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Abstract

Soil functioning contributes to the delivery of a vast range of ecosystem goods
and services, and ecosystem health is therefore reflected by the capacity of the
soil to perform underlying functions. Soil organic carbon (SOC) is a key indica-
tor for soil quality as it is an integral driver of many soil functions and associ-
ated ecosystem services. Across the globe, SOC stocks are declining due to
expanding agriculture and unsustainable practices. Awareness of the fact that
soil is a non-renewable resource and its functioning important for all life on
Earth is increasing, especially among policymakers. As such, goals for the pres-
ervation and restoration of SOC are formulated in policies under the European
Green Deal. However, the evaluation of these goals at the European level is
hampered by a non-harmonized diversity in national SOC monitoring strate-
gies. While some SOC indicators can be useful for the evaluation of most pol-
icy goals (i.e., baseline and potential SOC stocks), additional and contrasting
SOC data are often required for the evaluation of the goals formulated by the
different EU directives. This study provides an overview of five ongoing SOC
monitoring programmes across Europe and discusses how national pro-
grammes may be aligned to evaluate goals at the EU level. Five countries with
very different soil monitoring programmes were included in a case study to
illustrate the potential for harmonization and standardization of SOC assess-
ment. Based on this study, we conclude that SOC monitoring strategies can be
harmonized, but not standardized. We further suggest five sampling strategies
that have potential for harmonization under the proposed Directive on Soil
Monitoring and Resilience.
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1 | INTRODUCTION

1.1 | Importance of soil organic carbon
for soil health and ecosystem functioning

If soil biodiversity is the engine, soil organic carbon
(SOC) is the fuel.

Soil science is at the crossroads of many scientific disci-
plines that aim to address urgent environmental chal-
lenges related to climate change, biodiversity preservation,
water and food safety and security. This is because soil is
the largest carbon (C) sink on Earth and can contribute to
a range of ecosystem services that in turn help to address
needs, such as the provision of food, nutrient cycling, cli-
mate regulation, sequestration of atmospheric carbon diox-
ide (CO,), flood regulation, habitat for organisms, water
purification and soil contaminant reduction (FAO, 2015;
IPCC, 2022). Following the renewed EU Soil Strategy
(COM (2021) 699), the protection of soil functions has
garnered much attention from the European Union.
Common principles for protecting soil functions against a
range of threats were manifested there in with the objec-
tive to protect the soil while using it sustainably, through
the prevention of further degradation, the preservation of
soil functions and the restoration of degraded soils.

Soil organic matter (SOM) supports the development
of soil structure and the formation of stable aggregates
(Beare et al., 1994; Waters & Oades, 1991) and improves
the infiltration and the storage of water and nutrients
(Jones et al., 2005). These characteristics render the mon-
itoring of SOM highly meaningful to evaluate soils
regarding their potential capability (soil quality) and
actual capacity (soil health) to deliver ecosystem services
(Faber et al., 2022; Martinez et al., 2008). It has been long
recognized that soil organic carbon (SOC), a major com-
ponent of SOM, is the most often assessed soil quality
indicator and a key component of any terrestrial ecosys-
tem (Batjes, 1996) and that storing more C improves soil
health and ecosystem functioning. Moreover, SOC pro-
vides energy for all soil processes and thus is a funda-
mental entity. The World Soil Charter (FAO, 2015)
highlights the importance of soil as ‘a key enabling
resource, central to the creation of a host of goods and
services integral to ecosystems and human well-being’.
However, in major parts of the world, SOC stock is
declining due to expanding and unsustainable agricul-
tural practices (e.g., Sleutel et al., 2003), resulting in,
among others, decreasing crop yields and soil health and
increasing atmospheric CO, emissions. Soil health can be
improved by, for example, implementing management
options that foster an increase in SOC content, or pre-
serve an existing stock, in particular soils of already high
SOC content. A potential increase in SOC stock is,
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 Soil organic carbon (SOC) is the most often
assessed soil quality indicator.

« Five monitoring programs across Europe are
compared with regard to soil sampling and
SOC analysis.

« SOC monitoring strategies can be harmonized,
but not standardized.

« We suggest sampling strategies with the poten-
tial for harmonization under the Soil Monitor-
ing Law.

however, ‘not a matter of climate change mitigation at
first’ (Deluz et al., 2020), but it is essential for the func-
tioning of a soil as ‘cornerstones of ecosystem services’
(Deluz et al., 2020; Hooper et al., 2005). Eventually, soil
functioning and soil health largely depend on SOC con-
tent (Bunemann et al., 2018; Lal, 2006).

Soil is a non-renewable resource. Therefore, changes
in soil health indicators should carefully be monitored to
avoid further degradation due to human activities
(McBratney & Field, 2015). In addition, increases in SOC
stocks are slow and relatively small compared to the total
stock and are therefore hard to establish. Consequently,
long-term SOC monitoring in combination with model-
ling potential evolution of SOC stocks is essential to
inform policy and decision-makers on the soil's status
and its capacity to help solve urgent environmental
challenges.

To this end, this study presents an overview of
selected SOC monitoring programmes across Europe that
include SOC measurements and discusses how to align
national programmes for pan-European assessments of
soil health in view of the objective of the European Soil
Strategy that all European soil ecosystems shall be in
healthy condition by 2050.

1.2 |
policy

Soil organic carbon in European

The Common Agricultural Policy (CAP) has a major influ-
ence on the soil management activities of Member States
as they subsidize sustainable agricultural practices
(CAP, 2022). Each Member State implements the CAP
with a strategic plan at the national level (see CAP, 2023).
This national plan targets the specific needs of individual
countries and is expected to simultaneously contribute to
the ambitions of the European Green Deal. The preserva-
tion and restoration of SOC has also been formulated in
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Structure of the EU Strategies and Directives that have formulated a goal for the preservation and restoration of soil organic

carbon (SOC) and the SOC data required for a quantitative evaluation of the actual impact of actions. Arrows to the EUSO Platform indicate
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different EU Strategies, for example, Farm2Fork Strategy,
EU Climate Adaptation Strategy, EU Pollution Action
Plan, EU Biodiversity Strategy, EU Energy Strategy and
the new EU Soil Strategy, all with specific objectives
stated for the year 2030 (Figure 1). These strategies for-
mulate pathways on how to reach the goals set by the
EU Green Deal. For example, the EU Climate Adapta-
tion Strategy has formulated a plan for ‘how the EU can
adapt to the unavoidable impacts of climate change and
become climate resilient by 2050’. Strategies formulate
descriptive principal objectives and goals are formu-
lated according to the SMART-principle in the EU
Directives (see https://www.oecd.org/regreform/
policyconference/46528683.pdf for a description of the
SMART-principle). The European Commission formu-
lated the European Climate Law that aims to cut green-
house gas emissions by at least 55% by 2030 compared to
1990, and the goal is to reach climate neutrality in the EU
by 2050. Additionally, the Agriculture, Forestry and Other
Land Use (AFOLU) sector should be climate-neutral by
2035 and moreover sequester CO, after 2035. EU Member
States committed themselves to these goals in a declaration
of the United Nations Framework Convention on Climate
Change (UNFCCC). Key soil quality indicators, such as
SOC, will be monitored by Member States and by the EU
for evaluation of the actual impact of the aforementioned

strategies and measures. The results of the EU monitoring
by the LUCAS programme (Orgiazzi et al., 2018) are dis-
played on the EU Soil Observatory (EUSO) Soil Health
Dashboard (https://esdac.jrc.ec.europa.eu/esdacviewer/
euso-dashboard/). Harmonization of monitoring pro-
grammes, that is, an agreement between EU Member
States on monitoring the same indicators in comparable
ways, is essential for a quantitative evaluation of SOC
stocks and soil health at the European level. In doing so, it
is crucial to differentiate between harmonization and stan-
dardization: in this paper, we refer to harmonization as the
EU-wide unified use of indicators on the basis of legally
binding policy, while methods of sampling and analysis
may still differ, and standardization as the unified use of
protocols for sampling and analysis methods, for example,
as described in the ISO (International Organization for
Standardization) guidelines. Harmonization between coun-
tries facilitates comparison and integration to a continental
scale, particularly if methods are standardized as well.
Standardization, however, is not required to this extent, if
translation of data can be facilitated by the use of ‘transfer
functions’. These should preferably be made transparent by
peer-reviewed publication. Despite various initiatives striv-
ing for harmonization of SOC monitoring (IPCC, 2019;
Maréchal et al., 2023; Montanarella & Panagos, 2021;
Smith et al., 2019), EU Member States tend to stick to their
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particular methods for reasons of continuity in data
sequences (Bispo et al., 2021).

The European Commission's proposal for a renewed
EU Soil Strategy is anchored in the EU’'s 2030 Biodiver-
sity Strategy, the Climate Adaptation Strategy and the
EU Action Plan. It rests on three pillars of the Green
Deal: climate, biodiversity and circular economy.
Recently, the European Commission launched soil as the
fourth pillar. Each pillar has formulated specific goals
and actions. Actions related to the preservation or resto-
ration of SOC and the data that need to be collected
include the following (Figure 1):

« EU Climate Action Plan: 55% reduction in greenhouse
gas emissions by 2030 compared to 1990 levels and cli-
mate neutrality by 2050. A monitoring strategy for
assessing long-term CO, emissions and removals by
the soil is required together with data on the effect and
trade-offs of carbon measures.

« Farm2Fork: have a neutral or positive environmental
impact while ensuring food security. The effect and
trade-offs of measures (e.g., diets) together with data
on the reuse and recycling of waste products in the
food system are required.

« EU Pollution Action Plan: improving soil health by
reducing nutrient losses and chemical pesticide use
by 50%. Data on the reuse and recycling of waste prod-
ucts (e.g., manure) into valuable products that can
return to the system are required.

« EU 2030 Biodiversity Strategy: put Europe's biodiver-
sity on a path to recovery by 2030. Data on the ecologi-
cal production units of SOC are required.

« EU Energy Strategy: renewable energy needs to
increase to 40%-45% by 2030. Harvesting of agricul-
tural waste and residues should hereby not lead to a
negative impact on the soil health and the SOC stock.
Therefore, consistent sampling of SOM is proposed
and a set of essential soil management or monitoring
practices should be applied to promote carbon seques-
tration in soils and soil health.

« EU Soil Strategy: 70% sustainably managed agricul-
tural soils by 2030 and 100% by 2050. The proposal for
a Directive on Soil Monitoring and Resilience (pub-
lished on 5th July 2023 (COM (2023) 416) and cur-
rently in negotiation by the European Parliament and
Council) includes the monitoring of SOC concentra-
tion. This stresses the need for long-term monitoring.
Evaluation of results by thresholds may be dependent
on the context of soil texture, land use and cli-
mate zone.

The evaluation of formulated goals will be enhanced
when a potential SOC stock (i.e., desired state) can be

evaluated against a baseline (i.e., starting point). There-
fore, it is important to set threshold, target and reference
values for SOC indicators (e.g., C concentration, C stock
(topsoil and subsoil), organic matter quality and SOC
evolution) at national and European levels. These values
should be assessed in context of land use, land manage-
ment and soil type (EEA, 2023; Faber et al., 2022).

1.3 | Soil organic carbon monitoring
strategies

Soil monitoring has the general goal to assess soil proper-
ties in a systematic way in order to detect spatial and tem-
poral changes (FAO/ECE, 1994). In contrast to long-term
field experiments, which are controlled systems that allow
testing of hypotheses, for example, related to management
practices and crop rotations, monitoring programmes are
usually established in order to evaluate the status of natural
or managed soils at the local or national level. These pro-
grammes exist across Europe and overviews are provided
by Jandl et al. (2014), Morvan et al. (2008), and van Leeu-
wen et al. (2017). All three studies highlight the need for
better harmonization and standardization of sampling and
analysis between countries. van Leeuwen et al. (2017) fur-
ther highlighted that the soil properties currently collected
by individual countries are insufficient as indicators of spe-
cific soil functions. In particular, the authors found that
monitoring strategies mostly involve measuring chemical
parameters and that biological and physical parameters are
underrepresented. At the European level, there are differ-
ent initiatives aiming to better align the European strategy
for SOC monitoring with current national monitoring. For
example, the European Commission has encouraged Mem-
ber States to develop a soil monitoring strategy and the
Intergovernmental Panel on Climate Change (IPCC) came
up with a systematic approach for estimating SOC stock
changes using alternate Tier 1, 2, or 3 approaches
(IPCC, 2019). Currently, the usage of these approaches is
rather heterogeneous across Europe (Smith et al., 2019).
While the Tier 1 approach to calculate SOC stocks is used
by France, Spain and the United Kingdom (Moxley
et al., 2014), Lithuania and Norway use national statistics
and the Introductory Carbon Balance Model (ICBM) model
(Andrén & Kitterer, 1997) to monitor SOC stock changes
(Tier 2). The Tier 3 approach is, for example, used in
Denmark, where the C-TOOL model is run with data on
temperature and estimated C inputs (crop residues and
manure) from national databases (Smith et al., 2019).
Montanarella and Panagos (2021) suggested that an
effective monitoring, reporting and verification (MRV)
system is necessary for the accounting of SOC stocks for
climate change mitigation purposes. A first step in that
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direction has already been made by the Land Use/Cover
Area frame statistical Survey (LUCAS) soil monitoring
system (Orgiazzi et al., 2018). However, besides the large
number of sampling points and countries included, the
programme falls short on some metadata (e.g., historic
and current land management) and the list of parameters
collected does not allow the quantification of soil func-
tions (van Leeuwen et al, 2017). More engagement
related to remote sensing tools, modelling and scenario
analysis is needed (Montanarella & Panagos, 2021).
Another ongoing initiative is to use spatial modelling to
estimate the SOC stock (e.g., Jones et al., 2005; Lugato
et al., 2015). However, such estimates require validation
with actual (point) observations taken under different
land uses, land managements and soil types. Since data
are often not collected in that context, it is currently chal-
lenging to assess actual SOC stocks at larger scales and to
implement adequate actions.

SOC measurements are often commissioned by local
or regional governments as part of broad-purpose envi-
ronmental monitoring strategies. However, for estimating
SOC stocks and monitoring changes over time, fit-
for-purpose sampling designs must be considered in
space and time (Brus & de Gruijter, 2011). Even if several
standards are available either for sampling and analysis
of organic C, bulk density and coarse fragments (see
FAO, 2020; ISO 23400, 2021), discrepancies exist between
countries, as data collection and analysis are not fully
harmonized at the European level. Because of this, in
specific cases, data acceptance is also hampered due to
the use of different sampling methods and laboratory
protocols (e.g., Jankauskas et al., 2006). Although
attempts have been made by suggesting correlation coef-
ficients between methods to harmonize datasets
(e.g., Jankauskas et al., 2006; Meersmans et al., 2009), the
assessment of SOC storage trends at the European scale
is still methodologically limited. It is therefore of high
importance to overcome this obstacle by matching both
sampling and analysis methods, in order to facilitate
comparability between countries, assist international car-
bon sequestration assessments (Jankauskas et al., 2006),
improve EU reporting to UNFCCC and evaluate the cur-
rent situation with regard to targets set in different policy
programmes for 2030 and beyond.

1.4 | Aim of this study

An inventory of SOC monitoring strategies among EU
Member States was carried out as part of two consecutive
tasks within the European Joint Program (EJP) SOIL
(www.ejpsoil.eu). The first task was stocktaking different
soil and soil management-related issues within the

- peialnigzl.qg.;‘ce Wl LEY 50f20

EU. Among others, the usage of indicators to quantify
agricultural soil management practices affecting soil
health was synthesized by Pavlt et al. (2021). The second
task was within the project ‘SIREN’ (Stocktaking for
Agricultural Soil Quality and Ecosystem Services Indica-
tors and their Reference Values), which built upon the
aforementioned stocktake aiming at establishing an
inventory of European evaluation frameworks for ecosys-
tem services and soil health in use. SIREN further took
stock of target, that is, desirable values of soil quality
indicators and identification of the knowledge needs for
pedo-climatic and agricultural system contexts. Using
questionnaires, the SIREN consortium collected informa-
tion from associated EJP SOIL partners on the national
use of soil data in the assessment of ecosystem services
and the implementation of evaluation criteria for soil
health indicator data in monitoring schemes. The full set
of questionnaires can be found in the final report of the
SIREN project (Faber et al., 2022). For the study pre-
sented here, we primarily take into account information
gathered in Section B—Ecosystem Services assessment
based on Soil Quality Monitoring. The starting point of
this questionnaire was the above-mentioned stocktake
presented by Pavlt et al. (2021) which, among others,
provided an overview of indicators used in national mon-
itoring strategies of Member States. The aim of the
SIREN questionnaire was to evaluate the use of the col-
lected data in the assessment of soil-related ecosystem
services. The questionnaire (Section B) has been circu-
lated among and sent back by the contact persons of
21 Member States involved in the SIREN project (see
Faber et al. (2022) for more details).

In this study, the SOC monitoring strategies of five
Member States were analysed to illustrate the possibilities
and limitations for harmonization and standardization
between very different existing SOC monitoring pro-
grammes. Please note that the choice of the countries
was not related to their responses related to ecosystem
services provided in the SIREN questionnaire, as this is
not the focus of this study, but rather on the details pro-
vided on the respective monitoring strategies and the
diversity among them. Another selection criterion was
that at least two monitoring campaigns had to be com-
pleted. This should ensure that monitoring strategies are
included that focus on SOC trends, enabling a better pro-
cess understanding on how different variables influence
SOC and, consequently, adding to the framework for
appropriate MRV (Smith et al., 2019). Finally, the aim
was to have a wide geographical spread across Europe,
following the main European regions (Northern, Eastern,
Southeastern, Southern, Western and Central Europe)
used by Pavla et al. (2021) and generally within the EJP
SOIL programme. Given the criteria mentioned above,
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that is, the status of monitoring schemes across Europe, a
full coverage of all regions was not possible. The shortlist
of countries that finally were included in this study
includes the Netherlands (Western), Sweden (Northern),
Estonia (Northern), Slovakia (Central) and Switzerland
(Central).

2 | RESULTS

2.1 | Evaluation of national soil
monitoring programmes at European level

Many European countries have established soil monitoring
programmes. According to the outcomes of a stocktake pre-
sented by Pavlu et al. (2021), 96% of the countries involved
(24 European countries in total) monitor SOC concentra-
tions on a frequent basis. Other parameters related to
SOM, such as SOC stock, SOM quality and SOC concentra-
tion changes over time (SOC shift), are monitored by,
respectively, 71%, 42%, and 79% of the countries. Besides
SOC being a vital soil quality indicator, the usage of the
observed values differs between countries and is certainly
determined by the overall purpose of the monitoring pro-
gramme itself (Faber et al., 2022). More specifically, the dif-
ferent approaches often include more or less complex
(crop) models, in order to estimate water- and nutrient-
related ecosystem services, or pedotransfer functions
(PTFs) for the assessment of soil quality or natural hazards.
In some cases, assessment factors are used for determina-
tion of national SOC stock changes and climate regulation
following the IPCC guidelines. Consequently, some coun-
tries use the monitoring data in national reporting and
decision-making, for example, related to fertilization limits
and strategies (Faber et al., 2022).

SOC stocks and changes represented the largest com-
monality in soil quality and soil health indicators imple-
mented in national soil monitoring programmes (Faber
et al., 2022). However, established reference or target
values for SOC could not be compared between countries
because the values refer to different land uses, soil types,
soil depths, farm types and even organic carbon types in
the case of organic soil.

2.2 | In-depth analysis on national soil
monitoring programmes: Five case studies

Following the criteria mentioned above (see Section 1.4),
five countries were selected as case studies (Table 1). In
this study, we only focus on SOC, but a list of parameters
considered in the individual monitoring programmes can
be found in Table S1.

Essential differences between countries occur already
in the sampling protocols, with variances in the pre-
scribed number of sites, area and sampling depth
(Table 1). While the Netherlands, Slovakia, Sweden and
Switzerland use coring (soil cores) for collecting soil sam-
ples, Estonia uses composite samples from soil pits
(representing the A-horizon). In terms of sampling depth,
only Sweden and Switzerland stick to a sampling depth
of 0-0.20 m for the topsoil in their national monitoring
programmes. In Switzerland, deeper depths may some-
times be sampled as well, depending on associated pro-
jects, adding to the data stored in the national
monitoring database. In Slovakia, samples are taken in
the top 0.10 m and then below the plough layer (0.35-
0.45m, depending on the layer thickness). In the
Netherlands, a topsoil sample covers 0-0.30 m depth. In
Estonia, a bulked sample covering the A-horizon is
taken. The depth of sampling consequently follows the
thickness of this horizon.

The Estonian monitoring programme was started in
1983 and has been running for 40 years (Table 1). It ran
until 1992 and was revitalized in 2002. The monitoring
schemes in Switzerland and Sweden started shortly after
that in 1985 and 1988, respectively. Slovakia started its
monitoring in 1993, and the Netherlands did the first sam-
pling in 1998, that is, 25 years ago. As for the monitoring
periodicity, Estonia, Slovakia and Switzerland are re-
visiting sampling sites every 5years. Up to now, the
Netherlands repeated sampling on a 20-year basis, but
future re-sampling campaigns aim for a shorter time inter-
val beginning with a re-sampling campaign scheduled for
2024. In Sweden, sites are re-sampled every 10 years. For
determination of changes in SOC, a period of 10 years is
usually recommended as changes may be below the detec-
tion limit when sampled in shorter time intervals
(e.g., Saby et al., 2008; Schrumpf et al., 2011; Smith, 2004).
Sampling frequency may be affected by the number of
sites and sampling density, for example, because of the
costs involved. The number of individual sites included in
the monitoring schemes is different between the countries
and varies between 30 (Estonia) and up to 2000 sites
(Sweden). This is clearly related to the sizes of the respec-
tive countries and the area of agricultural land. In Sweden,
during the first inventory, the sampling density was 1 sam-
ple per 900 ha agricultural land (Eriksson et al., 1997) and
approximately 1 per 1300 ha during the second (Eriksson
et al., 2010) and third sampling campaign. In contrast, the
sampling density in the Netherlands was about 1 sample
per 2500 ha in 2018 (Knotters et al., 2022). In Switzerland,
where roughly 35 of the 114 sampling sites are on arable
land, the sampling density is thus approximately 1 sample
per 11,400 ha. Estonia has the lowest sampling density
with 1 sample per 32,000 ha of active agricultural land. In

85U8D17 SUOWIWIOD 9AITERID 8|qedl|dde sy Aq peusenofi ae s VO Bsn JO SN 10} Akeiqi] aUljuO AB]IAA UO (SUOTIPUOD-PpUE-SWLS)/L0D A8 1M Aleld 1 put|uoy/:Sdiy) SuonipuoD pue swie 1 8yl 88s *[20z/70/.T] uo Aeiqiaulluo (1M ‘Ssousios eImmoLBY JO AIseAluN USIPOVS Ad 2/¥ET'SSB/TTTT OT/I0p/Wod A8 imAleiq 1 puljuO'S leuINo kssay/sdny woi) pepeojumod ‘Z ‘vZ0Z ‘68E2S9ET



13652389, 2024, 2, Downloaded from https:/bsssjournals.onlinelibrary.wiley.com/doi/10.1111/ejss.13477 by Swedish University Of Agricultural Sciences, Wiley Online Library on [17/04/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

‘Spue[sseIS + pue[ Sqere WOIJ 79 Pue SPUL] d[qeIe WOIJ SIS S€ )M pajdures sa)is Jo Ioquinu [e)o[,

*(S00Z “Te 32 JQ[RIg) SUOZLIOY [I0S UTRW ) SZ1I9)0eIRYD 0) pajsnipe s :&omﬂ

*(S00Z “Te 19 Yora1g) sa)1s Suriojiuow A9y Je AJ[enuue pajojiuowi dIe () pue d ‘Tv ‘Hd ‘A1soiod ‘Aisusp Jnq) sanzodoid [10s orwreusp 104
"TO0T Ul POZI[B}1ASI USY) ‘T661-E861,

*ATUO SIS MIN,

(I11 A103uLAUT) 6£0T PUE (11 A10)ULAUL) HE0T ‘(1 AT0JUAAUT) SOTE,,

*(I11 A10)U0AUT) £T0Z-0TOZ PUE ([T AI0JUSAUT) £00Z-T00T ‘(I A10JUAUT) £66T-886T :SOLIOJUIAUT I,

"(220T “Te 30 s1en0u3) (I1 A10yUdAUT) ZSTT PUE (T AT0JUSAUT) 96€ T,

"0€0C punoIe pue g0z 10J PA[NpPayds pue 10T ‘8661 Ul,

BIBAO[S ‘YIS ‘UIPIMS ‘IS ‘SPUBRLISYIDON U} “IN ‘BIUOISH ‘HH ‘PUBLIDZIIMS ‘H) :SUOIIRIAIQQY

(NZOJ) 1uswuorAug oY)
103 30JQ [eISPa] SSIMS d}
pue (HY0d) 2Imnody (0O9VN) J10MIN

10 90IFO [eIopad SurrojruoNy
$9X 07°0-0  (;W 00T) W OT X 0T P11 3 S G861  sSImS oyl 4q pajerado Aputor [10S SSImMS HD
(sons orqnday yeaors BIYRAO[S
yS¥'0-S€°0 (W $T¢) snipex £oY 1T 9} Jo JuawrdoraAd(T TeIny JO wdISAS
SO X 40T°0-0 W 0T PIM I[AII)  'ToUl) §T€ 9 S €661 pue 21MNILISY JO ATISTUTIA Sur10)TuoN [10S IS
93pamouy

pue YoIeasay [erny
UBIUOJSH JO 21U YIM

(pu UOI}BI0qE[[0d UT AOUd3y Jurrojruoux

S9K uozIoy-y 008 0T) WI 08T X 09 o€ 8 S 1£861 JUSUIUOIIAUY URIUOIST [10s eI nondy a9
swrwreidoxd
20¥'0-0C°0 (W €'87) sniper Kouady uonaa0Ig Sunoyruowr doxo

SoX 0C'0-0 W € M S[OI) p000C~ € (0] 58861 [BIUSWUOIIAUY YSIPamS pue [I0S USIpams ds

q(ZH 9°TT) oM
‘S ‘g ‘N suonoaIrp

[eurpIed
oY) ur w ¢ jo
00°T Q0UR)SIp I IN0J SpPUBLIYION
~0£°0 pue 0£'0-0 :810¢ QIYURd A} UT JUSWIUOIIAUY o) jo wexdoid
SO  UOZLIOY JIOS [OBd :866T  SUO :SAI0D JIOS AL q00TT~ +C  Jud)sIsuoduy 8661 PUE dINJONI)SEIUT JO ATISTUTIA Surdures 110§ N
P99UdI3J.1099) [wr] (s) PIRY SIS SO[24d  [saA] 9[24d> 3Ie)S uonnynsur Surpun,y swrwrexSoad Anuno)
yydop Suridures  xad eaxe Surpdures JOo 'ON popaddoig Surdures oswrwreiSoig Surroyruo

‘dn-jas Surrojruow pue suorynynsul a[qisuodsar ‘Apnis s1y) ur papnour sowwerdord Sunojiuow [0S T ATAV.L

MEURER ET AL.



MEURER ET AL.

o2 | WILEY-FR

Slovakia, sampling density is 1 site per 7500 ha in every
sampling period.

The sampling area per site is smallest in the
Netherlands (12.6 m?) followed by Sweden (28.3 m?),
Switzerland (100 m?) Slovakia (314 m®) and is largest in
Estonia (10,800 m?). In addition, the sampling set-up dif-
fers between countries. While in the Netherlands, Sweden
and Slovakia, samples are taken within a circle of 2, 3 and
10 m radius, respectively, Switzerland and Estonia chose a
squared (10 x 10 m) and rectangular (60 x 180 m) area
for sampling, respectively.

The protocol currently being followed in the LUCAS
Soil sampling is based on the FAO 2006 Guideline for
Soil Profile Description and the 2006 BIOSOIL sampling
manual (accessible at https://www.icp-forests.org/pdf/m
anual/2000/Chapt_3a_2006(1).pdf). The approach fol-
lowed in the LUCAS monitoring is very similar to the
one used in the Netherlands, that is, samples are taken
from a centre point and additional four samples at a dis-
tance of 2 m following the cardinal directions (North,
East, South and West) (Fernandez-Ugalde et al., 2017).
By doing so, the sampling represents an area of
~12.6 m*. The initial sampling depth of 20 cm (spade
depth) was increased to 30 cm, in order to reflect IPCC
requirements (Jones et al., 2021) related to reference soil
C stocks and stock change factors (IPCC, 2019).

In contrast to the sampling methods, the current soil
laboratory methods seemed to be comparable in these
countries as they follow ISO or EN standards (Table 2).
However, the analysed soil parameters differ between
countries, and while the Netherlands determine both
SOC and SOM, Estonia, Sweden, Slovakia and
Switzerland analyse soil samples for SOC only. In
Switzerland and Slovakia, the factor of 1.725 is used to
convert observed SOC into SOM. Estonia analysed SOC
and SOM up to 2018, but now only uses SOC as indicator.
Analysis of SOM is performed using ‘loss on ignition’
and following EVS-EN 12879 in the Netherlands and
Estonia used GOST 26123 (1992). For SOC, the two
methods used are ‘Walkley and Black chromic acid wet
oxidation method” (Walkley & Black, 1934), which is
used in Switzerland, and ‘dry combustion’ (ISO, 1995)
used by all five countries. In comparison, at the
European scale, soil samples collected within the LUCAS
topsoil survey are analysed for SOC by dry combustion
(Fernandez-Ugalde et al., 2022; Téth et al., 2013).

The main difference between wet and dry combustion
is that for wet combustion, the sample is normally boiled
in a closed CO,-free system with a mixture of potassium
dichromate (K,Cr,0-), sulfuric acid (H,SO,) and phos-
phoric acid (H;PO,), while during dry combustion, the
soil is heated (~1000°C) in an O, or CO,-free furnace. In
both methods, the evolving CO, is quantified by

gravimetric, titrimetric, volumetric, spectrophotometric
or gas chromatographic techniques (Nelson &
Sommers, 1996). A brief description of the individual
methods is presented in the Supplementary Material, as
well as advantages and disadvantages (Table S2). The
obtained SOC content differs depending on the analysis
method used. This can be caused by the variation in the
composition of SOM (Roper et al., 2019). As long as anal-
ysis methods are not aligned, national SOC concentra-
tions will be difficult to compare without the
development of harmonized indicators (e.g., based on
PTFs, scoring methods or other conversion functions).

In Slovakia, the analysis method for SOC has chan-
ged over time (Table 2) from the Turin method
(Kononova, 1963), which is very similar to the Walkley
and Black method, to dry combustion (since 2008). The
other countries have kept their initial method since
the beginning of the monitoring. Still, adaptation and
upgrades of the equipment have led to changes in the
methods, such as the temperature and duration of
the combustion (e.g., in Sweden; Table 2). This compli-
cates the comparison of SOC stocks over time even
within countries.

2.3 | Countries’ usage of SOC data
The usage of SOC data is strongly dependent on the aim of
the monitoring programme, but most often the data are used
for both research and policy support and are made available
to the wider public. In Switzerland, data collected by NABO
are stored in an open access database (NABODAT; https://
www.agroscope.admin.ch/agroscope/en/home/topics/envi
ronment-resources/soil-bodies-water-nutrients/nabo/natio
nale-bodeninformation/nabodat.html). The data are used
for scientific analyses on the state and development of
agricultural soils across the country (e.g, Gubler
et al., 2019; Moll-Mielewczik et al., 2023), as well as policy
recommendations and governmental reports. The database
not only includes data from NABO but also includes infor-
mation from different local-scale monitoring programmes
(e.g., soil mapping and soil monitoring). Via a geographic
information system (GIS) interface, the harmonized soil
information can be placed in a spatial context and further
processed locally (https://www.nabodat.ch/index.php/de/
service/bodenkartierungskatalog/karte). However, the rel-
atively newly developed national agency (Competence
Center for Soils—KOBO) aims to further coordinate
and standardize methods and instruments for the collec-
tion, evaluation and provision of soil information in
Switzerland.

Similar to Switzerland, Estonia stores the soil moni-
toring data in a publicly accessible database and the sites
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TABLE 2

Monitoring

Country programme

NL Soil Sampling
Program of the
Netherlands

SE Swedish soil and
crop monitoring
programme

EE Agricultural soil
monitoring

SK Soil Monitoring
System of
Slovakia

Parameter

SOM concentration
[%]

SOC concentration
[%]

SOC concentration
[%]

SOC concentration
[%]

SOM concentration
[%]

SOC concentration
[%]

SOC stock
[kg ha™']

SOC quality
(Cua/Cra, Q‘é)

Analyses

1998, 2018: loss on
ignition

1998: not measured

2018: dry combustion

Dry combustion (ISO
10694)

Adaptation in
equipment:

1988-1995: LECO
CHN 700

2001, 2003: LECO
CHN 600 at 950°C
(5 minutes)

2005, 2007: LECO CN
2000 at 1250°C
(5 minutes)

2010-2017: LECO
Trumac CN at
1350°C (5 minutes)

Since 2007: dry
combustion
elementary analysis
(ISO 10694) 1983-
1992, 2002-2018:
GOST 26123 (1992)

1993-2007: Walkley
and Black

Since 2008: dry
combustion

Calculated from SOC
concentration

Kononova-Belcikova
method

oil Sci

Carbonates

Dried (40°C), milled and
sieved (2 mm) soil
samples were stored in a
glass jar.

SOM was determined by
loss on ignition (550°C).
SOC as elemental C
following dry
combustion (550°C).

Total carbon (TC)—which
includes SOC and
inorganic carbon
(TIC)—by dry
combustion at 1150°C.

Total inorganic carbon
(TIC) up to 1000°C
(IS0, 1995).

1988-1995: pH >6.7:
treatment with 2 M HCl
prior to combustion

2001, 2003: pH >6.8:
treatment with 2 M HCI
prior to combustion

2005, 2007: pH >6.8: 550
C (5 hours) to remove
organic carbon, then
1250°C and
measurement of CO,

2010-2017: pH >6.8: 550
C (5 hours) to remove
organic carbon, then
1350°C and
measurement of CO,

1993-2007: Walkley and
Black

Since 2008: CN analyser
(Euro EA 3000)

WILEY_| 22

Parameters related to soil organic carbon determined in the different monitoring programmes and analyses used.

Calculation

TC = SOC + TIC

Samples with
CaCOas:
Corg = Ciot -
CaCO3

Samples without
CaCOs:
Corg = Ciot

(Continues)
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subtracting the
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TABLE 2 (Continued)
Monitoring
Country programme Parameter Analyses Carbonates Calculation
CH Swiss soil SOC concentration Swiss Reference Walkley and Black Corg measured
monitoring [%] Method (FAL, 1996) CN analyser (LECO True directly or
network (NABO) Humus or dry combustion Spec CN, 2010) to where

inorganic C is
subtracted from

inorganic C where C tot (dry
appropriate. The combustion).
contents of inorganic C Conversion
were determined by factors to
digestion with sulfuric recalculate wet
acid and by the oxidation
volumetric results to the
measurement of the level of the dry
produced CO, using a combustion
Scheibler apparatus method as
described by
Gubler et al.
(2019)

Abbreviations: CH, Switzerland; EE, Estonia; NL, the Netherlands; SE, Sweden; SK, Slovakia.

are visualized via a GIS interface. SOC data have been
used in developing pedotransfer functions of SOC con-
centration in mineral soils (Ritz et al.,, 2015; Suuster
et al., 2012). In addition, the data were used for charac-
terizing the organic matter composition of soil samples
using Fourier transform infrared (FTIR) spectroscopy
(Parnpuu et al., 2022). Additionally, Kmoch et al. (2021)
used monitoring data to train a random forest model for
predicting the distribution of SOC all over the country.
Nevertheless, as the monitoring sites are very scarce, this
SOC map showed a quite high uncertainty at the national
level. Soil monitoring data are also used in policymaking
and national reporting. More specifically, as soil bulk
density is also measured in the soil monitoring, the exact
estimates of SOC stocks can be calculated, as well as the
changes over time. Therefore, soil monitoring provides
the most accurate estimates of SOC stocks in mineral soil
in Estonia.

In the Netherlands, the data of the Soil Sampling
Program (SSP) of 1998 have long been used for official
reporting and as independent validation dataset to other
soil surveys and studies. This survey included 1396 loca-
tions that were selected following a stratified simple ran-
dom sampling design (Visschers et al., 2007). In 2018 and
2019, 1152 of these sampling locations could be re-sampled;
however, the results of the 1998 and 2018 monitoring cam-
paigns are not openly available at present. It is work in pro-
gress to make the 1998 data available as an online dataset
in the near future. Data of the 2018 campaign is available
in aggregated form, which means that individual farms are

not traceable. The campaign of 2018 had the aim to assess
the change in SOC content between 1998 and 2018
(Knotters et al., 2022; van Tol-Leenders et al., 2019). Data
on SOM and SOC content, texture and bulk density were
obtained in contrast to the SSP of 1998 where SOC and
bulk density were not obtained (Visschers et al., 2007). The
2018 survey resulted in an updated SOC stock map of the
topsoil (0-0.30 m) and the subsoil (0.30-1.00 m) of mineral
soil based on strata. These maps are publicly available and
can be used for other monitoring or soil assessment pro-
jects and as a basis for national policymaking. The data can
also be used for (i) further processing by a statistical model
(according to the principles of Helfenstein et al., 2022)
or (ii) the dynamic carbon turnover model RothC
(Coleman & Jenkinson, 2014) for the assessment of the
potential CO, sequestration in mineral agricultural soil
(Lesschen et al., 2021) or (iii) for reporting CO, emissions
and removals in mineral agricultural soils for the Land
Use, Land Use Change, and Forestry (LULUCF) sector in
the National Inventory Reports.

In Sweden, the data of the National Soil and Crop
Monitoring are, among others, available for initializing
the ICBM model (Andrén & Kitterer, 1997), which is fur-
ther used in the Swedish Greenhouse Gas Reporting for
estimating changes in SOC stocks in Swedish arable land
for mineral soils (Bolinder et al., 2018). As the monitor-
ing programme only provides SOC concentrations, pedo-
transfer functions are used to estimate the bulk density
based on texture and SOC, in order to be able to provide
the initial SOC stocks to ICBM. The crop and soil data
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are publicly available without spatial coordinates or on
an aggregated level (down to municipality with a mini-
mum of 10 sampling points) through a website (https://
miljodata.slu.se/mvm/aker). The crop and soil data with
coordinates both are made available for researchers upon
request (see Henryson et al., 2022; Poeplau et al., 2015).

Similarly, in Slovakia, SOC concentration data of
individual monitoring intervals are available for estimat-
ing nationwide SOC stocks on agricultural land. Related
to that, SOC data from individual soil monitoring locali-
ties were used to test the RothC model in predicting SOC
stocks on the national (Barancikova et al., 2010, 2012)
and regional level (Skalsky et al., 2020). More recently,
regional estimates of topsoil SOC stocks using SOC data
from the 2018 sampling together with stratified predictors
(altitude, land cover, topsoil texture and soil type) was
done for the 78 administrative regions, provided the most
up-to-date regional figures on the state of topsoil SOC in
agricultural soil of Slovakia (Skalsky et al., 2024). SOC
concentration data were further used to establish the
bulk density PTF model (Makovnikova & Siran, 2011).
The data are part of the Environmental Monitoring Data-
base and are used together will additionally monitored
indicators for evaluation of current state and develop-
ment of agricultural soil health (Kobza et al., 2017). SOC
data were used as the main indicator of the assessment of
the regulatory ecosystem service—climate regulation,
and as part of the assessment of the regulatory service—
immobilization of pollutants in various climatic regions
of Slovakia (Makovnikova et al., 2019, 2020). Collected
data are further reported to the Joint Research Centre
(JRC) and the European Environmental Agency (EEA)
(Kobza et al., 2017), adding to the evaluation of the actual
state and the evolution of soils at the EU level.

3 | DISCUSSION

3.1 | Soil heterogeneity and uncertainty
in SOC stock assessments

Soil heterogeneity is an obstacle to the precise determina-
tion of any soil parameter at larger scales. Regarding
SOC, concentrations vary as a function of related param-
eters, such as soil texture, landscape, drainage, plant pro-
ductivity and bulk density—parameters that themselves
also vary non-uniformly across fields and landscapes
(Conant et al., 2011) and may differ markedly between
soil on different parent materials and (historic) land uses
(Lark, 2012). Furthermore, soil-forming processes often
include different spatial scales (Miller et al., 2016). This
means that the spatial heterogeneity of SOC may occur at
a finer spatial scale than what can be endorsed by

sampling and subsequent laboratory analyses: “Two sam-
ples taken from different areas in the same field are likely
to have different SOC concentrations’ (Conant
et al., 2011), as even the sampling method has been
shown to affect the results obtained for SOC
(e.g., Francaviglia et al., 2017). Even though composite
soil samples were taken to correct for small-scale variabil-
ity, the sampling area within the field differed much
among Member States. As shown by Poeplau et al.
(2022), a higher number of soil profiles sampled also
helps to account for small-scale variability and greatly
decreases the random sampling error, but this requires
additional resources. In general, errors arising from
incorrect sampling methods are considered the largest
single source of error in the monitoring (e.g., Motsara &
Roy, 2008). The same applies to and is even more difficult
for bulk density as it is variable in space and time and
cannot be composited to smooth variability (Alletto &
Coquet, 2009).

Sampling techniques have been developed to deter-
mine the within-field variation in SOC and other proper-
ties and are often based on a grid or zones (Ladoni
et al., 2010). It has been suggested that the smallest num-
ber of samples required to provide a representative subset
of samples, while at the same time holding the costs low,
should be determined by remote sensing (e.g., Ladoni
et al., 2010).

The time between sampling campaigns strongly dif-
fered between the countries included in this study. The
soil variability is again an issue when re-sampling after
some time in the same location. This has been greatly
facilitated by use of GPS systems but it is crucial to pay
particular attention to be sure to re-sample the same loca-
tion (Jolivet et al., 2022).

In general, a period of 10 years is recommended for
determination of SOC changes in soil, as changes may be
below the detection limit when sampled in shorter time
intervals (e.g., Saby et al., 2008; Schrumpf et al., 2011;
Smith, 2004). The IPCC (2019) even suggested 20 years as
the default time period for transition between equilib-
rium SOC values. Nevertheless, the sampling cycle is
strongly dependent on the objective of the monitoring
system. In Slovakia, for example, key monitoring sites are
sampled every year, with focus only on highly dynamic
variables (bulk density, porosity, pH, Al, P and K; see
Table 1).

Moreover, the number of sampling sites, sampling
density and the financial resources influence how often
samples can be taken. In Sweden, ~2000 sites are sam-
pled and the distribution of the sites along the country is
related to the proportion of agricultural area in the
respective counties. Therefore, most sampling sites are in
the southern part of the country with extra high sampling
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density in the counties Skéne and Vistra Gotaland. In
2021, the two counties covered 39% of the agricultural
area in Sweden (SCB, 2021).

3.2 | Possibilities and limitations for
standardization of SOC indicators

With regard to the assessment of changes in SOC concen-
trations, all five countries included in this study (the
Netherlands, Sweden, Estonia, Slovakia and Switzerland)
use dry combustion as analysis method and one
(Switzerland) additionally adopts the Walkley and Black
method (Table 2). In general, the nature of the Walkley
and Black method bears the risk to underestimate the
content of SOC (e.g., Gubler et al, 2019; Sleutel
et al., 2007). This is because, even though H,SO, provides
heating for the oxidation reaction with temperatures up
to 100°C, only part of the OM in the soil reacts with the
K,Cr,0,. Sleutel et al. (2007) recommend therefore to
assess the efficiency of this method, which is usually
assumed to be 75% (De Leenheer & Van Hove, 1958), at
the regional scale and across different pedo-climatic con-
ditions. Nevertheless, Sleutel et al. (2007) found a good
agreement between dry combustion methods and wet
oxidation methods, such as Walkley and Black, for Bel-
gian soils, enabling the comparison of old and new data.
Similar to that, Barancikovd and Makovnikova (2015)
compared dry combustion and the Walkley and Black
method for Slovakian soils and found that they agreed
well for SOC contents below 3%, but that they differed at
higher SOC contents with the Walkley and Black method
underestimating SOC contents for Slovakian soils. This
fact has been confirmed by other studies, such as Meers-
mans et al. (2009) for Belgian soils. They further high-
light the importance of pedo-climatic conditions and land
use to correct the Walkley and Black method for incom-
plete oxidation. Nevertheless, correction factors have
been proposed for the Walkley and Black method for dif-
ferent regions and land uses (e.g., Diaz-Zorita, 1999;
Drover & Manner, 1975; Mikhailova et al., 2003; Santi
et al., 2006; Sleutel et al., 2007).

3.3 | Possibilities and limitations for
standardization of sampling protocols

For the prospect of harmonization, larger differences
between investigated countries exist for the sampling
method and protocol (Table 2). This lack of a common
method for soil sampling can be a serious obstacle for
reflecting European goals set by different directives
(Francaviglia et al., 2017; Stolbovoy et al., 2007). As already

highlighted by Stolbovoy et al. (2007), the slow change of
soil properties makes it challenging to ascertain soil health
changes over time, which in turn highlights the importance
of harmonized sampling methodologies between participat-
ing countries and to visit the same georeferenced sampling
points at each sampling campaign. Besides the ISO stan-
dards ISO 23400 (ISO, 2021), ISO 10381-1 (ISO, 2002a), and
10381-4 (ISO, 2002b) describing the principles for designing
soil sampling strategies and techniques, the ‘Area-Frame
Randomized Soil Sampling’ (AFRSS) has been developed
by the European Commission’s Directorate General Joint
Research Centre (JCR) (Stolbovoy et al., 2005; Stolbovoy
et al., 2007), with a specific focus on common, simple,
transparent and cost-effective methods to identify changes
of SOC in mineral soil of the EU. In addition to that, the
FAO tried to design a scheme that strongly focusses on
SOC prediction, including sampling intensity and interval,
soil layers and the position and total number of sample
points (FAO, 2012).

The choice of sampling methods when assessing the
evolution of SOC stocks and the potential for C seques-
tration is important to provide results that are reliable
and comparable and can be extrapolated to larger scales
(Lal, 2005). For example, the method of how to collect
the soil (soil cores vs. soil pits) is crucial to consider.
From a time perspective, collecting soil cores is typically
less time-intensive, therefore enabling a higher number
of samples to be collected at a greater precision in a given
time period. This is especially important in spatially het-
erogeneous sites (Davis et al., 2018). Soil pits can, in com-
parison to soil cores, easily reveal soil structure and
horizon development (Perkins et al., 2013) and can make
it easier to adjust sampling depths according to the soil
profile. However, digging soil pits produces large soil dis-
turbances and thus diminishes possibility for re-sampling
at the same location at a later time (Davis et al., 2018).
This can affect the precision of SOC estimates and, conse-
quently, SOC stocks (Perkins et al., 2013). A recommen-
dation could be to dig pits at the implementation of the
soil monitoring or when adding a new field site and sam-
ple soil cores in the following campaigns. The description
of the soil horizon is important to correctly classify the
soil, characterize the horizons and derive meaningful
sampling depths.

When sampling a large number of sites, shallower
depths make fieldwork less time-consuming and more effi-
cient as, especially in managed agricultural soils, SOC pre-
dominantly accumulates in the topsoil and the main
rooting zone (Jandl et al., 2014). In general, many studies
report data up to 0.30 m soil depth, which is the standard
IPCC depth (IPCC, 2003). Consequently, information on
subsoil and down to 1m depth is seldom available
(e.g., Meurer et al., 2018). However, SOC pools in the
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subsoil may contribute to the total soil C pool despite their
less dynamic behaviour (Lorenz et al., 2011) as SOC can be
transported to deeper soil horizons and thus contribute to
subsoil C storage (Lorenz & Lal, 2005; Parras-Alcantara &
Lozano-Garcia, 2014). In order to avoid over- or underesti-
mation of temporal SOC changes, many researchers now
advise a sampling depth of at least 1 m (e.g., Resende
et al., 2006) and even down to 2 m (Olson & Al-Kaisi, 2015).
However, the Kyoto Protocol specifies that samples should
be taken in the mineral topsoil (Stolbovoy et al., 2007),
which is what the inventories included in this study focus
on. However, the sampling depths in the topsoil range
from 0.10 m (Slovakia) to 0.30 m (the Netherlands). Sam-
pling the A-horizon (Estonia) is advantageous in terms of
the sound description of the monitoring site, for example,
soil type, structure and mineralogy, which are needed as
metadata and in addition to the frequently monitored data
(Kibblewhite et al., 2008). However, the exact determina-
tion of the pedogenic horizon can be subjective. Moreover,
this approach impedes the comparison of observations
between sites and inventories. According to Kibblewhite
et al. (2008), fixed-depth sampling ensures standardization
between sites and campaigns and allows assessment of
anthropogenic contaminants (heavy metals, pesticides,
etc.) that show a strong gradient near the surface. In prac-
tice, the sampling depth is mainly dependent on the pur-
pose of the monitoring programme. Differences in
sampling depths among European sampling strategies have
also been found in a study presented by Theocharopoulos
et al. (2001) in which 15 European soil sampling guidelines
were compared. The authors outlined the differences in soil
sampling guidelines among European countries and fur-
ther highlighted the need for harmonization. However,
even though only Switzerland is included in both studies,
namely, Theocharopoulos et al. (2001) and the one pre-
sented here, the fact that we come to the same conclusion
shows that European soil monitoring systems have not yet
succeeded to adjust sampling depths and follow a collabo-
rative approach. This step, however, may not be necessary,
let alone possible, according to Kibblewhite et al. (2008).
Enforcing a European-wide sampling depth would imply
changes in already established sampling routines of indi-
vidual existing inventories, which in turn would cause dif-
ferences in comparing the future data to the data from
previous samplings. One step towards a more harmonized
approach could, however, be the reporting of SOC data
based on the same soil mineral mass (Ellert &
Bettany, 1995), rather than based on a fixed depth (Morvan
et al., 2008; Kibblewhite et al., 2008). This approach is
already highly recommended when it comes to soil man-
agement comparisons, for example, tillage versus non-
tillage (e.g., Meurer et al., 2018). This approach implies that
soil bulk density is measured in addition to SOC, in order
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to determine changes in soil mineral mass as a result of
management or land use change. Not all inventories
included in this study currently determine the soil bulk
density as a standard measure and including undisturbed
samples in the routine will certainly increase costs, labour
and time. However, given the high value of the additional
data with regard to a more accurate determination of SOC
stocks and the harmonization prospects, this should be
considered worth the effort at the European scale.

Apart from direct measurements of SOC or SOM,
Schulp et al. (2013) recommended to include the current
and historic land use in monitoring programmes. In their
analysis, they found that the error of the SOC stock esti-
mate decreased in 60% of the studied area when land use
history was used to explain the SOC variability. Regarding
the inventories included in this study, all countries but the
Netherlands record the current and/or historic land use on
the sites sampled, but this information is available through
annually updated land use maps. In the Swedish and
Estonian monitoring, which focus on agricultural soils
only, the current crop is recorded (winter wheat, barley or
oats) and samples are taken for analysis of micro- and
macronutrients. In Sweden, general information on farm
type (animals, production and organic certificate), crop
rotation (dominated by cereals, ley or mix) and type of
manure (if regular use of farmyard manure) are followed
up through short interviews with the farmers in connec-
tion with the sampling. Estonia also collects management
data for the monitoring sites, including for the years in
between monitoring campaigns.

At present, the LUCAS monitoring is considered a
standard for monitoring at the European scale, given its
consistency in measurement and analysis techniques
across countries. A comparison over time between the
SOC data for arable land available from the three LUCAS
inventories (available upon request at https://esdac.jrc.ec.
europa.eu/resource-type/datasets) in four out of five
countries included in this study (Switzerland was only
monitored in 2015) reveals no clear trend over time for
any of the countries when considering mineral (OC <7%;
Poeplau et al., 2015; Henryson et al., 2022) arable soils
(Figure 2). A list of the land use types included in this
analysis is provided in Table S3. Besides slight differences
in the median SOC concentration between the countries,
the time between the inventories seems to be too short to
determine differences over time.

3.4 | Systematic monitoring versus long-
term field experiments

Soil monitoring is the systematic recording of soil variables
with respect to their temporal and spatial changes
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FIGURE 2
mineral arable soils in the Netherlands
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(FAO/ECE, 1994). Those systems are integral for deter-
mining trends in SOC, which in turn is an indicator of soil
conditions and soil functions and plays an important role
in climate regulation. Soil monitoring systems focussed on
changes in SOC are, however, not intended to detect or
evaluate short-term changes related to spontaneous
changes in land management or individual years of
drought. They are rather designed to observe and monitor
the impact of continuous management, as well as (perma-
nent) land use changes. This makes them especially
important for longer-term assessments (Saby et al., 2008).
Long-term field experiments (LTEs) do not usually rep-
resent the average situation on actual farms (Henryson
et al., 2022) but are idealized and controlled systems that
allow testing of hypotheses related to management prac-
tices and crop rotations. They are designed for knowledge
improvement, process understanding and scenario build-
ing, for example, in relation to changing weather condi-
tions, and are essential for designing sustainable
production systems (e.g., Grahmann et al., 2022). In that
respect, applied management is very often relatively con-
stant, in order to determine long-term effects of a specific
treatment. Spontaneous choices and adaptations that are
naturally made by the farmer, for example, in response to
weather or price changes for seeds and fertilizer, do not
necessarily apply to LTEs, which have a smaller area and
where the final crop yield is not always the main target
variable. Years of low or exceptionally high precipitation
or temperature further our understanding and improve-
ment of management options, providing the freedom of
almost extensive testing without dependence on high
yields as income security. The periodic sampling provides
priceless information regarding soil change and function-
ing, past and present dynamics and can therefore be key

2018

to better predict future conditions and serve as sources of
process knowledge and model testing (Smith et al., 2019).
As suggested by Jandl et al. (2014), LTEs ‘can serve as a
backbone for SOC monitoring’, because these experiments
help us to understand and explain soil processes, which
may help with interpreting and explaining changes in
SOC observed during the monitoring. Moreover, the
results from LTEs could be used to correct the results from
soil monitoring to an average year, that is, to better under-
stand the effect of variations in SOC stocks. Therefore,
there is a strong need for collaboration between the moni-
toring programmes and LTEs, such as the Long-Term
Field Experiments in EUROPE (https://www.bonares.de).
For example, some monitoring systems, such as the Swed-
ish Soil and Crop Inventory (https://www.slu.se/en/
research/research-excellence/research-infrastructure/da
tabaser-och-biobanker/soil-and-crop-inventory/), do not
allow the estimation of SOC stocks and SOC stock
changes, as information on the soil bulk density is not
readily available and not included in the monitoring. For
assessments on SOC stocks and stock changes, pedotrans-
fer functions are being used (e.g., Henryson et al., 2022).
Moreover, if information on (changes of the) soil manage-
ment is not included in national or European soil monitor-
ing, a better understanding of the processes driving the
SOC changes observed is hampered. An exemplary moni-
toring scheme in that respect is the French monitoring
network, which includes questionnaires to record manage-
ment practices (Jolivet et al., 2022). The five national mon-
itoring systems included in this study further showed that
soil monitoring programmes are modified over time and
that not all sampling locations can be revisited due to
changes in land use. This is why some studies rely on data
from both LTEs and monitoring programmes either in a
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completive or comparative manner (e.g., Kirchmann
et al., 2009).

4 | CONCLUSION AND
RECOMMENDATIONS

In the EU, an increase in SOC stocks by 2050 is urged
and aimed for. As SOC is a well-acknowledged soil qual-
ity and soil health indicator, most soil monitoring sys-
tems measure SOC concentrations at different temporal
and spatial intervals. Currently, LUCAS provides a de
facto standard method for soil monitoring at the
European scale, repeated at regular intervals. This can be
valuable in countries where national monitoring strate-
gies are uncertain (e.g., due to uncertain funding) or not
present at all. However, the sampling protocol has chan-
ged since the start of the programme (e.g., sampling
depths changed from 0-20 cm to 0-30 cm) and the sam-
pling sites are not all revisited (De Rosa et al., 2024),
making the detection of carbon stock changes over time
difficult. Furthermore, certain information, such as soil
management or land use history, are not monitored in
enough detail in LUCAS even though it is of high impor-
tance for understanding and interpreting observed trends
in SOC concentrations. Thus, it is essential to have more
accurate data at the national level. We therefore suggest
that data collected at the national level should be used to
complement and correct the data provided by LUCAS.

In order to answer the question of whether national
SOC monitoring strategies align with EU strategies, we
conducted a case study of five countries, namely, the
Netherlands, Sweden, Estonia, Slovakia and Switzerland.
What we found was that national monitoring strategies
strongly diverge in soil sampling methods, while there is
more agreement in the analytical methods. In order to
enable the usage and comparison of the national SOC data
at the EU level, we recommend that countries should pref-
erably follow standardized analysis methods and sampling
protocols as much as possible. However, we are aware that
standardization across countries is rather difficult and that
harmonizing data, that is, allowing comparison of data
that have been sampled in different ways, would be a first
but highly crucial step towards accurate MRV as imposed
in the proposed Soil Monitoring and Resilience Directive
and by the Soil Mission. A harmonized exercise is cur-
rently running within EJP SOIL taking profit of the
LUCAS 2022 sampling campaign.

With this in mind, we propose a set of aspects of sam-
pling strategies that require harmonization across Europe:
First, we consider soil depth the most important factor in
terms of a first step towards a more harmonized monitor-
ing at the European scale. Whether to sample fixed soil
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depths or soil horizons can be argued as both have their
advantages and disadvantages (Hendriks et al., 2016).
Currently, SOC data are mainly collected for monitoring
spatial and temporal differences. From that perspective,
we recommend fixed sampling depths as it eases continu-
ous spatial and temporal modelling. Moreover, we strongly
recommend including both top- and subsoil in sampling
schemes. Being a key parameter for calculating C stocks,
bulk density should also be included as it will also provide
additional information on soil health (e.g., soil compac-
tion). Moreover, the (historic) land use and land cover, as
well as management practices, must be recorded by each
country and with a common vocabulary (Fujisaki
et al., 2023) in order to interpret the effect of land use and
management changes under different pedo-climatic condi-
tions. Also, the time between sampling events should be
aligned. A time span of 10 years has become a rule of
thumb in order to be able to detect measurable changes in
SOC. The LUCAS monitoring has had three inventories
over a period of 9 years, which has shown no significant
trends in SOC concentrations on mineral agricultural soils
in our case study. This means that for the medium-term
evaluation in 2023, a SOC stock increase (associated with
the policy objective of ‘no net loss’) might be difficult to
detect. Nevertheless, rather than evaluating national aver-
age SOC stocks and stock changes, site-to-site comparisons
should be considered. Finally, a minimum sampling den-
sity should be aligned between countries for a representa-
tive coverage of the proportion of agricultural land. This
will, however, slightly change per sampling campaign due
to changes in land use and land cover. Another source of
uncertainty is the analytical methods used in the different
laboratories across Europe. Although we see that analyti-
cal methods for SOC concentrations are rather similar
between countries and that transfer functions are avail-
able, we evaluate that standardized analytical methods
would be nice to have but are of minor importance, given
the strong differences in the sampling protocols between
countries. In addition, we are aware that national monitor-
ing systems are not limited to SOC and requesting coun-
tries to change their established methods for sampling
and/or analysis must in no circumstances interrupt long-
term targeted investment in soil monitoring.
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