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The increased demand for bio based products worldwide provides an opportunity for
Eastern European countries to increase their production in agriculture and forestry. At
the same time, such economic development must be congruent with the European
Union’s long-term climate and biodiversity objectives. As a country that is rich in
bioresources, the Latvian case study is highly relevant to many other countries—
especially those in Central and Eastern Europe—and faces a choice of transition
pathways to meet both economic and environmental objectives. In order to assess the
trade-offs between investments in the bioeconomy and the achievement of climate and
biodiversity objectives, we used the Functional Land Management (FLM) framework
for the quantification of the supply and demand for the primary productivity, carbon
regulation and biodiversity functions. We related the supply of these three soil functions
to combinations of land use and soil characteristics. The demand for the same functions
were derived from European, national and regional policy objectives. Our results showed
different spatial scales at which variation in demand and supply is manifested. High
demand for biodiversity was associated with areas dominated by agricultural land
at the local scale, while regional differences of unemployment rates and the target
for GDP increases framed the demand for primary productivity. National demand
for carbon regulation focused on areas dominated by forests on organic soils. We
subsequently identified mismatches between the supply and demand for soil functions,
and we selected spatial locations for specific land use changes and improvements in
management practices to promote sustainable development of the bio-economy. Our
results offer guidance to policy makers that will help them to form a national policy that
will underpin management practices that are effective and tailored toward local climate
conditions and national implementation pathways.

Keywords: agriculture, biodiversity, central and Eastern European countries, climate regulation, forestry,
functional land management, primary productivity, soil functions
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INTRODUCTION

The increasing demand for high-quality food and fiber and
the simultaneous reduction in greenhouse gas emissions is a
major global challenge. Our global resources determine social
and economic development, and, as such, their sustainable
management increases long-term benefits. Accordingly, the
United Nations formulated 17 Sustainable Development Goals,
aimed at ending poverty, protecting the planet, and ensuring
peace and welfare (United Nations General Assembly, 2015).
Additionally, an essential objective for human beings is the
transformation toward net zero emissions by increasing the
sequestration capacity of soils, and by changing the technologies
and raw materials of commodity production.

In the context of combatting climate change, the Paris
Agreement requires each Party to define its “commitment,” and
submit a national implementation plan for international peer-
review (UN, 2015; EU, 2018). The European Union (EU) has set
a target to cut its greenhouse gas (GHG) emission levels by 43%
from the Emissions Trading System (ETS) sectors and 30% from
the non-ETS sectors until 2030, compared to 2005 (EC, 2014).
However, this overall target is distributed asymmetrically across
Member States, depending on their economic development and
the structure of their economy. The associated contemporary
challenge for EU countries is to decouple emissions from
production. Emission reductions are particularly challenging
for the bio-economy (i.e., the agriculture and land use, land
use change and forestry sectors). For instance, afforestation
and wetland restoration reduce agricultural production while
increasing carbon sequestration and storage, but may result in
higher imports of food and feed (Eory et al., 2018).

Particularly challenging in operationalization of land use
and land management planning is the reconciliation of long-
term national and regional policy objectives with the myriad
of strategic and tactical farm management decisions that are
made by thousands of individual land managers on a daily
basis. Actors in land management typically have different and
sometimes contradictory views (Dingkuhn et al., 2020; Pinillos
et al., 2020), which calls for an integrated approach in order to
support knowledge-based decisions to link land use management
at local scale and territorial planning at regional or national
scale. There is a growing awareness of the need for better
rural planning, protection of ecosystem services and innovative
economic models to ensure environmental and socio-economic
development (van Leeuwen et al., 2019). There is a growing
awareness of the need for better rural planning, protection
of ecosystem services and innovative economic models to
ensure environmental and socio-economic development (van
Leeuwen et al., 2019), and in this context, spatial information
on ecosystem services or the benefits that people obtain from
the ecosystems can support eligible land management decisions
(de Groot et al., 2010).

Soil is the resource that underpins all of the functions that
we expect from our land. It provides food, fiber, raw materials,
and storage, transportation and filtration functions, as well as a
platform for human activities, heritage, and a habitat and gene
pool (The European Parliament, 2006). The capacity of soils

to produce plant biomass is considered to be one of the most
important soil functions, it is also associated to the growing
demand for food security, energy and adaptation to climate
change (Mueller et al., 2010). Also, the soil layers to 1 m depth
can be either a significant sink or source of atmospheric carbon
and play a major role in the global carbon budget, due to soil
organic carbon degradation to inorganic forms (Taghizadeh-
Toosi and Olesen, 2016). The Communication (COM(2006) 231)
of the European Commission emphasizes the importance of soil
functions; however, there is currently no overarching legislative
proposal for protecting soils across the EU (EC, 2006).

In this context, soil management practices represent the
operationalization of land management practices (Schulte
et al., 2015), and this has been captured in a number of
conceptual approaches to evaluate the supply of soil-based
ecosystem services (e.g., Dominati et al., 2010; Calzolari et al.,
2016; Greiner et al., 2017). These conceptual approaches for
classifying, quantifying and estimating soil natural capital use
soil properties as the main characteristic and can be used to
determine the impact of soil properties, farming practices and
soil management on the provision of ecosystem services. The soil-
based multifunctional framework Functional Land Management
(FLM), can subsequently be used to optimize the supply of soil
functions (namely primary productivity, water purification and
regulation, carbon sequestration and regulation, the provision
of habitats for biodiversity, and the provision and cycling of
nutrients) to simultaneously meet agronomic and environmental
demands (Schulte et al., 2014). Based on a literature review,
Coyle et al. (2016) expanded the FLM and developed conceptual
models and soil matrices to visualize the interrelationships
between land use, soil type and soil functions. The pedological,
physical, chemical, and biological soil properties and land use
determine the ability of soils to perform the aforementioned soil
functions simultaneously. The FLM approach highlights spatial
mismatches between the supply and demand, and can thus be
used to identify priority areas for intervention (Schulte et al.,
2015). It can show synergies and trade-offs between the soil
functions, allowing for the identification of interventions that
maximize synergies where required (O’Sullivan et al., 2015).
The European Research Project LANDMARK1 used the FLM
framework to develop tools for farmers and policy makers on
the sustainable management of soils by optimizing the supply
of soil functions at the farm scale to provide an assessment of
policies to ensure agronomic and environmental sustainability
at the European scale. This current study contributes to further
debates on the trade-offs between the supply of soil functions and
the achievement of socio-economic and environmental objectives
in two ways. First, as the original study by Coyle et al. (2016)
was limited to the Atlantic climatic zone of Europe, which
is dominated by grassland and livestock farming system; the
current study of Latvia is chosen as a relevant Eastern European
case study for quantifying the contribution of soil functions in
the continental climate, which is characterized by a mosaic of
cropping systems, mixed farming systems and forestry. Second,
the mismatches between the demand and the supply of soil

1http://www.landmark2020.eu
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functions provides an opportunity to introduce land use changes
and management practices that will ensure regional development.

The aim of our study is to identify regional opportunities
for meeting national bioeconomic, climate mitigation, and
biodiversity targets by assessing the spatial distribution of
both the societal demands and the supply of soil functions
in Latvia, as a function of land use and soil properties.
The identification of the supply and the demand of soil
functions spatially and the understanding of their mismatches
and opportunities can provide entry points for regional land
use changes and management practices to achieve national
socio-economic objectives and international environmental
commitments simultaneously.

MATERIALS AND METHODS

Study Area
Latvia is a country in Baltic region located in north-eastern
Europe (Figure 1) where bio-based industries play a pivotal

role in the economy, and it is a contemporary and highly
relevant national case study for territories where these global
challenges collide.

The traditional bioeconomy sectors, i.e., agriculture, forestry,
fisheries, food industry, and wood industry in Latvia is 9.2%,
which is twice as high as the EU-27 average in 2017 (4.6% of total
value added). Within the bioeconomy sector, the contribution of
agriculture, forestry and fishing to the bioeconomy value added
is 41% in the EU and 44% in Latvia (Eurostat, 2020). A specific
challenge for the sustainable development of the agriculture
and forestry in Latvia, is that the expansion of the agricultural
sector can cause an undesirable increase in GHG emissions and
harm biodiversity, while the alternative of extending the scale of
afforestation will not always give an immediate contribution to
economic development. Instead, expansion of the forestry area
is considered a long-term investment into the economy. For
instance, one of the most common and valuable tree species
Pinus Sylvestris has a rotation length of about 100 years (The
Parliament of the Republic of Latvia, 2012). At the same time,
the forestry sector offers significant benefits such as the local
provision of habitats for biodiversity, the protection of soil

FIGURE 1 | The location of the study area.
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from erosion, the safeguarding of water and air quality and
the provision of forest-based food (including wild berries and
mushrooms), fiber and recreational services. Therefore, whilst
the expansion of the agricultural area can give an immediate
short-term boost to the economy, the expansion of forestry
contributes to the achievement of long-term climate targets.
These trade-offs between the short- and long-term objectives,
including increased biomass production, the use of bioenergy,
and carbon sequestration and storage, play an important role
in scenarios for climate change mitigation. For instance, it will
be challenging to meet long term climate targets while avoiding
food-fuel competition without an increase in the use of bioenergy
(Ekonomikas ministrija, 2018).

Another challenge that is specific to the Latvian case, and
indeed to many Eastern European countries, is that its economic
and agricultural activity decreased dramatically after 1990 in
response to geopolitical events. As a result, agricultural activity, as
well as associated GHG emissions were very low by the year 2005,
which subsequently was chosen as the reference year for EU GHG
policies, for reasons unrelated to the evolution of agriculture in
Eastern Europe. By 2005, Latvia was slowly starting to recover
its economic activities (Figure 2). Two possible way to increase
production in the agricultural sector are: (1) re-using abandoned
areas to expand the agricultural area or (2) producing high value-
added bioproducts. As agricultural GHG emissions are coupled
to agricultural activity, this means that it is very difficult for
agriculture to reach its potential for primary productivity that it
had previously, without breaching EU GHG emission targets that
had their baseline set at 2005.

The quest for solutions is further complicated by the fact
that climate smart land management is not the only societal
demand put on our land. We also expect it to provide habitats
for biodiversity, as well as to deliver on nutrient cycling, water

purification and carbon sequestration (Mueller et al., 2010;
Schulte et al., 2014, 2019).

Generic Research Approach
We adapted the FLM framework and selected three out of
five soil functions that are most relevant to the Latvian agro-
environmental context: primary productivity, carbon regulation,
and the provision of habitats for biodiversity (hereafter referred
to simply as “biodiversity”) (Step 1 at Figure 3). The two
remaining soil functions that were included in the original
FLM framework, i.e., water purification and the regulation and
provision and cycling of nutrients, were not included in this
research because of: (1) the lack of spatial data on manure at
national scale and (2) the positive endorsement of good water
quality in the surface water bodies in Latvia: in 2018, the annual
average nitrate concentration in the surface water bodies did not
exceed the limit of 11.3 mg nitrate-N per L as defined by the EU
Nitrates Directive (LVĢMC, 2018).

The FLM framework is used to assess the supply of soil
functions as a function of land use and soil class, where soil
class is based on the local soil property that most predominantly
defines the interactions between land-based production and
the environment. For instance, in Ireland the dominant soil
property is the natural drainage capacity of the soil (Coyle
et al., 2016), while in the Philippines and Brazil it relates to
topography (Dingkuhn et al., 2020; Pinillos et al., 2020). In Latvia,
organic soils are important due to the fact that organic soils
can be a carbon sink or emitter, depending on land use and
management practices. On the one hand, agricultural production
in 2016 from organic soils was only 3.7% of the total agricultural
production in Latvia (Pilvere et al., 2017), but, on the other hand,
organic soils play an important role in Latvia’s national emission
budget, because 50% of direct N2O emissions originate from

FIGURE 2 | Area of tilled land (thousands of ha), number of cattle (thousands of heads) and annual GHG emissions (kt CO2 equivalent) for Latvia (NIR, 2018).
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FIGURE 3 | Diagram of methodological steps followed to map the supply and demand of selected soil functions.

the management of organic soils (NIR, 2018). Therefore, for our
study we chose the gradient from mineral to histic soils as the
main soil property in Latvia.

An overview of the methodological steps, workflow, data used
and data processing is summarized in Figure 4. We first identified
the relevant literature and policy documents for assessment of soil
functions (Step 2), then selected supply and demand indicators
for each soil function (Step 3), converted the values of indicators
to z scores similar to Schulte et al. (2015) to derive normalized
weighting for each indicator, and applied the tabular index
approach used by Greiner et al. (2018) (Step 4). The description
of data and databases used to indicate the values of indicators
are provided in the next sections. Then we calculated supply and
demand for each soil function at polygon level in R 3.5.1 (Step
5) and generated supply and demand maps at hexagon level in
ArcMap 10.3.1. by using weighted averages of land use area and
index of each soil function (Figure 4) (Steps 6 and 7). Based on
the balance between supply and demand for each of the functions,
we aggregated the difference between supply and demand maps
to identify opportunities and trade-offs between soil functions
(Step 8). The detailed descriptions of the selection process of
indicators and the calculation of indices are provided in the next
sections and in the Supplementary Material.

Land Use Data
The total area of Latvia is 64,600 km2, with forest land and
agriculture occupying 52%2 and 36%3 of total area, respectively.
We derived land use data for Latvia from the project, “Evaluation
of the land use optimization opportunities within the Latvian

2https://www.vmd.gov.lv/lv/
3https://www.vzd.gov.lv/lv/

climate policy framework” (funded by Joint Stock Company
“Latvia’s State Forests”), which has provided an in-depth socio-
economic analysis of agricultural and forestry land in Latvia
(Nipers, 2019). Within this project, a database was created using
the following datasets:

• An agricultural spatial dataset at scale 1:5,000 from the
Rural Support Service (RSS), the Ministry of Agriculture4.
This dataset shows all agricultural land polygons with
detailed information of the area, crop type, and farming
system held by farmers who have applied for support
payments from the EU.
• A forest spatial dataset at scale 1:10,000 from the State

Forest Service (SFS), the Ministry of Agriculture5. The SFS
is responsible for the implementation of forest policy in
Latvia. Also, it provides quality control of forest inventory
data, and maintains the State Forest Register. This dataset
includes detailed forest information for each inventoried
forest data polygon: forest type, age of forest stand, main
species in forest stand, and restrictions in forest stand.
• A land use and land holder spatial dataset at scale

1:2,000 from the State Land Service (SLS), the Ministry
of Justice6. The SLS operates the National Real Estate
Cadastre information system, and the spatial dataset from
this system includes information about property, holder,
land area, land use, value, encumbrances, buildings and
their elements. Land use distribution within one property
is given as a percentage of the total area of property. The

4http://www.lad.gov.lv/lv/
5http://www.vmd.gov.lv/lv/
6https://www.vzd.gov.lv/lv/
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FIGURE 4 | Hierarchy of data calculation and visualization levels: (A) evaluation of supply—(B) polygon (calculation)—(C) hexagon (visualization).

polygon data from SLS was intersected with agricultural
dataset to determine the abandoned agricultural land by
using ArcMap 10.3.1.
• The CORINE Land Cover data base7 at scale 1:100,000

was converted from raster to polygon by using ArcMap
10.3.1., and then intersected with a forest dataset to identify
spatially uninventoried forest polygons.
• A land reclamation map at scale 1:10,000 from the State

Limited Liability Company “Ministry of Agriculture Real
Estate”.8 Data shows the drainage status of agricultural
fields. The vector data from the land reclamation map was
intersected with agricultural land polygons to find overlaps
between drainage and agricultural fields to define “drained”
or “not drained” status by using ArcMap 10.3.1.

The database consists of 4.4 million polygons for agricultural
land use and 2.3 million polygons for forestry land use. The
database is static and represents the situation in 2016. Due to
the high data resolution and data processing and visualization
capabilities, the territory of Latvia was subsequently divided into
68,408 hexagons of 100 ha each, as developed by Nipers (2019).

Using the aforementioned database for this study, agricultural
land was divided into arable [grain, oilseed, pulses (GOP),
vegetables, perennial plantations, other crops], grassland, and
abandoned agricultural land. Forest land was divided into
managed and natural forests. Forests which forbid economic
activities, main felling, or thinning activities were classified as
natural forests. Forests without restrictions, or those in which
clear felling or economic activities are forbidden only during the
animal reproduction season were classified as managed forests.
Depending on the main wood species, managed and natural
forests were subsequently subdivided into managed coniferous,

7http://map.lgia.gov.lv/
8https://www.melioracija.lv/

managed deciduous, natural coniferous, and natural deciduous
forests (Figure 5).

Soil Data
We utilized the agricultural soil data from digitized historical
soil maps at the scale 1:10,000, based on soil mapping carried
out from 60s to 80s, to add soil type to each agricultural land
polygon. Currently, this is the main agricultural soil data source
in Latvia9. Data about forest soils was extracted from the State
Forest Service spatial dataset at scale 1:10,000 for each forest
land polygon, considering the forest type and growth conditions
as main factors to determine soil type in forest land. Soil data
was used to create mineral, drained organic, and organic soil
classes, in accordance with the Latvian Soil Classification and
the World Reference Base (WRB) for Soil Resources (IUSS
Working Group WRB, 2015), with the depth of the organic
layer as the main classification criterion. In the Latvian Soil
Classification, the peat layer in organic soils ranges from 30 to
50 cm or more, corresponding to Fibric Histosols, Dystric Histic
Gleysols, Hemic Histosols, Sapric Histosols and Histic Gleysols
from the WRB. The mineral soil category included mineral and
wet mineral soil types, which are found on artificially drained
agricultural land (no organic layer) and naturally drained forest
lands (organic layer less than 30 cm in depth). The drained
organic category included artificially drained organic soils that is
used for agricultural purposes (organic layer from 30 to 50 cm
or more than 50 cm) and artificially drained mineral (organic
layer smaller than 20 cm), as well as artificially drained organic
soils (organic layer more than 20 cm) that are found in forest
lands. Finally, the organic soil category included soil types found
in naturally wet forests which have not been affected by artificial
drainage (organic layer more than 30 cm). Natural bog areas and
peat extraction fields were excluded from the study. Figure 6

9https://geolatvija.lv/geo/p/247
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FIGURE 5 | Indicative land use map of Latvia. The percentages indicate proportional land use. For example, where forest land exceeds 50%, it means that at least
50% of the hexagon area is forested (similar to O’Sullivan et al., 2015, approach).

illustrates where mineral, drained organic, and organic soils can
be found in Latvia.

Demand Metrics for Soil Functions
We built on the approach of the LANDMARK project,
summarized in Schulte et al. (2019), in which the demands
for soil functions (or “demands on land”) were derived from
European policy objectives, quantified in the context of national
implementation. For quantification, Schulte et al. (2019) selected
demand metrics that best, albeit partially, represented the
aggregate societal demand for each of the functions. We followed
this approach with a similar assessment of EU and Latvian
policies. We first identified the relevant policies (Figure 7) and
then chose societal demand metrics for three soil functions in line
with the following criteria: (1) Demand metrics must reflect the
policy demands for each soil function; (2) Latvian datasets must
be publicly available for each of the demand metrics; (3) Data are
spatially available or could be integrated into available maps; (4)
Demand metrics must allow for regional differences in Latvia to

be manifested; (5) Demand metrics can be quantitatively linked
to the indicators for the supply of soil functions in Latvia.

Demand for Primary Productivity
The global increase in the demand for bio-based products is
allowing Latvia to once again meet its economic potential,
following the radical decline in economic activities that followed
the market changes in the 1990s. In response, the Latvian Bio-
economy Strategy 2030 (which is being developed in line with
the National Development Plan of Latvia for 2014–2020 and
the Sustainable Development Strategy of Latvia until 2030) has
defined two targets associated with the primary productivity
function: (1) an increase in added value from the traditional
bio-economy sectors, i.e., agriculture and forestry, from EUR
2.33 billion in 2016 to EUR 3.8 billion in 2030 and (2) the
provision of employment for 128,000 inhabitants. Accounting for
both targets in the bio-economy sectors, we framed the demand
for primary productivity by combining regional GDP targets
(e.g., Development Programme of Kurzeme Planning Region

Frontiers in Environmental Science | www.frontiersin.org 7 December 2020 | Volume 8 | Article 591695

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/environmental-science#articles


fenvs-08-591695 December 3, 2020 Time: 17:27 # 8

Valujeva et al. Sustainable Land Management

FIGURE 6 | The distribution of mineral soils, drained organic soils and organic soils in Latvia. Percentages indicate the proportional areal extent of each soil class
within hexagons.

FIGURE 7 | Summary of policies used for quantification of the demand.

for 2015–2020; Development Programme of Zemgale Planning
Region for 2014–2020; Development Programme of Vidzeme
Planning Region for 2014–2020; Development Programme of
Riga Planning Region for 2014–2020; Development Programme
of Latgale Planning Region for 2014–2020) and unemployment
rates at municipal level10. The Latvia—Rural Development
Programme (National) 2014–2020 emphasizes agriculture and
forestry as key economic sectors in rural areas that provide jobs
for local people, profit for rural businesses, and taxes. Therefore,
we computed a bio-economic GDP target for each region as

10https://raim.gov.lv/

a function of the projected regional compound annual growth
rate, the share of agriculture, forestry and fisheries in each
regional GDP, and the national added value target of bioeconomic
products, divided by the area of each region. Subsequently,
we applied the tabular index approach used by Greiner et al.
(2018), to create one indicator for primary productivity that
combines these regional GDP targets with unemployment rates
at municipality level (Supplementary Tables S1, S2).

Demand for Carbon Regulation
The Paris Agreement is the most recent international agreement
on mitigating climate change. The EU is participating as a
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single signatory, with its collective target asymmetrically divided
between Member States as determined by their gross domestic
products (GDP) per capita. The 2030 target for Latvia is a
decrease in emissions for the non-ETS sectors by 6% compared
to 2005, which has not yet been allocated across the various non-
ETS sectors. For the period 2021–2030, each Member State can
access credits from the land use sector through the so-called
flexibility arrangement, subject to conditions such as the no-debit
rule. This means that, for the first time in EU climate policy,
carbon sequestration may be used to contribute to meeting the
non-ETS target for emission reductions. The maximum level of
flexibility for each Member State depends on share of emissions
from agriculture; the proposed flexibility for Latvia equates to
3.6%11 of non-ETS emissions.

Demand for Biodiversity
The EU Biodiversity Strategy, the EU Birds Directive and the
EU Habitat Directive are all aimed at preserving and restoring
biodiversity at European level. Whilst these policies contain very
few quantitative targets, bird species richness and abundance
are two factors that are well monitored and studied around
Europe and that can be used as generic indicators for biodiversity
(Wuczyński, 2016; Carrasco et al., 2018). Therefore, similar to
Schulte et al. (2019), the societal demand for biodiversity in Latvia
is framed by the targets for forest bird and farmland bird indices
in the National Development Plan of Latvia for 2014–2020. The
forest bird index was 96.54 in 2017, with a 2020 target of 95 by
2020. Contrastingly, the 2017 farmland bird index stood at 87.87,
with a target of 120 in 2030. Therefore, there is a higher societal
pressure on agricultural land to augment its function as a habitat
for biodiversity, and farmland bird index can be used as a demand
metric for quantifying the demand for the biodiversity function.

Supply Metrics for Soil Functions
We considered the gradient from mineral to histic soils and
land use as the two main drivers of the supply of soil functions,
namely primary productivity, carbon regulation and biodiversity,
in Latvia. We also identified relevant supply metrics for three
soil functions that were in line with the following criteria: (1)
Supply metrics must reflect the present situation in Latvia for
each soil function; (2) Latvian datasets must be publicly available
for each of the supply metrics; (3) Data are spatially available
or could be integrated into available maps; (4) Supply metrics
must be capable of showing regional differences in Latvia; (5)
Supply metrics can be quantitatively linked to the indicators for
the demand of soil functions in Latvia.

Supply of Primary Productivity
Biomass production is determined by soil properties, climatic
conditions, and management practices. Under optimal crop
nutrient conditions, these interactions are mediated through the
plant-available water dynamics of the soil. Lower crop yields are
observed both when either the amount of available water in the
soil is low or when the soil is subject to saturation (e.g., Schulte
et al., 2012; Coyle et al., 2016; Bölenius et al., 2017). As a result,

11https://ec.europa.eu/clima/policies/effort/proposal_en

yields tend to be higher in mineral soils compared to organic
soils. In Latvia, the average annual precipitation is 703 mm, which
exceeds annual evaporation by 245 mm on average (LVĢMC,
2017). Transient waterlogging has a negative impact on crop
yields, caused by limited root development and N loss due to
denitrification and leaching (Zhang et al., 2006; Jiang et al., 2008).
In forestry systems, too, tree growth is disturbed in areas with a
high water table (Frelechoux et al., 2000; Zalitis and Indriksons,
2009; Cedro and Lamentowicz, 2011). As a result of a high water
level and a lack of oxygen and nutrients, the decomposition of
organic matter is inhibited and thus carbon rich soils are formed.
As a result, opportunities for intensive agricultural or forestry
activities are severely limited in the absence of artificial drainage.

The aforementioned factors impact on profits from farming
and forestry, and the labor-time requirements. Therefore, we
combined the indices of profit and employment, using the tabular
index approach by Greiner et al. (2018) to derive one integrated
societal supply metric for primary productivity (Supplementary
Tables S3, S4). Calculations of profit and employment were taken
from Nipers (2019).

The economic component of the index is profit. The
calculations for profit are similar for both agriculture and
forestry, and ultimately computed as incomes from sold
produce plus subsidies minus production costs (including
amortization). Subsidies are significant for Latvian farmers,
especially for medium and small farmers whose livelihood
depends on subsidies due to price fluctuations and unusual
weather conditions. Subsidies for forestry were assumed to be
zero. Unlike in agriculture, forestry investments are long-term
and profits only occur during harvesting, which takes place 2–
4 times during the rotation period of a stand (sometimes up to
100 years). In each forest stand, four different timber assortments
may be produced during harvesting, each with a different
price. Costs were computed as: the sum of stand regeneration
and management costs after final felling, harvesting costs from
final felling and thinning, administrative costs, and costs to
maintain infrastructure (forest roads and drainage systems).
Stand regeneration and management costs are expressed in per ha
units and occur only after final felling, while harvesting costs are
expressed as a product of total harvesting volume, and harvesting
costs per 1 m3 volume and are occurring both in final felling and
thinning. Administrative and infrastructure maintenance costs
are assumed to be EUR 43.6 per ha for all of the forest stands,
equating to the average value in 2017 that is provided by State
Forest Service. Profit is calculated as euro per ha per year.

The social component of the index is employment.
Employment was evaluated as a labor-time contribution
which is expressed in working hours per ha. Working hours are
calculated as a function of crop or forest type and farm size. For
instance, wheat production on large farms requires 15 h of labor
per ha (Nipers, 2019).

Supply of Carbon Regulation
Soil organic carbon (SOC) is a key indicator for soil quality; it
affects nutrient cycling, pesticide and water retention, and soil
structure maintenance (Karlen et al., 1997; Mueller et al., 2010).
Soil biota, including bacteria, fungi, plant roots and other soil
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organisms, regulate the decomposition process of residues in soil
and carbon sequestration in aggregates (Blanco-Canqui and Lal,
2004). In this context, soils play a pivotal role in regulating global
carbon fluxes. In Northern and Central European countries,
the use of drained organic soils for agricultural purposes has
contributed significantly to GHG emissions (Kløve et al., 2017).
Therefore, reducing emissions from these areas is one of the
main emission reduction measures that are available to the
combined agricultural and land use, land use change and forestry
(LULUCF) sectors.

Both the total carbon stock in soils and change thereof
are important metrics in determining the capacity of a soil to
contribute to carbon regulation. Therefore, for our evaluation
of the climate regulation function, we combined soil carbon
stock values from national studies with CO2 emission factors
for drained organic soils from the IPCC Wetlands Supplement
2013. The CO2 emission factor was developed in line with the
observation that in drained organic soils, CO2 is emitted as long
as soil is being drained or organic matter remains (IPCC, 2014).
The values were combined to create one metric, again using the
tabular index approach by Greiner et al. (2018) (Supplementary
Tables S5, S6). Carbon stock values in agricultural land were
obtained from a Latvian national study where organic carbon was
evaluated in different soil types, including mineral and organic
soil types, in cropland and grassland with no changes in land use
for at least 20 years. In this study, data from 218 plots were used
to calculate an average organic carbon stock for each soil and land
use combination. In mineral soils, the organic carbon stock at 0–
40 cm depth amounted to 83.9 ± 7.1 t ha−1 C and 89.4 ± 12.0
t ha−1 C for cropland and grassland soils, respectively, while
in organic soils, these were higher at 122.0 ± 45.2 t ha−1 C in
cropland and 208.2 ± 22.9 t ha−1 C in grassland (Bardule et al.,
2017). The average carbon stock was 97.8 ± 14.7 t ha−1 C in
afforested agricultural land (Lazdiņš et al., 2015) and 268.5 t ha−1

C in afforested organic soils (Lazdins et al., 2014). Carbon stock
values for forest soils were obtained from the joint international
demonstration project BioSoil. Data from 475 soil samples (that
were collected from 95 monitoring plots at 0–40 cm depth across
the country) were used to calculate carbon stock in forest soils.
Carbon stocks ranged from 99.06 t ha−1 C in managed coniferous
forests on mineral soil to 289.56 t ha−1 C in managed deciduous
forests on organic soil.

Supply of Biodiversity
The abundance of microbial communities in soil depends on
soil pH, C:N ratio, and concentrations of calcium and aluminum
cations (Thomson et al., 2015), and additionally interacts with
soil management; for instance, less frequent tillage in grasslands
results in higher biomass production in the root system and
a higher soil food web diversity (Tsiafouli et al., 2015). High
input agriculture, unsustainable forestry practices, and land use
intensification lead to a decrease in biodiversity and ecosystem
service delivery (de Ruiter and Brown, 2007; Sylvain and Wall,
2011; Wagg et al., 2014). In addition, land use changes from
permanent grassland and extensively managed land to annual
crop rotations is the main cause of soil biodiversity loss because

of the strong and consistent effect on the structure of soil food
web (de Vries et al., 2013).

However, due to the lack of coherent national and EU census
data, it is not possible to evaluate soil biodiversity by using
genetic or species diversity; therefore, within this study, the
biodiversity function is evaluated as the quality of habitats for
birds at field level. Schulte et al. (2019) also concluded that
farmland birds are the only available indicator for measuring
the diversity and integrity of habitats at European scale. Ernst
et al. (2017) found a strong relationship between farmland and
woodland management status (managed versus abandoned) and
bird species’ richness and abundance in agriculture and forest
dominated landscapes. Landscape diversity is a strong driver
for the habitat quality for farmland and non-farmland birds,
and refers to a mosaic of arable land, forest land and field
margins with scrubs (Wuczyński, 2016; Pedersen and Krøgli,
2017; Zingg et al., 2018; Bretagnolle et al., 2019). Accordingly, we
divided the landscape in Latvia into three types: heterogeneous
landscapes, homogeneous arable (>70% of hexagon is arable) and
homogeneous forest (>70% of hexagon is forest).

We derived indices for habitat quality from the relationships
between habitat quality and land use intensity in the EU (Reidsma
et al., 2006) with a maximum value of 10, which indicates a
very good habitat quality with high potential for biodiversity,
and a minimum value of 1, which indicates poor habitat
quality. Land use intensity is characterized by discernment of
organic and conventional farming systems. Intensification of
agriculture decreases habitat quality with biodiversity scoring
34% higher in organic farming systems compared to conventional
farming systems (Tuck et al., 2014). Therefore, arable fields in
homogeneous landscapes with conventional farming practices
were assigned index 1, whereas arable fields in homogenous
landscape with organic farming practices were scored as
4. Higher habitat quality is attributed to fields located in
heterogeneous landscapes. A reduction in land abandonment and
the maintenance of landscape heterogeneity leads to improved
farmland and non-farmland bird populations (Pedersen and
Krøgli, 2017), and as such, the index for extensively managed
grasslands in heterogeneous landscapes was ranked as 10 in
line with Dickie et al. (2011) and Tsiafouli et al. (2015).
Similar to agricultural land, there are no available data for
evaluation of biodiversity in forest soils; therefore, biodiversity
was evaluated as a habitat quality for birds depending on
management intensity, forest stand age and dominant species
(Supplementary Tables S7–S10).

RESULTS

Demand for Soil Functions
The demand maps for the three soil functions, namely primary
productivity, carbon regulation and biodiversity, demonstrate
the different spatial scales at which variation in demand is
manifested; from the local scale (biodiversity) to regional scale
(primary productivity) and national scale (carbon regulation).

A higher demand for primary productivity function is
found in municipalities in which higher unemployment
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rates co-occur with higher targets for GDP growth
(Figure 8). The south-eastern region has the highest
demand of all regions in Latvia. In northern Latvia,
and in the north central part of Latvia, the demand
for primary productivity is lower, reflecting lower
unemployment rates and more modest requirements for
further economic growth.

Similar to Schulte et al. (2015) and Pinillos et al. (2020), the
demand for carbon regulation is evenly spread at the national
level, reflecting the absence of sector-specific targeting between
the non-ETS sectors such as housing, agriculture, waste and
transport (Figure 8). This inference was made because it is
currently yet unknown which production sectors and land uses

will be affected by the emission reduction target set by the
Paris Agreement.

The demand for the augmentation of biodiversity is highest in
areas dominated by agricultural land (Figure 8), most obviously
in hexagons where agricultural land occupies more than 75% of
the area. Demand is proportionally lower in hexagons dominated
by other land uses in which the Bird Index is currently already
meeting its 2030 targets.

Supply of Soil Functions
The right column in Figure 8 shows the spatial patterns of the
supply of soil functions in relation to land use and soil organic
carbon characteristics.

FIGURE 8 | Indicative maps of the normalized demand (left column) and supply (right column) for the three soil functions, from top to down: primary productivity,
carbon regulation and biodiversity.
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The supply of primary productivity is highest in managed
agricultural land areas, specifically in the central part of Latvia
and the western region. A medium supply can be found in forests
on mineral and wet mineral and drained organic soils. Low and
very low supplies are found in abandoned areas, as well as in
natural forests and managed forests on organic soils (Figure 8).

The supply of the carbon regulation function ranges from low
to very high across the country (Figure 8): the central parts of
Latvia and the south-eastern region show lower supplies of the
carbon regulation compared to other regions. The western part
of Latvia shows a higher supply, while the north-eastern region
shows a medium supply compared to other regions. Locations
with a very high supply are located in the central part of the
south-eastern region of Latvia, in the northern part of the western
region, and in the center of the north-eastern region.

Very low supplies of the biodiversity function are found
in highly intensive agricultural land use areas located in
homogeneous landscapes (e.g., the central part of Latvia), in
natural forests with young and middle age stands and also in
managed forests, in forest clearance areas, and middle age and
seasoning age managed forests with white alder as the main tree
species. In extensive grasslands, abandoned areas, and extensively
managed areas located in heterogeneous landscapes, the supply
of biodiversity function is high, and also in over-seasoned and
maturity natural forest stands and in young and over-seasoned
managed forest stands (Figure 8).

Matching Supply and Demand for Soil
Functions
Based on the balance between supply and demand for each of
the functions, we aggregated the difference between the supply
and demand maps in Figure 8, into nine regions (Figure 9)
that correspond to Pilvere et al. (2015), who distinguished 14
regions to highlight the main territorial differences. Region 2
and 5 combines multiple regions from Pilvere et al. (2015),

because those areas show similarities in supply and demand
of soil functions.

Each region presented in Figure 9 has a specific balance
between the supply and demand for the three soil functions,
and hence a specific requirement for land use changes or
improvements in management practices, with a view to matching
the supply of soil functions with regional demands.

DISCUSSION

Pathways to Match Supply and Demand
of Soil Functions
Our results make explicit the discrepancies between the demand
and supply of soil functions, the latter being determined by the
gradient from mineral to histic soils as the main soil property and
the land use. Our analysis has two implications for land managers
and policy makers alike. Firstly, it underscores the notion that
it may not only be difficult, but also not necessary nor desirable
to try and maximize all soil functions everywhere; instead, the
spatial variation in the demand and supply of soil functions calls
for an optimization, rather than maximization, of soil functions.
As part of a large-scale European monitoring exercise of the
LANDMARK project, Zwetsloot et al. (2020) showed that it is
virtually impossible for individual land managers to maximize
all five soil functions simultaneously, as a result of trade-offs
between the response of the soil functions to land management
practices. However, the same date shows that it is feasible for most
farmers to simultaneously optimize at least three soil functions on
each farm, to meet functional and societal demands as defined by
Schulte et al. (2019). Thus, a regional approach allows for a more
realistic optimization of soil functions, and can thus contribute to
the successful operationalization of policy ambitions. While the
LANDMARK project (Schulte et al., 2019; Vrebos et al., 2020)
recently demonstrated the need for a differentiated approach

FIGURE 9 | Indicative map showing geographical areas of relevance to soil functions and where application of land use changes or changes in management
practices from Table 1 are applicable (PP, primary productivity; CR, carbon regulation; B, biodiversity).
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between EU Member States, our current study goes further
and illustrates the need for sub-national differentiation of land
management planning.

Secondly, there are two possible ways to such regional
optimization: targeted land use change and the introduction of
management practices (Schulte et al., 2014): indeed, Dingkuhn
et al. (2020) concluded that the combination of land use system
and management strategies is necessary to reach sustainability
in agricultural resource-use. This duality requires an integrated
approach to land use planning and the targeted incentivization
of land management practices and therefore close cooperation
between the stakeholders and the delivery of essential soil
functions from the local to the landscape scale and at the
national level. Such management of soil functions from farm
to national scale to achieve current and future socio-economic
and environmental goals is a key challenge for policy makers
(Valujeva et al., 2016). One option is to provide targeted
incentives to farmers to introduce new management practices
or to improve existing management practices in order to
jointly achieve national targets through knowledge transfer and
financial resources.

In this context, the Latvian Bio-economy Strategy 2030
was developed to guide the development for the traditional
bioeconomic sectors (LIBRA2030, 2017). This strategy must be
taken into consideration in the development of future Latvian
planning documents. Such planning documents for territorial
development were developed several years ago and ideally should
complement each other. However, in reality there is no clear
measurable connection between targets in planning documents;
as a result, they do not give a comprehensive vision of the desired
direction for development of the bio-economy. Therefore, it
is not possible to evaluate how short-term targets at regional
scale improve long-term targets at national scale. For instance,
each region in Latvia has specified targets that relate to our soil
functions, such as GDP increase, the preservation of agricultural
and forestry land use and even targeted declines in GHG
emissions in some regions. However, thus far there has been
no assessment of whether, and to what extent, these targets
will contribute to the achievement of national targets or even
international commitments. Here, we exemplify how purposeful
regional differentiation in land management practices can be
effective in meeting the demand for soil functions at regional level
and thus deliver on aggregate commitments at national level.

Improvements in the Supply of Soil
Functions
Changes in land use and land management practices that aim
to selectively increase one of the soil functions are associated
with the aforementioned trade-offs with the other soil functions.
Here, we exemplify this with 17 management practices selected
from the literature (referenced in Table 1) that are applicable
for the temperate climate zone and that positively or neutrally
affect the selected soil functions. In Table 1, we evaluate the
percentage difference of supply of soil functions before and after
the implementation of management practices, derived from these
studies, illustrating the trade-offs between increasing primary

productivity, promoting carbon sequestration and ensuring
biodiversity, and accordingly, the need for close cooperation and
knowledge transfer between land managers and policy makers
to accomplish the desired changes. For example, extensification
of grassland can increase the supply of the carbon regulation
function due to increases in carbon stocks and a decrease in
GHG emissions but at the expense of primary production, while
intensification may result in the reverse trade-off. At the same
time the maintenance or improvement of soil properties can
also lead to higher primary productivity without a reduction
in the supply of other soil functions (Taghizadeh-Toosi and
Olesen, 2016; Bharali et al., 2017). For example, many studies
have investigated the potential to increase the carbon stock in
the agricultural landscape by creating a new biomass stock for
the capture of CO2 from the atmosphere (Mäkiranta et al.,
2007; Weslien et al., 2009; Fortier et al., 2015; Taghizadeh-
Toosi and Olesen, 2016). Carbon sequestration at farm level can
be promoted by changes in farm management, such as high-
precision management of resources, minimum or no tillage, and
the diversification of crop types (de Ruiter and Brown, 2007;
Nielsen et al., 2015). The impact on other functions, however,
must be considered before instigating such changes.

Landscape diversity is the main factor for biodiversity
(Wuczyński, 2016; Pedersen and Krøgli, 2017; Zingg et al., 2018;
Bretagnolle et al., 2019) and even small changes in land use
at the farm scale can decrease the provision of biodiversity
at the landscape scale. One of the key changes that can
improve the supply of the biodiversity function is extensive land
management, for example through land use change from arable
to grassland (Taghizadeh-Toosi and Olesen, 2016) or through
the introduction of minimum or no-till management and
diversification (Nielsen et al., 2015). This diversity of potential
trade-offs and synergies necessitates the implementation of smart
land management in accordance to medium-term and long-
term targets.

Regionalized Approaches to Sustainable
Land Management
A high demand for primary productivity and carbon regulation
function with short-term returns on investments is evident in
region 9. Here, management practices number 1, 2, 5, 6, 9, 13, 15,
and 16 from Table 1 could prove most effective. Region 5 has high
potential to become a carbon sink and contribute to long-term
commitments trough optimization of land use, and therefore
management practices number 1, 2, 3, and 4 are applicable in
this region. Management practices number 6, 10, and 13 are
suitable for regions 2 and 3, where supply of primary productivity
broadly meets demand, but where additional demands are placed
to deliver on the carbon regulation function and biodiversity; in
region 8, management practice number 2 can also be applicable.
In the highly biodiverse region 7, management practices 1, 2, 5, 6,
13, 15, and 16 may increase the supply of primary productivity
and the carbon regulation function, without unduly affecting
the biodiversity function. In regions 1 and 6, the supply of
soil functions broadly matched demand, therefore management
practice number 7 (which aims to maintain supply of primary
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TABLE 1 | List of possible management practices (↑–increase; ↓–decrease;→–do not affect).

Management practice Primary productivity Carbon
sequestration

Biodiversity References

Land use change

1. Afforestation of fertile well-drained organic
soils

452% ↑ 69% ↑ 0%→ Minkkinen et al., 1999; Weslien et al., 2009;
Schrier-Uijl et al., 2014

2. Afforestation of organic soil 73% ↑ 50% ↑ 4% ↑ Minkkinen et al., 1999; Mäkiranta et al.,
2007; Ausec et al., 2009; Maljanen et al.,
2010

3. Conversion of some of the current annual
crops to grassland

38% ↓ 25% ↑ 68% ↑ West and Post, 2002; Poeplau et al., 2011;
Taghizadeh-Toosi and Olesen, 2016;
Gosling et al., 2017

4. Rewetting organic soils under grassland
leads to these ecosystems becoming
neutral or small C sinks

20% ↓ 96% ↑ 0%→ Remm et al., 2013; Maanavilja et al., 2015;
Karki et al., 2016; Renou-Wilson et al.,
2016

Farm management

5. Use of farmyard manure and green
manures along with returning crop residues

20% ↑ 16% ↑ 0%→ Taghizadeh-Toosi and Olesen, 2016;
Bharali et al., 2017

6. No-till increases fungal biomass in general,
which leads to improved soil structure that
increases infiltration and reduces erosion

2.6% ↑ 10% ↑ 21% ↑ Ogle et al., 2005; Simpson et al., 2010; Van
den Putte et al., 2010; Nielsen et al., 2015;
Martínez et al., 2016

7. Preserve existing C stocks in soils 0%→ 0%→ 0%→ Renou-Wilson et al., 2016

8. Short rotation plantation in riparian
ecosystems on rich organic soil with
periodical harvest

17% ↑ 3% ↑ 35% ↓ Laganière et al., 2010; Dimitriou and
Dominik, 2015; Strazdiņa, 2015;
Hénault-Ethier et al., 2017

9. High-precision management of nutrients,
chemistry, water, pests, and pathogens

27%↑ 0%→ No change
because no

evidence

0%→ No change
because no

evidence

Hedley, 2015; Nielsen et al., 2015

10. Minimum tillage with residue retention and
use of green manure

5% ↓ 3% ↑ 6% ↑ Chan, 2001; Ogle et al., 2005; Van den
Putte et al., 2010; Nielsen et al., 2015

11. No-tillage leads to increase in species
richness and overall density

9% ↓ 10% ↑ 21% ↑ de Ruiter and Brown, 2007

12. Reed canary grass as a bioenergy crop on
organic soils

20% ↓ 45% ↑ 23% ↑ Shurpali et al., 2009; Tavi et al., 2010;
Mander et al., 2012; Karki et al., 2016

13. Diversification of crop types, permanent
plant cover, buffer strips

10% ↑ 4% ↑ 23% ↑ McDaniel et al., 2014; Nielsen et al., 2015;
Zuber et al., 2015; Osterholz et al., 2018

14. Improved grassland management through
extensive grazing

55% ↓ 7.7% ↑ 128% ↑ Conant et al., 2001; Renou-Wilson et al.,
2016; Van Vooren et al., 2018

15. Increase groundwater level on organic soils
for shallow rooting vegetable production

7% ↑ 31% ↑ 0%→ No change
because no

evidence

Berglund and Berglund, 2010; Weslien
et al., 2012; Musarika et al., 2017; Matysek
et al., 2019

16. Application of organic amendments in
combination with inorganics in wheat
cropping system

20% ↑ 51% ↑ 0%→ Bharali et al., 2017

17. Water table management on organic soil
(keep it stable)

19% ↓ 31% ↑ 0%→ Leppelt et al., 2014; Matysek et al., 2019

productivity, the carbon regulation function and biodiversity) is
most applicable in these regions, along with the maintenance of
heterogeneity of the landscape.

Limitations
In our research, the selection of proxy indicators for
quantifying supply and demand of soil functions strongly
depends on available data which must be considered in the
interpretation of results.

The demand for carbon regulation is framed at the national
level without highlighting specific areas for intervention; as a
result, the demand for carbon regulation function has not yet

reached local levels of administration. At the same time, the
6% reduction target proposed by the EU Climate and Energy
Framework 2030 will affect bioeconomics in Latvia: most likely,
all non-ETS sectors will have to contribute to achieving the long
term climate target. For the supply of the carbon regulation
function, we only included carbon stocks in soil because of the
national data availability, and did not include aboveground and
belowground biomass, both of which also play an important
role in carbon budget. Soil is the largest terrestrial carbon
stock, and it stores approximately three times more carbon
than the atmosphere and vegetation (Ramesh et al., 2019). The
importance of sequestering carbon into agricultural soils also
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has been emphasized at the European scale, because those soils
have high potential to reduce GHG emissions and at the same
time to improve soil quality which gives benefit to farmers
(Meredith, 2019).

We assessed the supply of biodiversity using habitat quality for
bird species’ richness and abundance and land use; indeed, habitat
changes due to land use change are considered as one of the
major drivers for the decline in global biodiversity (De Baan et al.,
2013). Nevertheless, biodiversity has many dimensions at genetic,
species and ecosystem level including abundance of microbial
communities in soil, plant species richness and abundance which
should be considered in future studies.

Further Research
Farmers and foresters are expected to fulfill multiple functions
for society: to produce food, fiber and fuel and to provide
jobs for people living in rural areas whilst simultaneously
protecting the environment, preserving the landscape and
biodiversity. The EU has developed the Common Agricultural
Policy (CAP) to attract young farmers to join the profession
and to provide a sustainable and competitive agricultural
sector that ensures safe, affordable and good quality food,
while preserving biodiversity, and to mitigate the uncertainties
arising from climate change, price fluctuations in agricultural
markets, and political decision-making (EC, 2020). The proposals
for the post-2020 CAP focus on increased subsidiarity and
result-based schemes, rather than centralized activity based
interventions. The basic policy parameters, included in new
CAP, will allow for more flexibility and require national
level customization in the form of a National Strategic Plans
by each Member State that accounts for national contexts
(EC, 2017). This development offers opportunities for the
creation of targeted and effective policies for agricultural and
environmental development that will allow for differentiation
at regional level.

In the context of Latvia, such differentiation requires
further quantification of and optimization of the three soil
functions, and validation of the proposed changes in land
use and management practices, specifically for abandoned
agricultural lands that provide opportunities for win:win:win
outcomes. Abandoned agricultural land are typically naturally
overgrown with bushes; targeted afforestation of these areas
cannot only lead to long-term economic benefits, but also
create an important carbon sink of wood biomass (Hooker and
Compton, 2017), while maintaining the heterogeneity of the
landscape can have a positive impact on the bird species richness
and abundance (Pedersen and Krøgli, 2017). The territory of
Latvia is characterized by unstable climatic conditions with
intermittent occurrences of frost, drought and rain events and
shifting from crops to higher value-added products (without
financial support for investments and insurance) can lead to
financial losses. Therefore, expansion of current production is
considered a more readily achievable solution for short-term
economic returns. However, of equal importance to the design
of regional intervention packages is the identification of the
gaps between design and implementation, known as the “think-
do-gap” (O’Sullivan et al., 2017). This entails the identification

of suitable pathways for the incentivization of changes in land
use and management practices for individual land managers.
This combination of design and identification of transition
pathways may then inform national policies to optimize the
supply of soil functions and to achieve the socio-economic and
climate objectives simultaneously in the context of national and
international commitments and the new CAP.

CONCLUSION

• In conclusion, the supply and demand for soil functions
differ between regions. The supply of soil functions can
be improved by changes in land use and improvements
in management practices, but these should be applied
in accordance with regional and national targets and
commitments without undue trade-offs with the supply of
other soil functions.
• Increasing demand for bio-based products allows countries

such as Latvia, where economic development has been
impacted by various economical changes, to increase bio-
based production and exports. Trade-offs between an
increase in production and climate change mitigation play
an important role in policy decisions.
• Our results show that regions have specific suites of soil

functions depending on land use and soil classes; also, the
demand for primary productivity varies between regions
while the demand for biodiversity is locally spread, but
the demand for climate mitigation is framed for the
country as a whole.
• Regional differences define specific requirements for land

use changes or improvements in management practices. In
order to promote sustainable development of agriculture
and forestry, policy-making should consider regional
differences to achieve both socio-economic and climate
objectives. We have identified spatial locations for specific
land use changes and improvements in management
practices related to the supply and demand for the
three soil functions.
• Proposed changes to the common agricultural policy

offer the opportunity for each Member State to form an
agricultural policy at national scale to underpin agricultural
practices that are effective and tailored toward local climate
conditions and national implementation pathways.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

KV, AN, and RS conceived the idea. KV and AL
conducted the analysis. KV, AN, AL, and RS wrote the

Frontiers in Environmental Science | www.frontiersin.org 15 December 2020 | Volume 8 | Article 591695

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/environmental-science#articles


fenvs-08-591695 December 3, 2020 Time: 17:27 # 16

Valujeva et al. Sustainable Land Management

manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

This work was part of the LANDMARK (LAND
Management: Assessment, Research, Knowledge Base)
project, funded by the EU’s Horizon 2020 Research
and Innovation Program under grant agreement no.
635201 (www.landmark2020.eu). This study also was partly

financed by “Strengthening Research Capacity in the
Latvia University of Life Sciences and Technologies” (Z26)
project.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fenvs.
2020.591695/full#supplementary-material

REFERENCES
Ausec, L., Kraigher, B., and Mandic-Mulec, I. (2009). Differences in the

activity and bacterial community structure of drained grassland and forest
peat soils. Soil Biol. Biochem. 41, 1874–1881. doi: 10.1016/J.SOILBIO.2009.
06.010

Bardule, A., Lupikis, A., Butlers, A., and Lazdins, A. (2017). Organic carbon stock in
different types of mineral soils in cropland and grassland in Latvia. Zemdirbyste
Agric. 104, 3–8. doi: 10.13080/z-a.2017.104.001

Berglund, Ö, and Berglund, K. (2010). Distribution and cultivation intensity of
agricultural peat and gyttja soils in Sweden and estimation of greenhouse gas
emissions from cultivated peat soils. Geoderma 154, 173–180. doi: 10.1016/J.
GEODERMA.2008.11.035

Bharali, A., Baruah, K. K., Bhattacharyya, P., and Gorh, D. (2017). Integrated
nutrient management in wheat grown in a northeast India soil: impacts on soil
organic carbon fractions in relation to grain yield. Soil Tillage Res. 168, 81–91.
doi: 10.1016/j.still.2016.12.001

Blanco-Canqui, H., and Lal, R. (2004). Mechanisms of carbon sequestration in soil
aggregates. Crit. Rev. Plant Sci. 23, 481–504. doi: 10.1080/07352680490886842

Bölenius, E., Stenberg, B., and Arvidsson, J. (2017). Within field cereal yield
variability as affected by soil physical properties and weather variations – a case
study in east central Sweden. Geoderma Reg. 11, 96–103. doi: 10.1016/j.geodrs.
2017.11.001

Bretagnolle, V., Siriwardena, G., Miguet, P., Henckel, L., and Kleijn, D. (2019).
Local and landscape scale effects of heterogeneity in shaping bird communities
and population dynamics: crop-grassland interactions. Agroecosyst. Divers.
2019, 231–243. doi: 10.1016/B978-0-12-811050-8.00014-5

Calzolari, C., Ungaro, F., Filippi, N., Guermandi, M., Malucelli, F., Marchi, N., et al.
(2016). A methodological framework to assess the multiple contributions of
soils to ecosystem services delivery at regional scale. Geoderma 261, 190–203.
doi: 10.1016/J.GEODERMA.2015.07.013

Carrasco, L., Norton, L., Henrys, P., Siriwardena, G. M., Rhodes, C. J., Rowland,
C., et al. (2018). Habitat diversity and structure regulate British bird richness:
implications of non-linear relationships for conservation. Biol. Conserv. 226,
256–263. doi: 10.1016/J.BIOCON.2018.08.010

Cedro, A., and Lamentowicz, M. (2011). Contrasting responses to environmental
changes by pine (Pinus sylvestris L.) growing on peat and mineral soil: an
example from a Polish Baltic bog. Dendrochronologia 29, 211–217. doi: 10.1016/
J.DENDRO.2010.12.004

Chan, K. (2001). An overview of some tillage impacts on earthworm population
abundance and diversity — implications for functioning in soils. Soil Tillage
Res. 57, 179–191. doi: 10.1016/S0167-1987(00)00173-2

Conant, R. T., Paustian, K., and Elliott, E. T. (2001). Grassland management and
conversion into grassland: effects on soil carbon. Ecol. Appl. 11, 343–355. doi:
10.1890/1051-0761(2001)011[0343:gmacig]2.0.co;2

Coyle, C., Creamer, R. E., Schulte, R. P. O., O’Sullivan, L., and Jordan, P. (2016).
A functional land management conceptual framework under soil drainage and
land use scenarios. Environ. Sci. Policy 56, 39–48. doi: 10.1016/J.ENVSCI.2015.
10.012

De Baan, L., Alkemade, R., and Koellner, T. (2013). Land use impacts on
biodiversity in LCA: a global approach. Int. J. Life Cycle Assess. 18, 1216–1230.
doi: 10.1007/s11367-012-0412-0

de Groot, R. S., Alkemade, R., Braat, L., Hein, L., and Willemen, L. (2010).
Challenges in integrating the concept of ecosystem services and values in
landscape planning, management and decision making. Ecol. Complex. 7,
260–272. doi: 10.1016/j.ecocom.2009.10.006

de Ruiter, P. C., and Brown, G. G. (2007). Soil biodiversity for agricultural
sustainability. Agric. Ecosyst. Environ. 121, 233–244. doi: 10.1016/J.AGEE.2006.
12.013

de Vries, F. T., Thebault, E., Liiri, M., Birkhofer, K., Tsiafouli, M. A., Bjornlund,
L., et al. (2013). Soil food web properties explain ecosystem services across
European land use systems. Proc. Natl. Acad. Sci. U.S.A. 110, 14296–14301.
doi: 10.1073/pnas.1305198110

Dickie, I. A., Yeates, G. W., St. John, M. G., Stevenson, B. A., Scott, J. T., Rillig,
M. C., et al. (2011). Ecosystem service and biodiversity trade-offs in two
woody successions. J. Appl. Ecol. 48, 926–934. doi: 10.1111/j.1365-2664.2011.0
1980.x

Dimitriou, I., and Dominik, R. (2015). Ilgtspēj̄ıgi ı̄scirtmeta Atvasāju
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Piedāvājumā (in Latvian). Riga: The Ministry of Agriculture of the Republic
of Latvia. Available online at: https://www.zm.gov.lv/public/files/CMS_Static_
Page_Doc/00/00/01/32/80/LLU_galaatskaite_INTERREGBIO4ECO.pdf

Pinillos, D., Bianchi, F. J. J. A., Poccard-Chapuis, R., Corbeels, M., Tittonell, P., and
Schulte, R. P. O. (2020). Understanding landscape multifunctionality in a post-
forest frontier: supply and demand of ecosystem services in eastern amazonia.
Front. Environ. Sci. 7:206. doi: 10.3389/fenvs.2019.00206

Poeplau, C., Don, A., Vesterdal, L., Leifeld, J., Van Wesemael, B., Schumacher,
J., et al. (2011). Temporal dynamics of soil organic carbon after land-use
change in the temperate zone - carbon response functions as a model
approach. Glob. Chang. Biol. 17, 2415–2427. doi: 10.1111/j.1365-2486.2011.
02408.x

Ramesh, T., Bolan, N. S., Kirkham, M. B., Wijesekara, H., Kanchikerimath, M.,
Srinivasa Rao, C., et al. (2019). Soil organic carbon dynamics: impact of land
use changes and management practices: a review. Adv. Agron. 156, 1–107.
doi: 10.1016/BS.AGRON.2019.02.001

Reidsma, P., Tekelenburg, T., van den Berg, M., and Alkemade, R. (2006). Impacts
of land-use change on biodiversity: an assessment of agricultural biodiversity in
the European Union. Agric. Ecosyst. Environ. 114, 86–102. doi: 10.1016/J.AGEE.
2005.11.026

Remm, L., Lõhmus, P., Leis, M., and Lõhmus, A. (2013). Long-term impacts of
forest ditching on non-aquatic biodiversity: conservation perspectives for a
novel ecosystem. PLoS One 8:e63086. doi: 10.1371/journal.pone.0063086

Renou-Wilson, F., Müller, C., Moser, G., and Wilson, D. (2016). To graze or not
to graze? Four years greenhouse gas balances and vegetation composition from
a drained and a rewetted organic soil under grassland. Agric. Ecosyst. Environ.
222, 156–170. doi: 10.1016/J.AGEE.2016.02.011

Schrier-Uijl, A. P., Kroon, P. S., Hendriks, D. M. D., Hensen, A., Van Huissteden,
J., Berendse, F., et al. (2014). Agricultural peatlands: towards a greenhouse gas
sink - a synthesis of a Dutch landscape study. Biogeosciences 11, 4559–4576.
doi: 10.5194/bg-11-4559-2014

Schulte, R. P. O., Bampa, F., Bardy, M., Coyle, C., Creamer, R. E., Fealy, R., et al.
(2015). Making the most of our land: managing soil functions from local to
continental scale. Front. Environ. Sci. 3:81. doi: 10.3389/fenvs.2015.00081

Schulte, R. P. O., Creamer, R. E., Donnellan, T., Farrelly, N., Fealy, R., O’Donoghue,
C., et al. (2014). Functional land management: a framework for managing
soil-based ecosystem services for the sustainable intensification of agriculture.
Environ. Sci. Policy 38, 45–58. doi: 10.1016/J.ENVSCI.2013.10.002

Schulte, R. P. O., Fealy, R., Creamer, R. E., Towers, W., Harty, T., and Jones, R. J. A.
(2012). A review of the role of excess soil moisture conditions in constraining
farm practices under Atlantic conditions. Soil Use Manag. 28, 580–589. doi:
10.1111/j.1475-2743.2012.00437.x

Schulte, R. P. O., O’Sullivan, L., Vrebos, D., Bampa, F., Jones, A., and Staes, J.
(2019). Demands on land: mapping competing societal expectations for the
functionality of agricultural soils in Europe. Environ. Sci. Policy 100, 113–125.
doi: 10.1016/J.ENVSCI.2019.06.011

Shurpali, N. J., Hyvönen, N. P., Huttunen, J. T., Clement, R. J., Reichstein, M.,
Nykänen, H., et al. (2009). Cultivation of a perennial grass for bioenergy on
a boreal organic soil - carbon sink or source? GCB Bioenergy 1, 35–50. doi:
10.1111/j.1757-1707.2009.01003.x

Simpson, R. T., Frey, S. D., Six, J., and Thiet, R. K. (2010). Preferential accumulation
of microbial carbon in aggregate structures of no-tillage soils. Soil Sci. Soc. Am.
J. 68, 1249. doi: 10.2136/sssaj2004.1249
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