “Population Los*” OR “Population Depletion” OR
“Population Deterioration” OR “Population Damage” OR “Population

Diversity” OR “Biological diversity”

General exclusion and inclusion were applied to refine the search boundaries in Scopus. For
example, the general exclusion was limited to research papers written in English and which
had open access. The year 2015 was chosen as the starting point of the study as a year of
rapid increase of number of scientific articles about RA (Giller et al., 2021). General
inclusion were peer-reviewed articles that assessed BD using one (or more) of the mentioned
study objects. Due to the extensive scope of LCA, eDNA and RA (both individually and

jointly), all disciplines and journals were included in the literature review.

All received data was thoroughly collected and manually screened and sorted. Firstly,
according to Table 1, a broad search has been implemented (phase 1). Due to the huge
number of existing scientific articles on these topics and their heterogeneous detailed
analysis by other specialists, the search for the first phase was limited. It was performed only
by field code “TITLE-ABS-KEY”, considering the more in-depth goals of this thesis. As
stated earlier, phase 1 is necessary to form a superficial idea of what the general trends in
the study of these topics are, and to further compare them with the particular cases from
phases 2-3. In order to refine the search results and find suitable articles from the thousands
of initially retrieved articles from phase 1, further narrowing was performed. The extraction
of suitable articles for phase 2 and 3 was done by combining all the relevant search terms
from the corresponding category of search strings (see Table 2). This action retrieved
relevant articles that contained combinations of search string topics for phase 2 and 3. Once
relevant articles corresponding to phase 3 were found, manual selection was conducted.
Articles were selected that specifically explored 3 or 4 search string topics, rather than just
mentioning one word (e.g., “biodiversity”’) without studying it in the article. For articles in
phase 3 that had the search string topic “RA”, an additional manual sorting was done to sort
those articles that had specifically RA practices (or some of them) and those articles that had
all other types of alternative agricultural practices (e.g., OA). Then, once relevant articles

for phase 3 were selected, they were analyzed in detail.
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4. Results and discussion

This chapter presents the findings and results of the conducted extensive literature review
and based on it, proposed guidelines for eDNA sampling for RA farms, as well as suggested

improvements to baseline, RSs and CFs for biodiversity LCA.

4.1. Literature analysis

The literary review was conducted in several stages according to Table 1. All phases are

presented in this chapter with summary part at the end.

4.1.1. Phase 1

In order to understand the big picture, various literature sources were searched using search
strings with specific terms and logical operators (see Table 2). According to the first search
in Scopus, there were 44367 articles on "LCA", 53539 articles on “eDNA”, and 55678
articles on “RA” related studies. However, not all of them are related to BD assessment,
because some of them can be used for other purposes (see paragraphs 2.1-2.4). Studies
related to “Biodiversity” were almost as many (147038 articles) as the sum of articles of the

three search string topics “LCA”, “eDNA” and “RA”.

4.1.2. Phase 2 with generalized data focused on biodiversity

Among all articles on LCA-based studies, only 742 papers (1.67%) were found, where “BD”
was mentioned. These results can be explained that BD assessment is not the main objective
of LCA research as most of the studies focus on the SDGs and CE principles, engineering,
and energy fields (Moutik et al., 2023). Moutik et al. (2023) in their review discovered a
great number of articles in Agricultural and Biological Sciences fields written between 1993
to 2022, when the percentage of using LCA methods remains low (2.88%). Also, there were
4798 articles (8.63% of total “RA” papers) found that were related to both “RA” and “BD”.

The percentage is above that of LCA studies, because BD is one of the popular research
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subjects in most RA-related studies, but not the main one. The highest number of results
(6207 studies or 10.85% of total “eDNA” papers) showed the combination of studies related
to “eDNA” and “BD”. This is probably because eDNA is a great method for simultaneous
BD assessment improving each year. The results may be higher since the search included

generic terms rather than names of species that can be studied using eDNA metabarcoding.

The number of articles retrieved during phase 2 and mentioned in this subchapter does not
imply that they are all directly relevant to BD assessment, as more search terms (e.g. “species
loss” or the single word “biodiversity”) were used in the search queries to cover different
articles more broadly. There were several articles which correspond to a broad search query
but used “eDNA” methods for other purposes than assessing BD. For example, in the new
study (Tuomikoski et al., 2024), authors used DNA metabarcoding to confirm the diet of

predators and their overall threat to the local ecosystem).

4.1.3. Phase 2 and 3 with LCA-related studies

For further in-depth analysis, it is necessary to consider possible variations in the use of the
concepts of “LCA”, “eDNA”, “RA” in terms of BD assessment. A search query with LCA
and eDNA collaboration resulted in 58 articles. After their manual screening and selection,
only 29 papers (50%) have studied relevant aspects from Table 2, with only 2 studies using
the exact terms “Life Cycle Assessment” and “Environmental DNA” (Sniffen et al., 2017;
Yadav and Goyal, 2022). The remaining manually screened articles had their synonyms or
specific cases (e.g. metagenomic) (see Table 2). Only 3 of them can be classified into a group

from the combinations of “LCA”, “eDNA” and “BD”, which will be presented further.

Sixteen of the 29 research papers (55%) examined the use of eDNA-related methods to find
microorganisms to predict consumption or production of CO2 eq. in different study areas
(from natural (e.g. Yang et al., 2023) to anthropogenic sites (e.g. Grégoire et al., 2023).
Despite the large emphasis on CO2 eq. emissions, many of these articles do not mention the
use of LCA tools to estimate emissions due to their other objectives and research questions.
The integration of this method could allow a more accurate understanding and analysis of
emissions and other factors affecting nature, occurring during microbial life. The study
within this search, carried out by Guillardin and MacKay (2023), shows a comparison of

eDNA sequencing methods from a CO2 eq. perspective. Three studies mentioned the
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production of CO2 eq. during different bioinformatics software utilized in the eDNA
metabarcoding process, allowing the selection of the best options with less CO2 emission
(Armstrong et al., 2021; Grealey et al., 2022; Lee et al., 2022). Another work led by Yadav
suggests using separately LCA, eDNA monitoring techniques with a several other new

technologies to conserve and restore the pond ecosystem in India (Yadav and Goyal, 2022).

George et al. (2021), Morais et al. (2016) and Yang et al. (2021) showed conflation between
the use of eDNA methods and estimation of microbial carbon emission production and SOC
(although without explicitly mentioning LCA methods). In addition, 7 articles were
identified in which the methods considered could be potentially applied to agriculture. 3 of
them addressed the role of microorganisms in retention or production of CO2 eq. gases in
symbiosis with rice or reed (Bhattacharyya et al., 2016; Liu et al., 2019; Padhy et al., 2021).
This might be useful for RA farmers, because microorganisms can reduce the amount of
GHGs and their negative effects on the environment. For example, it has been shown that
annual harvesting of reeds decreased the total amount of CH4, but the soil temperature
increased (Liu et al., 2019), while conventional rice cultivation might lead to a significant
increase in CO2 eq. (Bhattacharyya et al., 2016; Padhy et al., 2021). The remaining 3 articles
focus on the application of eDNA methods for BD assessment on livestock farming (Ren et
al., 2021; Roehe et al., 2016; Wang et al., 2017). Ren et al. (2021) studied the improvement
of pig manure composting through accurate assessment of the microbial community. Two
different papers argue that not only methanogenic microorganisms contribute to CH4
production (Wang et al., 2017), but that bovines themselves through the fodder are
influenced by these microorganisms (Roehe et al., 2016). The authors agree on the idea that
accurate analysis of the microbiota using metabarcoding methods will improve the selection

of animals with those microorganisms that produce less methane.

Among all analyzed articles, Xavier et al. (2019) causes special interest and can be attributed
with a large assumption to the unification of 3 methods: “LCA”, “eDNA” and “RA”. “With
a large assumption” because it does not directly mention LCA method due to other research
questions, although the paper itself provides a lot of calculations with GHG emissions. This
paper is useful because it compares the long-term (15 years) use of some individual RA
practices (specifically no-tillage and crop rotation) with CA practices. It also focuses on
eDNA-related assessment of microbial BD and its role in the production of CO2 eq.

emissions and their accumulation in soils. The study clearly showed that the application of
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some individual RA techniques significantly reduces the amount of CO2 eq. emissions in
soil, especially in the upper surface layer. Organic matter, enzyme activity levels, and
biomass carbon made a great contribution. Xavier (2019) also emphasizes the need for
further development of soil management assessment methods, with a strong emphasis on the
assessment of soil CO2 eq. emissions (which could be possible thanks to LCA methods) and

the use of eDNA-related methods for a more accurate assessment of microbial BD.

Due to the great incentive to achieve the SDGs, prove that one’s farm or their product is
sustainable, and show their great contribution to the environment, there is a big trend (over
6000 articles) of applying LCA in agriculture (van der Werf et al., 2020). That’s why search
query with “LCA” and “RA” related terms gave 1252 articles. Since the characteristics of
agricultural products (e.g., kg of meat) and ecosystem services that use a set of metrics
represented per unit area (e.g., ha of farmland) can be measured, they are more easily defined
as a functional unit for LCIA (van der Werf et al., 2020). Despite the comprehensive LCA
of various farms and food products, there is a strong lack of LCA methods which assess BD
on farms with AEPs. There were found only 77 (6.2% of total amount of “LCA” and “RA”
related papers) articles with combination of various terms of “LCA”, “RA” and “BD”.
However, among them there are only 18 (23% from search with “LCA”, “RA” and “BD”
related terms and only 1.4% from search query with “LCA” and “RA” related terms) where
researchers used LCA methods for assessing BD on farms with AEPs. 7 of these articles
used particular principles of RA and not of OA, three of them related to crop farms, 3 with

livestock and one has considered integration RA principles into crop and livestock farm.

In Lago-Olveira et al.” study (2023), the main driver for BD depletion was land
transformation, while land use intensity mainly affected soil quality, even though other
impact were taken into account (e.g. fertilization, climate change or overexploitation). The
inventory analysis was based on primary data collected from farmers and secondary data
taken from Ecoinvent database (Lago-Olveira et al., 2023). It is crucial to consider that
sometimes some databases can have unreliable data due to farmer bias and outdated
databases (Jarvio et. al., submitted). The PDF was chosen as the CF unit, which due to the
similar land use pressures showed only a slight improvement in BD in farms with RA
practices in comparison with those farms, which without RA practices (Lago-Olveira et al.,
2023). This suggests that in combination with other RA practices (not just crop rotation and

minimum tillage) the level of BD can be improved. The authors emphasized that more
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accurate BD indicators that also include unrecorded taxa such as invertebrates, bacteria or
fungi are needed. That could be possible if in-depth eDNA metabarcoding analysis were
integrated into biodiversity LCA (Jarvio et. al., submitted).

Two other studies used special system SALCA for biodiversity (i.e. species richness) LCA
in agricultural farms with different land use types, some of which applied practices also
found in RA (Liischer et al., 2017; Prechsl et al., 2017). The SALCA model, based on the
analysis of empirical data in a small agricultural area (i.e. a field), evaluates agricultural
practices based on different land use types and their correlation with local BD. The authors
used this model to assess the impact on BD at the midpoint level caused by agricultural
activities and land occupation. Using more than 130 land areas with different farming
practices from 8 various European regions as a functional unit, Liischer et al. (2017)
evaluated groups of indicator species (e.g. arable croplands and grasslands flora, spiders and
bees) as well as their richness, distribution and habitats. For LCIA, the authors ranked the
suitability of different land use types (e.g. croplands, grasslands and seminatural areas) for
species, sensitivity and impact effects from agricultural practices on species. Even though
SALCA method showed accurate correlation between different land use type and species
richness, it does not include land transformational impacts on BD and cannot present
adequate results in larger than field scale. (Liischer et al., 2017.) In another study, Prechsl et
al. (2017) thanks to LCA and SALCA model analyzed how different cropping systems (OA
and CA), fertilizer application (and subsequent possible emissions), tillage types (intense,
reduced or no tillage) and crop coverages (with or without legumes, mixtures and control)
affect the BD of wheat, maize and field beans. In their on-farm study authors found that
minimized tillage played almost a tiny role for BD (only no tillage had a visible positive
effect) but cover crops and more efficient fertilizer usage (e.g., reducing mineral fertilizers
and increasing natural fertilizers) were more beneficial. It can be explained by the fact that
in their study authors did not estimate belowground diversity, which is more influenced by

tillage.

Another method that was used to improve biodiversity LCA, including for agricultural
systems, was the interaction of Biolmpact indicators with the LCA software (Turner et al.,
2019). The Biolmpact method incorporates different impact metrics related to BD
components (genetic, species and population composition, diversity, function, and

disturbance) of 12 various species taxonomic groups in LCA framework. These species
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groups cover all main kingdom expect Bacteria, such as Fungus (e.g. fungi and lichens),
Plantae (e.g. mosses and vascular plants) and Animalia (invertebrates and underground
extant tetrapods). In study conducted by Turner et al. (2019), authors compared richness of
different species (except belowground species) in 4 systems (crop- and grazelands, natural
and humanely planted forest for timber production) and their net primary productivity. The
visible advantage of Biolmpact method is that it has gradation of BD impacts, compiled from
a comprehensive literature review and a survey of environmental experts. This method can
be used in conjunction with LCA for a faster and more accurate preliminary assessment of
key impacts on global BD from land use and land transformation. It also can be integrated

with eDNA-related methods for covering also belowground organisms.

Only one founded article, which assess BD in specifically RA system through LCA was
paper led to (Colley et al., 2020). Authors compared RA with CA in sheep farms and showed
that RA practices have better environmental performance (including BD rate) than CA.
However, BD was superficially evaluated and did not cover underground species
communities, which also played a significant role in agriculture, and can be well considered

through eDNA metabarcoding.

4.1.4. Phase 2 and 3 without LCA-related studies

According to the search query there were 309 articles where eDNA-related methods have
been used within AEPs, which is about 0.6% of all eDNA-related studies. According to
Kestel et al. (2022) only about 4% of all studies that used eDNA-based analyzing methods
in agriculture, where more than half of them studied soil invertebrates, microorganisms and
plants. According to my search there were only 32 already sorted articles (initially were 72
articles), which used eDNA-based methods and focused on BD assessment in farms with
AEPs. At the same time, 29 of them (91% of sorted articles) were devoted to the study of
microorganisms (e.g. bacteria, fungi, invertebrates or viruses). A possible reason for the
predominance of studies focusing on microorganisms could be that, as Hermans et al. (2023)
have shown that “healthy” microbial diversity can be an indicator of properly implemented
RA practices with good environmental quality. Only 8 of the initially founded articles were
related to farms with some RA practices (described below). Authors compared how different

land use (crops, livestock or forests), vegetation type (e.g. Navarro-Noya et al., 2022) and
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RA practices (no-tillage or minimization of tillage, biofertilization, crop rotation and
covering) affected on BD in comparison with CA practices. Most of the researchers studied
microbial species richness (e.g. Froslev et al., 2022), while only two studies led by Goss-
Souza (2019) and Krishnamoorthy (2021) evaluated functional diversity of bacteria in farms
with RA practices. Notably, depending on research case, in some articles, the species
diversity was higher in farms with RA practices (Navarro-Noya et al., 2022), in another it
was lower than in CA (Herren et al., 2020), but undoubtedly species diversity was bigger in
natural biomes (Goss-Souza et al., 2019). For example, compost made from crop residues
and woodchips caused a negative effect on nematodes diversity (Herren et al., 2020).
However, in another study, researchers introduced an innovative biofertilizer with a major
phosphorus component that not only increased soil microbial diversity, but also improved
soil quality and environmental performance (Macik et al., 2023). Authors also emphasized
importance to consider the tillage type, location where the sample was taken (from the center
or from the edge of the field) (Freslev et al., 2022) and is there any natural sites, which can
bring false results. Also, it has been proved that there is a good potential to increase BD for
those farms that are not located near with diverse natural habitat, if crop diversification is

implemented (Hutchins et al., 2023).

A new approach was proposed by Dyson et al. (2024a), where they combined eDNA-based
metabarcoding and remote sensing assessment in sustainable farms with RA practices. They
used arthropods as target primers for eDNA analysis and their own system TerraBio with 12
different indicators of BD assessment. TerraBio is a personally developed methodological
platform that helps to assess products from agricultural and forest systems in terms of
environment and profit. It allows annually assessing BD depending on land use and its
transformation through a combination of remote sensing and eDNA analysis approaches.
BD was assessed in cacao plantations with and without AEPs, and restored forest as a control
in Brazil. The authors used 12 indicators to assess BD, divided into 3 types: 1) related to
land cover and use, 2) BD indicators, and 3) landscape integrity indicator as number of ha
of essential habitat area conserved. The first type includes the number of ha indirectly
conserved and directly restored and total carbon sequestration. The researchers used number,
abundance, species richness, BD indices of key species, alpha and beta diversity as BD
indicators. (Dyson et al., 2024a.) Alpha diversity shows species richness within functional
community on a local scale, while beta diversity presents the amount of variation between

species communities (Andermann et al., 2022). After evaluating 150 cocoa plantations, they
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found that those with individual RA practices were closer resembling natural sites in terms
of BD and had better SOC characteristics. This method also helps to assess land use and

forest transformation and its regeneration over time. (Dyson et al., 2024a.)

4.1.5 Summary of the literature review

Having done the literature review, I proved that there is a tremendous gap in the scientific
community with biodiversity LCIA using eDNA methods (see Figure 1), which was
discovered by (Jarvio et. al., submitted). There is only in one article authors mentioned LCA
and eDNA as separate ways which can be implemented for improving environmental
performance including BD (Yadav and Goyal, 2022). Among all the articles using the broad
search query there was only one article that showed all 4 search words and their variants
(“LCA”, “eDNA”, “RA” and “Biodiversity”) (Bhattacharyya et al., 2016), but after manual
analysis of it, it would be incorrect to claim that it covers all these topics, since authors did

not use LCA methods on RA, but just referred to them.

The only exception that considers the use of eDNA methods and LCA for BD assessment
on farms using agroecological principles (authors studied OA) is the recent article written
by (Simona et al., 2024), which could be useful for integrating eDNA methods to improve
biodiversity LCA in RA in the future. The main study species were soil microorganisms
(oomycetes, bacteria, and fungi). Researchers assessed their richness, distribution and
phylogenetic diversity using specific indices. Study results that applying OA practices
brough positive effect on bacterial and fungal diversity but did not show any effects on
oomycetes. Having analyzed impacts within the LCA (e.g., carbon, water, and nitrogen
footprints), the authors ranked “microbial BD” in last place due to the lack of accurate soil
health RS in correlation with microbial diversity. They also considered the implications of
agriculture at planetary boundaries, only briefly emphasized its importance, but did not take
a deeper consideration, as did Uusitalo et al. (2019) on a sheep farm with OA practices.
Uusitalo et al. (2019) proposed a framework that first used LCA method to assess different
environmental impacts (with a big focus on BD) on OA farm, and then normalized the LCA
results and presented within planetary boundaries showing positive impacts on genetic sheep

diversity and negative effects on climate, land and water use.
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Figure 1. All possible combinations of the terms, which were considered within literature review (LCA is Life
Cycle Assessment, eDNA is environmental DNA, RA is Regenerative agriculture, BD is Biodiversity). Dotted
line means articles combining search terms without “Biodiversity”. Parentheses indicate manually selected
articles with agroecological practices on farms. * indicates articles where farms with RA practices were studied.
Colors have no semantic load and are created for clarity of combining articles with certain terms. The figures do
not show the proportional distribution of articles, but only schematically shows the possible research options in

different areas.
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Another crucial exception, which was not found within my query because it has not been
published yet, was the article written and led by Jarvio (submitted), which they kindly
provided to this thesis. In their work, the authors suggest how modernizing current
characterization factors in LCA by integrating data from eDNA methods would allow for
better assessment, conservation, and preservation of BD in RA. They stated that eDNA, as
a tool for more exhaustive actual BD assessment (e.g. covering functional diversity), has the
potential to improve and extend the CF that is used in LCA in agroecological farms. That
also leads to improvement of assessment of other impacts on BD and the environment in
general, as well as estimate more accurately how well sustainable farming practices are
implemented. Other authors asserted that they need more precise and at the same time
broader indicators of biodiversity LCIA on farms with AEPs (Teillard et al., 2016; van der
Werf et al., 2020), where eDNA methods could be one of them. Thanks to possibility of
eDNA metabarcoding cover and harmlessly detect more species diversity of various taxa in
different ecosystems (Taberlet et al., 2018), it might be integrated into biodiversity LCA for
more profound and precise analysis. It would be notably beneficial for evaluation and further

sophistication of RA practices.

4.2. Improvements for eDNA sampling strategy for biodiversity LCA in RA

Having done a literature review and found several articles where eDNA-related methods
have been used to assess BD on RA farms, as well as having done additional searches, there
were no any protocols or comprehensive guidelines for various taxa identification on farms
where agroecological principles are applied. There might be several reasons for this. Firstly,
it can be explained by the general lack of eDNA studies on BD assessment in agricultural
systems in comparison with all eDNA-related studies (Kestel et al., 2022). Secondly, due to
divergent objectives of each study, which may differ in terms of type of the environment
(e.g. terrestrial or aquatic), ecosystem (e.g. tropical forests or grasslands), coverage of
various taxa in different levels of BD as well as time frames or financial aspects, there is no
universal eDNA sampling protocol (Taberlet et al., 2018). Another reason is that most often
(about 95% of all “eDNA” related articles), researchers conduct eDNA studies without
specifying which eDNA sampling protocol they used, inventing their own sometimes
subjective sampling strategy, or using unsuitable sampling methods (Dickie et al., 2018).

Only some of them specified brief description about characteristics of study area and/or
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sample technique (e.g Guerrieri et al., 2021). The more detailed the sampling design process
is presented, the more reliable the results can be considered. Thus, standardized eDNA

sampling protocol for terrestrial farms with AEPs, such as RA, are needed.

There are already several well-described sampling eDNA protocols (e.g. Lear et al., 2018),
guidelines (e.g. Taberlet et al., 2018), or supplements for them (e.g. Dickie et al., 2018),
most of them related to BD assessment in general, without giving any recommendations for
eDNA samplings in RA. Within this thesis, | have presented an improved strategy for eDNA
sampling for terrestrial RA, compiled mainly from Dickie et al.” (2018) work and improved
thanks to the papers of researchers, related to determining the BD of RA systems, using
eDNA metabarcoding, founded through literature review. This guideline is not specialized
for any particular farm, thus the recommendations for eDNA sampling can be applied to
different RA systems. This updated guideline is more suitable for identifying different
belowground microorganisms (e.g. fungi, bacteria, invertebrates, and plants) due to their big
role for the environment, which was discussed in Chapter 2.2 and 4.1. Although advice on
what can be done and how to take DNA samples from the environment of larger

aboveground vertebrates and plants is also presented.

Through literature review of articles using combinations from Table 1, most of the studies
did not specify what protocol or guideline for sampling they used. It was found only one
exception from recent study (Dyson et al., 2024a) which has a brief separate guideline of
sample collection from soils in nature sites, CA and sustainable agricultural cocoa farms
using eDNA metabarcoding (Dyson et al., 2024b). However, researchers estimated only
richness and abundance of diversity of arthropods and richness of mammals, and no other
taxa. In their guidelines, authors mentioned basic sampling tips to avoid contamination and
indicated which sampling kits/tools they used. They also presented their sampling strategy,
describing relevant aspects of the sampling plot (where and when samples have to be taken,
soil and ecosystem type, presence/absence of RA practices at the sites) and properties of the
taken samples and subsamples (number, weight, depth of samples, how they extracted them
and how they prevented degradation) (Dyson et al., 2024b). The main article presents the
study areas with all site characteristics (geographical location, climate features, main taxa of
the target study and other non-target species, time and scale of implementation of RA

principles) (Dyson et al., 2024a).
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Unless the researcher has already been given specific locations for eDNA metabarcoding
prescribed by other stakeholders, the broader boundaries of the study area, or so-called
sampling universe, must be clearly defined before proceeding with sample collection. This
includes considering the boundaries of the study and excluding some areas where
appropriate, and equally crucial is explaining why this particular location was chosen as the
study site (same for control sites). The use of background information from scientific
reference books on habitats and/or biological and physiological characteristics of species can
greatly improve the results of species capture using e-DNA techniques, especially if the
primary objective is to search for rare species (Hassan et al., 2023). Planning in advanced
the sampling strategy is necessary for providing the opportunity to extrapolate similar studies
to other sites with similar conditions and/or larger scale and to avoid biased manipulative
studies where desired results are fitted to the study site. (Dickie et al., 2018.) Defining the
study boundaries in advance also allows for better planning and thus reduces the number and
volume of unnecessary eDNA samplings (Lear et al., 2018). It is important to take into
account that species appearance can vary due to different geographic location of farms with
different AEPs in north and south, which relevant to Finland. It can be explained due to
different climate and soil conditions, leading to lower number of crops and soil fauna in the
northern regions. (Hagner et al., 2023.) To properly define eDNA sampling boundaries in
agricultural system in Nordic country such as Finland, it is crucial to correctly stratify eDNA
sampling according to abiotic (e.g. soil physical characteristics, humidity, temperature, light
intensity) and biotic (e.g. characteristics of taxa from natural sites) natural features, which

are well described in a study conducted across Denmark (Brunbjerg et al., 2019).

More often for farms with agroecological principles, the study boundaries are limited to the
size of the field or farm itself or area where different RA practices are applied. Clear
indication of which, where, how, for how long and to what extent RA practices have been
implemented on a particular farm is an important aspect when studying the conservation or
recovery of a species community in RA and/or comparison with CA systems. If a farm has
not been awarded a RA status from any organization awarding certification, researchers can
grant such status for study purposes only, based on recommendations of Fenster et al.
(2021a). As discussed in Chapter 2.3, due to the gap with standardization of RA and lack of
research on related topics, there are no rules and correlations between the success of
implemented RA practices for BD and the time when such practices have been applied.

However, based on the conducted literature review, researchers have studied farms that have
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been applying RA practices for a maximum of 20 years. According to review by Dickie et
al.” (2018) and the findings from Fenster et al.’s article (2021a) at least 3 years of
implementation of RA practices is required to confirm some positive impact on BD in RA
using eDNA-related methods. List of RA farms in Finland can be taken, for example, by
contacting BSAG (2024).

If the area where the agricultural activity is applied is large and/or heterogenous and/or
includes natural habitats as a control, it is worth clarifying the borders of the particular study
area. For example, it is possible to have bigger study area boundaries, which can include
agricultural and natural sites, and within these boundaries it is important to have particular
borders of study area. In some farms it is difficult to objectively define the sample universe
as part of the sampling strategy, since it is essential to strive to obtain the most accurate BD
results with minimal errors and efforts (Taberlet et al., 2018). A pilot experiment is needed
to tackle this issue. A pilot experiment can be useful to representatively check the
characteristics of single sample, species richness of the taxa under study and their spatial
distribution. Conducting a pilot will also allow determining where to take samples and how
many samples to take. (Taberlet et al., 2018.) However, everything depends on the specific
project. For example, if the timeline is only one year and/or budget for eDNA analysis

hinders pilot experiments, it can be neglected.

The next step is to identify the plots where samples will be taken. It is important to follow
the principles of objective sampling to show the most representative data and to allow other
researchers to replicate similar actions. However, most authors (about 90% of total “eDNA”
related papers) used subjective eDNA sampling methods, thereby compromising the
scientific validity of the articles and causing possibility of false or unexhaustive results
(Dickie et al., 2018). There are at least 4 options for choosing the sampling location,
described in-depth in paper led by Taberlet (2018). The most accurate objective sampling
designs are true randomization, regular grid (uniform distribution with equal spacing),
clearly defined conditions (e.g. the deepest or northernmost point) or alternatives methods
(e.g. using remote mapping). The application of one or another option for determining
sampling location depends on the aims of particular study and conditions of study area, for
example, regular grid is more appropriate for homogenous environment conditions, and true
randomization for heterogenous study area. Meanwhile, true randomization should have a

description of how it was carried out, excluding the element of “convenience” inherent in
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subjective haphazard sampling, when, for example, sampling is done along a walkway.
(Dickie et al., 2018.) Determining where to sample in an RA system requires a clear
specification of where RA practices apply and where they do not (if any). In cases with RA
practices, it is crucial to take into account that BD (at least species richness of
microorganisms) might be different depending on the location where it was taken, showing
significantly higher results at edges (at least in 2 meters from natural perennial vegetation)
than in the center (Freslev et al., 2022). Quite often greater impact on BD (at least the species
richness and composition of arthropods was increased) can come from natural habitats (e.g.
forest) located from 800 m to 2 km from the farm, which should be also taken into account
(Freslev et al., 2022; Hutchins et al., 2023). In addition, the proximity of water bodies (e.g.
river or lakes/ponds) also can change the final interpretation of eDNA results, because they
mutually affect on each other’s BD. For instance, rivers near with terrestrial land use systems
can transport eDNA traces of microorganisms, invertebrates and fish from at least 12 km,
showing incorrect data (Deiner et al., 2016; Littlefair et al., 2023). A river can alter terrestrial
BD nearby by about 400 m or maximum 2 km (Zhang et al., 2023), thus the selection of such
close farms should be avoided to get more accurate results. Also, terrestrial lands due to
seepage of DNA parts with groundwater can strongly affect nearshore BD and often depends
on the season (Ionescu et al., 2022). This should be taken into account and avoid samplings
at least from 5 m from ponds. Reducing false results could potentially be achieved by
conducting pilot experiments to find the optimal distance with fewer unexpected results.
Another method could be to pool and mix samples into one and then subsample (sampling
from already collected samples) by determining average species richness. However, this
method can skew research results and might be applicable to predominantly homogeneous

or large-scale areas or for detecting larger species (e.g. vertebrates) (Lear et al., 2018).

For particular purposes (e.g. for simplification of sampling or for finding average eDNA)
and clarification of objectives of study, some researchers use subsamples (e.g. Drummond
et al., 2015). However, it is necessary to carefully choose the sample location of subsamples
especially in RA. In cases where the location of subsamples was chosen based on different
environmental variables, this may lead to incorrect sampling results. For example, if a farm
has implemented some RA practices, such as utilizing biofertilizers from manure, some
subsamples may have no trace of the effects of such practices, potentially leading to false
BD results. However, generally subsampling has several advantages. For example, it is

possible to analyze sample again (i.e. resample) in the same area, which allows to see
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changes in the plot over time. (Dickie et al., 2018.) That might be beneficial for observing

alterations in the systems with RA practices in which BD recovers over time.

Once the sampling locations have been selected, the sample plots size needs to be
determined. The larger the size of the sampling plot, the more representative the results can
be, and the more BD can be covered (Brunbjerg et al., 2019; Dickie et al., 2018). The size
of the sampling area depends on the objectives of the research but is most commonly an area
of 20 by 20 meters (Dickie et al., 2018). For example, Dyson et al. (2024b) had a size plot
50 by 50 meters (20-25 meters between each plot), which also corresponds to
recommendations made by Taberlet et al. (2012b). According to my literature review the
minimum size plot was 10 by 15 meters and 6 meters was interval between them (Macik et
al., 2023). No recommendations were found on what the optimal interval between sampling
plots should be, but most often in the literature reviewed, the interval corresponded to about
half the size of the study plot (e.g. Dyson et al., 2024b). One example for eDNA sampling

location on RA with all abovementioned recommendation is depicted on the Figure 2.
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Figure 2. Schematic eDNA sampling strategy of random field with limitations which could be caused by natural
sites (e.g. forest, ponds and river). Sampling on the left study plot (5 sampling spots) was based on a regular
grid sampling design and on the right study plot (4 sampling spots) was based on defined conditions (e.g.
extremes) depending on characteristics of plot. In the right example, the upper sampling extreme is based on
the most northern point, the lower 2 are based on the average distance between the southern and eastern points

separately and one sampling spot in the center.
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The amount of eDNA samples per plot also depends on the objective of study as well as the
financial situation. According to the work led by Dickie (2018), besides the fact in most
studies the authors did not specify how many samples/replicates they took, but those which
had data, more often had less than 6 samples. Depending on the properties of the sample and
objectives of study, a good qualitative BD assessment might be done using from 1 to 15
samples (Erickson et al., 2019). For instance, in Dyson et al.” paper (2024b) authors took 4
samples by 30 g of soil each, pooled them and then extracted 2 g of subsamples of soil from
them. Authors depicted on their protocol, that they took samples only from the corners of
farms, which contradicts to recommendations by Freslev et al. (2022), which has been
discussed earlier. If the aim of study to find rare or invasive species, the recommended
number of eDNA samples could be from 45 to 90 replicates (Erickson et al., 2019). For BD
assessment in RA and other land use types, the relatively equal distribution and amount of
eDNA samples are needed in order to provide more equal in terms of quality results,
however, if RA system is the main study area (without control sites), number of samples can
be determined based on objectives of study. If the number of samples is limited by the size
and/or costs of the study, using only two dissimilar plots also provides distinguishable results
when comparing BD metrics on farms with different agricultural treatment practices

(Navarro-Noya et al., 2022).

The volume of sample soil in the plot and the depth at which the sample will be taken also
plays an important role. The various tools which depend on the objectives of the study, which
researchers use to extract eDNA from soil, determines how much soil volume is needed
(Lear et al., 2018). It is more common to take a larger amount of soil first (e.g., 30 g) and
then extract mixed subsamples of smaller amounts (e.g. 2 g) (e.g. Dyson et al., 2024b). The
basic recommendations (if it is not contradicted to study aims) include removing manually
or through sieving/filtering (He et al., 2021) objects which are outside of the targets (e.g.
leaf litter, roots or branches, stones, etc.) (Lear et al., 2018). More advanced study might
have sampling from different soil horizons (Dickie et al., 2018), but usually samples taken
from upper level of soil from maximum 20 cm depth (10 cm is also acceptable) (e.g. Foucher
et al., 2020). If researchers need to identify microorganismal soil diversity, it is also essential
to consider microorganismal spatial vertical and horizontal distribution in order to take
proper taxa. Using mixed subsamples from different soil layers allows to see the broader

picture in terms of species richness through different soil layers.
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All eDNA-related methods would not be possible without the main object of the study —
species. As was discussed in Chapter 2.2, there is a possibility to detect almost any
taxonomic groups using eDNA techniques. The abovementioned updated guideline for BD
assessment in agricultural systems through eDNA methods mainly focused on belowground
species (mostly microorganisms, such as fungi, bacteria, invertebrates, and plants) due to
their absolute dominance in species diversity in the agroecosystem (Drummond et al., 2015).
Another reason for the lack of studies assessing aboveground species diversity might be the
faster time for decaying of eDNA traces of aboveground species (Newton et al., 2022;
Valentin et al., 2021) and thus more challenging conditions for sampling and further
analysis. As also discussed, the more divergent and broader the taxa included in eDNA
analysis, the more representative results of ecosystem BD can be seen. Based on the
objectives of the study and its budget, aboveground species diversity can be included. For
instance, Valentin et al. (2021) presented comprehensive analysis of which conditions,
depending on their degree (e.g. presence/absence or with different intensities), affect
arthropods aboveground diversity, which could be considered within eDNA sampling
guidelines. Depending on the species, they compared sampling techniques with different
filters and even a special vacuum catcher. One of the crucial aspects of their work is that
weather conditions must also be considered before sampling. This is because even after a
light rain or fog, traces of terrestrial eDNA on vegetation are swept away and seep into the
lower layers of soil, where can mix with eDNA from belowground species, leading to

increased false negative results (Valentin et al., 2021).

To include vertebrates in the BD assessment through eDNA, researchers used different
methods comprehensively reviewed in Deiner et al.” (2017) article. According to another
article, various sampling methods in different substrates bring divergent species composition
and combination of several methods is needed to cover all possible species in particular
habitat (van der Heyde et al., 2020). Nowadays, scientific capabilities even allow identify
fungi (Banchi et al., 2018), plant (Johnson et al., 2021) and animals (Clare et al., 2021) from
eDNA samples taken from the air. It is noteworthy that due to the lack of literature that has
explored the potential for using airborne DNA samples to assess BR in specifically RA
systems, this guideline does not make any recommendations how to do so but shows that
this could be a promising future direction. More often, abundances of aboveground species
(e.g. invertebrates, reptiles, amphibians, and mammals) are detected using traditional

methods by catching them thanks to special pitfall traps and then conduct further eDNA in-
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depth studies (e.g. Drummond et al., 2015). Birds also can be identified by their DNA traces
they left in the soil (Drummond et al., 2015), but more often for identification of birds,
scholars use specialized sound sampling methods, when researchers can record their sounds
from relatively big distance and decode them later (Zhang et al., 2023). There are also several
ways to identify plants using eDNA methods, comprehensively analyzed by Johnson et al.
(2023), where their traces in terrestrial systems can be taken directly from different plant
tissues (e.g. pollen, leaf, flower, seeds, roots) or indirectly from organismal derived sample
(e.g. gut content, feces, honey, etc.). Meanwhile, the extracting eDNA plant samples is more

often studied from pollinators or animal feces (Johnson et al., 2023).

In addition, it is important take into account that various taxa require different storage (i.e.
eDNA fixation) approaches for their transportation to the laboratory. The main rule for
eDNA preservation of any taxa is to stop all biological activities and extract DNA as soon
as possible (Taberlet et al., 2018). The choice of the method of blocking DNA activity
depends in most cases on the taxonomic group and researcher's capabilities, including
availability of one or another technology, distance from laboratory and financial situation.
For example, belowground microorganisms can be frozen down to -80 °C (depends on using
methods and tools available), aboveground insects can be stored in 100% ethanol or glycol,

and plants can be dried and stored in paper bags (Lear et al., 2018; Taberlet et al., 2018).

Moreover, it is essential to take into account the life cycle of different insects in a particular
ecoregion, because depending on seasonal period and life cycle of arthropods their BD can
be significantly differ. It was proven, for example, for tropical case study that during
summertime diversity of aboveground insects was higher, but during winter BD was bigger
in the soil. (Kirse et al., 2021.) However, Kirse et al. (2021) conducted their study in a
tropical region, and the same pattern has not been tested in Finland. eDNA metabarcoding
also can show various results for species diversity due to different plant vegetation stages,
which can be a key aspect for RA systems (Navarro-Noya et al., 2022). All this should be
taken into account for eDNA sampling on RA in Finland, as the vegetation is usually later

than in Central Europe.

A summarized checklist of how to conduct eDNA sampling on farms where RA practices

are applied and what should be considered during eDNA sampling is presented in Table 3.
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Table 3. Summarized checklist for universal eDNA sampling in RA systems. Normal font implies obligatory
steps, Italic font implies optional but recommended steps, depending on objectives of particular study.

#

Steps and recommendations

1.

Define the sampling universe/ boundaries of the study area. Could be supplemented
by using background information from reference books about habitat (geographical,

soil and climate features) and/or biological characteristics of species.

Check validation of RA practices on farm (if available). If RA status has not been
provided, researchers can grant it within their study following recommendations of

(Fenster et al., 2021a).

Clarify the borders of study area within the sampling universe if the study area is large

and/or heterogenous and/or includes natural habitats as a control.

Conduct a pilot experiment to test the characteristics of single sample, species

richness of the taxa under study and their spatial distribution.

Determine the sampling location, taking into account applied (if any) RA practices,

field characteristics and proximity of natural sites and vegetation.

Decide about subsamples if needed (location, number, volume).

Determine the sample plot size. The recommended size is 20 by 20 m with half the

distance between sample plots. The size may vary depends on aims of particular study.

Define the number of eDNA samples per plot. Depending on the aims of particular
study, the optimal number of eDNA samples per plot is 4 - 6.

Determine the volume of the sample and the depth at which the sample will be taken.
The volume and depth depend on the objectives of the study and taxa covered, but
usually not more than 30 g for a sample and 2 g for a subsample taken from maximum

soil depth of 20 cm.

10.

Indicate the taxa covered and how their DNA traces will be collected. There are some
detailed recommendations that can be followed for macroorganisms (e.g. vertebrate
extant tetrapods and plants) by Deiner et al. (2017) or Drummond et al. (2015), for
aboveground arthropods by Valentin et al. (2021), for plants by Johnson et al. (2023).

1.

Storage of collected eDNA samples. The main rule is to stop all biological activities
and extract the DNA as soon as possible. The choice of the method depends on taxa
taken, researcher’s capabilities, distance from laboratory and financial situation. Good
recommendations in different situations for storage can be seen in guidelines by Lear

et al. (2018) and Taberlet et al. (2018).
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4.3. Baseline and reference state for biodiversity LCA in RA

This chapter proposes possible improvements to the baseline and reference states for

estimating BD in LCA for RA systems, compiled mainly through literature review.

4.3.1. Reference states for biodiversity LCA in RA

As was discussed in Chapter 2.1 there are several reference states (RS) with different
definitions which used in different LCA methods (Damiani et al., 2023). Although there are
a lot of proposed RSs, there is a lack of explanations for why some particular RS have been
chosen, which are crucial for CF in LCA. More often RSs may be based on the structure of
a particular LCA and may differ from a BD conservation perspective (Vrasdonk et al., 2019),
but it is critical to have the same RS definitions for proper comparison of farms with different
land use types. Moreover, it is still a big issue to fairly estimate what is a correct RS for
biodiversity LCA in RA. As suggested by Curran et al. (2016), developing alternative RSs
for different spatial scale systems which can consider environmental, social and economic

consequences can be one of the best-recommended practices for enhancing LCA.

The studied area can be compared with RS differently, depending on which method is
chosen. If researchers use assessment methods with multiple impacts, various RSs
definitions might be in that method, which may subsequently show different results
(Damiani et al., 2023). For land use more often, RS is potential (semi-) natural vegetation
(PNV). (Curran et al., 2016). Since, the PNV as one of RS for LCA has been exhaustively
reviewed by other researchers (e.g. Vrasdonk et al., 2019) this chapter suggests another

metric for RS.

After reviewing the literature where soil microorganisms were the main object of study, it
was noticed that a healthy soil, supported mainly by microbial diversity, can also be used as
a RS for terrestrial RA systems. Initially suggested by US Department of Agriculture
(USDA) definition of the soil health as “capacity of the soil to function as a vital living
ecosystem that supports plants, animals, and humans” (USDA, 2019, 1) has been further
developed by other authors by adding in the term the concept of fertility, quality and security
of soil, as well as methods for properly measure healthy soil (Fierer et al., 2021; Lehmann

et al., 2020). This is not surprising as microorganisms can have a positive effect on soil
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regeneration even if the soil has been heavily altered by human agricultural activity (Coban
etal., 2022). However, according to the recent study, due to the lack of RS for soil microbial
diversity, authors gave the lowest impact priority for microbial diversity as an indicator to
evaluate agricultural management (Simona et al., 2024). On the other hand, although the
USDA had previously confirmed that microbial diversity could be used as a representative
indicator for soil health assessment but did not provide some proper metrics. However, the
USDA also emphasized a big potential of such indicator. (USDA, 2019.) Later was proposed
more advanced list of what microbial metrics can be used for evaluating soil health, which
includes microbial biomass, abundance, ratio, community and gene composition as well as
specific extents of the microbial contribution to biochemical cycles and symbiotic
relationships with plants (Fierer et al., 2021). Notably, most of these metrics can be analyzed

thanks to eDNA, which were presented in Chapter 2.2 and 4.1.

The guidelines for using eDNA-related methods for assessing soil health have been
presented with in-depth review of the characteristics of methods and indicators (Djemiel et
al., 2022).This was proven by Djemiel et al. (2022) and confirmed in my literature review
that due to microorganisms (predominately bacteria, fungi and plants) being bioindicators,
it is possible to assess various soil land use types in different farming systems and even
determine the rate of soil contamination. Bioindicator are organisms (usually
microorganisms) that are based on specific patterns (e.g. behavior, presence or absences,
abundance, etc.) shows discernible information about the environment. As authors
emphasized, such indicator should be easy to use in the field (in terms of practicality and
financial affordability), accurate (i.e. precise results with low false positive/negatives rates),
duplicatable (i.e. sensitive enough with possibility to repeat in another study area) and

universal for different microbiological habitats. (Djemiel et al., 2022.)

There is a big perspective to use PNV and health soil (sustained including by microbe
diversity) values as RSs for biodiversity LCA in RA which have been taken through eDNA-
related methods for several reasons. As emphasized in the unpublished article led by Jarvio
(submitted), results of eDNA samples taken from (semi-) natural systems can be integrated
to RS for biodiversity LCA due to eDNA’s advantages such as more actual (current data and
not taken from outdated databases) and accurate (inclusion rare species and hence bigger
taxa numbers) species richness estimates. In addition, the authors noted another advantage

of eDNA methods, through which the BR of anthropogenically modified lands could be
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assessed. This is possible by assessing species composition and comparing them between

natural or semi-natural sites and farms with agroecological principles, which is not yet

realized in LCA.

Where it is impossible to determine RS for a particular area, the Delphi method introduced
by Alejandre et al. (2023) can be used to fill such gaps and determine RS. Authors conducted
a comprehensive anonymous Delphi survey of experts from different countries with various
scientific background and knowledge on relative abundance of wild pollinators in different
land management types with different intensities and taxa covered in 45 countries. The
Delphi method consisted of 3 rounds of assessments, each of them refined the previous
results through feedback received from other experts, eliminating any contradictory results
by the end of the survey. More details about Delphi method can be found in their article.
After evaluating each case with 3 level of pollinator’s abundance (lowest, typical, highest),
experts determined natural grassland as RS, and ranked shrubland second as possible RS.
Authors cautioned that the Delphi method is a good method when RS has not been previously
identified, and Delphi is based on expert analytical judgment and may differ from actual

local measurements (Alejandre et al., 2023.)

4.3.1. Baseline for biodiversity LCA in RA

Determining a baseline (i.e. inception of the assessment) for biodiversity LCA on RA farms
is also difficult, mainly because there are no standardized requirements as to how many years
must elapse before RA practices can show a meaningful positive effect on BD. As was
discussed in the Chapter 2.1, the larger number of LCA-related methods do not have
specification of exact year as a baseline due to their adaptability to context of some particular
situation of BD impact assessment (Damiani et al., 2023). However, there are some LCA-
related methods which set the baseline as the current year (e.g. Damiani et al., 2021) or
suggest to choose a specific year from their dataset (Damiani et al., 2023). For example, in
LCA model written by Chaplin-Kramer et al (2017), authors used 2007 baseline, which
contradicts the GNF (2019) recommend for BD assessment.

When selecting an LCA method for assessing BD on RA farms, the primary aspect which
should be considered is the year of adoption of RA practices on a particular farm. Depending

on what recommendations or standards of organizations promoting RA practices or awarding
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RA certificates a farmer follows to achieve RA status for their farm, the time it takes to
achieve this status can vary, but on average it requires a minimum of 5 years of RA practices.
For example, BSAG (2024) and agricultural consortium AgriCaptureCO2 (Nyssens-James
et al.,, 2023), promoting RA principles, have not got any requirements about years of
implementation of RA practices on specific area. Other organizations which provide RA
certification have different levels before being awarded the 100% RA farm status, but in
general it must take at least 5 years to declare that certified RA farm fully realizes the RA
principles. At the same time, they require applying crop rotation for 7 years with a minimum
of 3 years of herbaceous perennials (except for woody perennial cropping systems such as
vineyards or orchards). (ROA, 2023.) The most comprehensive standardized certification of
RA farms was done by AGW (2024). They specified in detail that in order for a farm to be
granted RA status, different RA practices must be applied for different land use types from
their list of standards. For example, if farms have been following RA principles for at least
5 years and every year AGW reviews or monitors how such farms are implementing their
RA principles, they can be granted RA status. However, if a farmer has asserted that he/she
is applying RA principles, which cannot be confirmed by third parties and/or AGW
representatives, RA status can only be granted after 15 years of implementing RA practices.

(A Greener World, 2024.)

In conducted literature review the minimum years of utilizing some of RA practices was 2
years (e.g. Herren et al., 2020) and maximum over 20 (e.g. Dyson et al., 2024a), but some
of the researchers did not specify how many years farmers implemented RA practices on
their agricultural systems (e.g. Colley et al., 2020). It is also complicated to select a valid
baseline for biodiversity LCA because some of the authors studied only some of the RA
practices (e.g. no tillage), but not an integrated RA practices on farm (Freslev et al., 2022).
However, in most of the articles, as well as according to recommendations from Fenster et
al. (2021a) and Dickie et al. (2018) the minimum years where RA practices presented

positive effect on BD was 3 years, which can be chosen as a baseline for biodiversity LCA.

4.4. Proposals how to improve CFs for biodiversity LCA on RA thanks to eDNA

As mentioned in Chapter 2.1 and emphasized in the scientific literature, since land use plays

a major role as one of the main impacts on terrestrial agricultural BD, researchers are more
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often studying PDF or SOC as two main indicators for analyzing impacts of land
transformation or land occupation on BD and soil quality (Lago-Olveira et al., 2024). Even
though it has been proven (see Chapter 2.3) that AEPs can improve soil quality and increase
BD (e.g. Fenster et al., 2021b), there are limitations to the ability to estimate BD in various
farms with different land use types through existing LCA-related methods. The limitations
are related either to incomplete assessment of all land use types, or levels of farm
management intensities, or both, and may differ from one LCA-related model to another.

(Damiani et al., 2023.)

One of the main limitations of CFs is that they were, and still are, sometimes not well
specified in terms of spatial distribution (Curran et al., 2016; Scherer et al., 2023). This could
lead to inconsistencies when using the same CF for assessing BD in different ecoregions
with similar land use types, but completely divergent BD (Hayashi, 2020; Teillard et al.,
2016). As was pointed out earlier by several authors (e.g. Curran et al., 2016; Jarvio et al.,
submitted) that considering spatial distribution (i.e. regionalization) is crucial for BD

assessment in farm with different land use management practices.

BD changes can be assessed in different spatial scale levels though LCA using different CFs.
An article about the importance of correlation between farm- and field-scale BD indicators
with different AEPs (Liischer et al., 2017), found through a literature review, was previously
discussed in Chapter 4.1. An equally important paper elucidating the interrelation of field-
and regional-scale BD indicators and outlining the possibility of using LCA-related methods
for BD assessment on agricultural systems with different land use management techniques
was presented by Hayashi (2020). However, both of these studies chose not to delve into
adjustments of their CFs, including land transformation due to other scope of their studies,
although the model they used originally had this possibility (Chaudhary and Brooks, 2018).
Hayashi (2020), in his article, compared correlations between CFs from different scales of
BD assessment (ecoregion and field), using two BD indicator cases. In the first case, he used
PDF at ecoregion level without specification of taxa taken from (UNEP/SETAC, 2017) to
determine the BD indicator for each ecoregion and six land use types (annual and permanent
crops, as well as pastures, urban, extensive and intensive forestry) and taken from Chaudhary
and Brooks’ model (2018) for defining intensity levels (minimal, light and intense use). For

BD assessment in the field-scale level, the author estimated species richness (but without
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abundance) taken from surveys from farmers and Japanese Ministry of Agriculture, Forestry,

and Fisheries. (Hayashi, 2020.)

Hayashi concluded that it is complicated to assess BD in field-scale from ecoregion-scale
BD. He indicated two reasons for this. First, is a necessity to take into account the different
effects of land use intensity levels on different taxa (light use in his study case showed
positive correlation with plants, but negative or sometimes neutral with amphibians).
Second, greater species richness on OA farms than on CA farms can lead to different results
during comparing. These two reasons resulted in higher absolute values of coefficients in
correlations for plants when assessing potential species change. Moreover, the author
compared the impact of limitations in the study sites and the number of years of these studies,
and the first one caused greater discrepancies. Thus, the utilization of CFs from ecoregions
and different land use management types was insufficient for assessing BD consequences,

which also should be considered. (Hayashi, 2020.)

More versatile LCA-related method (i.e. GLAM) has recently been proposed to assess
regional and global BD in different land use types with three levels of land use intensity
(Scherer et al., 2023), but is not yet available in LCA. The GLAM has already been discussed
in Chapter 2.1, but it is crucial here to highlight its advantages over other operational LCA
models, which has recently been done in an article led by Jérvid (submitted). The GLAM
model overperforms other LCA methods, because it compiled the best (i.e. more
comprehensive and accurate) aspects of previous LCIA methods for assessing BD in
different scales and locations, with different intensities levels, land use types and impacts on
BD, as well as including impacts on BD from landscape fragmentation. As in the IW+
method (Bulle et al., 2019), GLAM can take into account the possible differences between
countries in terms of variety of impacts on species richness of different agricultural practices.
Since IW+ does not estimate the absolute loss of species richness within three different land
use intensity levels, it was used the same logic in GLAM for variable as it is in the LC-
Impact method (Verones et al., 2020). (Jarvio et. al., submitted.) Authors of the GLAM
honestly stated that they studied impacts on species richness only (considered 5 main taxa
such as plants and extant tetrapod) due to more easier data collection methods and did not
estimate species abundance and their functional diversity. Moreover, without including
belowground microorganisms’ assessment and covering less than 9% of known vascular

plants, it is might be hard to see the high representativeness of the BD loss rates.
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Besides all advantages of GLAM, its authors emphasized importance to use their model in
combination with some other methods of BD assessment for more comprehensive species
sample (Scherer et al., 2023). However, they did not refer to eDNA which can facilitate
species determination and therefore refine the CFs, as well as assess functional diversity and
abundance of species. Probably these omissions and the previously described advantages of
GLAM prompted Jarvio et al. (submitted) to take the GLAM model as a basis and integrate
the data obtained from eDNA-related analyses into the CFs equations. Such improvements
of current biodiversity LCA-related methods allow to refine not enough updated datasets

and add new values from previously uncounted species or even taxa (Jarvio et al., submitted).

As shown by Burton et al. (2022) there is a predominance of studies focusing on the effects
from various land use types with different intensities on aboveground species rather than on
soil microorganisms, despite the big role of soil microbial diversity on the environment and
soil health discussed earlier (e.g. Djemiel et al., 2022; Hermans et al., 2023). The ratio of
number of studies and total covered taxa was approximately 4 to 1 for above- and below-
ground species, correspondingly (Burton et al., 2022). This may explain the lack of CFs for
soil microorganisms and below- and aboveground invertebrates. The non-inclusion of CFs
for soil microorganisms and invertebrates leads to an incomplete BD assessment through
LCA in different land use types. Scherer et al. (2023) called to enhance the GLAM model
by including invertebrates. This thesis proposes, besides using suggestions by Jarvio et al.
(submitted) to incorporate results from eDNA-related methods into CFs, separately proposes
to expand the list of invertebrates and microorganisms in GLAM by adding approaches of
using CFs for missing taxa for better BD assessment in LCAs methods. Such missing data

of arthropods and microorganisms can be collected through eDNA-related methods.

There are few examples of articles that have examined CFs for different land use type and
intensity levels affecting invertebrates (Alejandre et al., 2023; Elshout et al., 2014;
Jaroenkietkajorn et al., 2021) (marked as (1), (2), and (3), respectively, for convenience).
They are all unified in that they considered how land occupation affected arthropods using
similar logic as in the GLAM model, adding their personal updates for CFs in specific cases.
Each has advantages and limitations that should be taken into account before integrating
these methods into LCA methods. For example, (1) and (2) assessed impacts of different
land use categories globally, while (3) used CFs in Thailand. Moreover, (1) examined

forests, natural grasslands, man-made pastures, shrublands, annual and permanent crops with
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in-depth analysis of latter 2 land use categories; (2) studied 5 out of 14 worldwide biomes
with focusing on different annual, permanent crops, where natural ecosystem was as RS.
Among these 3 studies, (3) might be interesting to consider for purposes of this thesis only
because it is only one, in which authors studied local and regional CFs for insect density
(without specifying exact taxa) using the same logic as in GLAM method. However, since
researchers focused only on oil palm plantations and did not compare different land use
practices (but only the effect from the plantation age on BD), this article can be only useful
to consider in terms of integrating logic from different spatial scales when development CFs

for insects BD assessment.

Notable features of articles led by Alejandre et al. (2023) and Elshout et al. (2014) are that
in (1) the authors assessed relative abundance of wild pollinators, while in (2) the relative
species richness of arthropods was studied. In (1), one of the CF variables determining RS
was generated using the Delphi method based on a comprehensive independent analytical
evaluation of experts from different countries but not actual local measurements (see Chapter
4.3.1), whereas RS in (2) were obtained by averaging data for each land use type taken from
155 publications. In both papers, researchers stated that such RS can be used in cases where
RS has not been previously determined. In addition, since both of these studies used same
LCIA methods ((Huijbregts et al., 2017; Verones et al., 2020) in (1) and (De Baan et al.,
2013) in (2)) as in GLAM, these methods can be integrated to LCIA for more comprehensive
BD assessment due to different land use impacts. However, none of these 3 studies focused

on impact on BD from land transformation, which also required further elaboration.

As far as [ know, there are no articles describing methods for using CFs to microorganismal
diversity assessment. The only exception is Wardani’s (2018) paper, where author developed
CF to estimate contamination of livestock from the common aquatic pathogen
(Cryptosporidium). It is important to emphasize that Wardani only used microbe
concentration and population number per grid cell in person as one of the variables of CF
but did not develop such CF to directly assess microbial diversity. Hence, this method cannot
be used within current LCA methods for BD assessments, which requires further

development.

There are other benefits of improving BD assessment by combining eDNA-related methods
with LCA. Since it can be feasible to obtain as accurate and up-to-date as possible BD results

in a particular farm with specific AEPs through eDNA methods and then integrate them into
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CFs for BD assessment, it might be assumed that it would be conceivable to reduce
extinction debt and show more recent and realistic results, thus enhancing RS. The logic can
be applied here that the more relevant eDNA-derived BD data can be put into the CFs, the
less extinct debt there will be. However, this assumption requires further elaboration.
Moreover, thanks to integration of eDNA-related methods to LCA models it might be also
possible to consider other factors of BD depletion (and not only popular such as PDF),
caused from air and water pollution (e.g. acidification or eutrophication) (Jarvio et al.,
submitted; Lago-Olveira et al., 2024). In overall, integration eDNA results to CFs for
biodiversity LCA can show more accurate and distinguishable results on BD where RA

principles are applied, and hence, this allows to popularize RA practices over CA.
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5. Conclusion

This thesis explored possible ways how through eDNA metabarcoding it could be possible
to improve BD assessment in LCA for RA in general and with some specific guidance for

Finland, considering local features of climate and geographical location.

The pattern initially pointed out by Jirvid et al. (submitted) of the lack of a combined
approaches of using “LCA”, “eDNA”, “RA” and “BD”-related studies to accurately assess
BD was firstly, as far as I know, proven within this thesis through a literature review.
Throughout in-depth literature review of all possible correlations between these 4 research
terms, it was found that none of them exhaustively included each of the above terms together
(more detailed analysis see Chapter 4.1 and Figure 1). For example, LCA methods were used
to assess BD on farms with AEPs in 18 studies, where only 7 of them used all or some of
the RA practices (rather than, for example, OA practices). Among all eDNA-related studies,
only 0.6% (309) focused on the use eDNA methods on farms with AEPs, where only 32 of
them were used for assessing BD, and only 8 articles used some or all actual RA practices
(rather than OA practices). Most of the papers (91%) assessed microorganismal BD through
eDNA-related methods on farms with AEPs, which can be explained by the high impact of

microorganisms on the soil quality.

In order to integrate taxa/species results from eDNA metabarcoding into LCA models for
assessing BD in RA systems, it is necessary to conduct the proper eDNA sampling. Based
on the literature review, an updated eDNA sampling guideline for specifically RA systems
has been developed, with additional recommendations for conducting it in Finland. This
eDNA sampling strategy plan takes into account previous protocols and guidelines for
eDNA sampling in agricultural systems and has been updated specifically for RA. This
sampling plan incorporates the sampling universe with all included and excluded areas and
clearly defined boarders, sample plot size and number of samples per plot, volume and depth
of samples, considering also pilots, subsamples, identified species, as well as following
storage and transportation of the taken samples. See Chapter 4.2 and Figure 2 for a more

detailed description of all eDNA sampling guidelines.

Also, the literature review allowed to summarize and extract the necessary information in

terms of suggestions for improvement of CFs, RS, baselines for BD assessment in RA
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through LCA. Nowadays, the main issue with the baselines for BD assessment through LCA
is that there is no unified method for implementing this estimation in RA systems. Possible
reasons for this lack is a no clear standardization of what RA system is, because different
organizations which granted RA status to the farm have different requirements for farmers.
Thus, baselines for LCA which assess BD might be different too. However, after analyzing
many articles, it is proposed that a valid baseline for LCA when researchers are going to
compare BD change due to RA and CA practices should be at least 3 years according to
reviewed scientific articles (or 5 years according to certification programs) of implementing
RA practices. Researchers also faced issues in defining proper RSs for their studies in LCA,
because more often scholars use an indicator of PNV for BD assessment, but since BD in
some ecosystem is heterogeneous, several indicators are needed for more accurate and
profound analysis. Soil health values were suggested as another indicator to help determine
RS for LCA, since a bioindicator such as microorganisms can correctly indicate soil health
and show any changes in soil quality. It has also been proposed to integrate updated in terms
of accuracy the SALCA model and the Biolmpact method into LCA for BD assessment in
RA systems. The SALCA model can help to evaluate different agricultural practices based
on different land use types and their correlation with BD of some specific field (Liischer et
al., 2017; Prechsl et al., 2017), whereas the Biolmpact method can rank the most relevant
BD impact on species and hence allow a preliminary assessment and selection of the most

appropriate impact for BD assessment (Turner et al., 2019).

The current issue with some CFs for BD assessment through LCA is that they are not enough
developed in terms of spatial distribution, especially in farms with different land use
practices. Otherwise, this might lead to inconsistencies when researchers can use the same
CF for BD assessment in different ecoregions with the same or similar land use types and
intensity levels, but fully different taxa. Within this thesis, the best insights on using CF for
assessment of BD through LCA, extracted and compiled from different scattered sources. It
was also proposed to expand the coverage of taxa in the CFs by adding invertebrate and
microorganismal data. The baselines, RSs and CFs need to be further elaboration and

validation of their applicability in real study cases.

Notably, some authors emphasized further refinements and improvements of LCA methods
for BD assessment in terms of more accurate and broad detection methods but did not refer

to use eDNA-related methods (e.g. Scherer et al., 2023). Being one of the integrated methods
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for BD assessment, GLAM only considered the 5 main aboveground taxa (plants,
amphibians, reptiles, mammals and birds), without covering belowground species and not
assessing species abundance and their functional diversity, causing BD assessment not to be
fully representative. Integrating eDNA metabarcoding results with LCA methods to estimate
BD in RA systems may fill gaps in the incomplete species-related data currently used for
LCIA. It has also been assumed that this combination of eDNA metabarcoding and LCA
allows to reduce extinction debt and therefore shows more recent and realistic results than
in some relatively outdated datasets. Furthermore, by using these two methods together it
would be possible to consider other factors on BD loss, for example, to study more in-depth
effects on BD from water and air pollution. In addition, such integration could also promote
the proliferation of RA practices over CA due to more precise and discernible results on BD
on agricultural systems where RA practices have been used. Overall, the integration of
eDNA metabarcoding to improve BD assessment in LCA for RA may also align with the
first and fourth best practice recommendations for improving LCA from Curran et al. (2016),
which related to applying a multidimensional approach to LCA indicators and determining
the values of different land use practices, demonstration environmental and economic
benefits for RA, encouraging farmers to adopt RA practices. All of these have a wide
perspective for future implementation and can contribute to improving on-farm BD globally
and in Finland particular. This thesis complements the “Vision and Action Plan for 2022-
2025” in Finland, which is part of the “European Biodiversity Strategy for 2030 and can be

useful for its further optimization.
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