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Abstract

Characterizing and quantifying crop diversity (“effective number of crops”) across scales is needed to
understand a wide range of issues related to resilience of farms and the agricultural sector, the provision
of ecosystem services, and ultimately to provide a scientific basis for effective agro-environmental policies.
We use a novel European Union (EU) wide satellite-derived product at 10 m spatial resolution to produce
datasets of crop diversity across spatial (1-100 km) and administrative scales for the year 2018. We focus
on the 27 EU countries and the United Kingdom. We define local crop diversity (o-diversity) at the 1km
scale corresponding to large farms or clusters of small-to-medium sized farms. Across countries, the o crop
diversity ranges from 2.3 to 4.4 with the highest levels achieved by systems dominated by a high number
of small farms (less than 10 ha on average). Computed at grid level aggregation, y-diversity (the number
and area of crops that are grown independently from the precise location, for landscape region, and country
levels) increases rapidly from 2.85 at 1 km to 3.86 at 10 km and levels off 4.27 at 100 km. Such diversity levels
are higher than that reported for the U.S.A., likely related to differences in farm structure and practices.
B-diversity, the ratio of v and o diversity, provides a measure of the diversity between agroecosystems and
ranges from 1.2 to 2.3 across EU countries. Based on the magnitude and change of y-diversity across scales,
we classify countries’ diversity in four groups with possible consequences for regional to national agro-
environmental policy recommendations, in particular the monitoring activities and indicator development
of interventions for the implementation of the Common Agricultural Policy (CAP) in the EU. Forthcoming
annual high-resolution continental Copernicus crop type maps will facilitate temporal comparisons. Various
ecosystem co-variates are to be explored for deeper understanding of the link of crop diversity to agro-
ecosystem services.
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1. Introduction

Bolstering production resilience is essential in the face of climate change, and crop diversity is a key facet
of production resilience (Elmqvist et al., 2003; Zampieri et al., 2020a). The stability of food production
benefits from a diversity of crops grown (Elmqvist et al., 2003; Zampieri et al., 2020a), while crop diversity
also promotes ecosystems services such as pest regulation (Thomine et al., 2022), soil biodiversity (Sprunger
et al., 2020) and pollination (Raderschall et al., 2021).

In agricultural policies that seek to support more sustainable practices, increasing crop diversity is
often a key element. In the European Union (EU), the Common Agricultural Policy (CAP) introduced
a voluntary crop diversification scheme in 2013 in relation to the so-called greening payment (Regulation
(EU) No 1306/2013). In the current CAP (2023-2027), subsidies have become conditional on crop rotation
rules following the introduction of a new environmental scheme called GAEC 7 (Good Agricultural and
Environmental Conditions).

At the scale of farm holdings (0.01-100 ha, corresponding to spatial scales of 100 m - 1 km), crop
diversification can trigger positive impacts on overall farm holding production and income (Davis et al.,
2012; Gil et al., 2017; Hajjar et al., 2008; Martin & Magne, 2015; Prober & Smith, 2009; Smith et al.,
2008; Wood et al., 2015). In addition, positive relationships have been found between smaller farm sizes
and crop diversity (Lazikova et al., 2019). At national scale, several studies (Kahiluoto et al., 2019; Renard
& Tilman, 2019; Zampieri et al., 2020b) find that crop diversity increases total production stability. This
stability is especially pronounced if individual crops have diverse responses to climate anomalies, or if they
are cultivated in varying agro-climatic regions within a country.

Climate change adaptation, but also conservation and restoration efforts, require an understanding of
how crop diversity affects agro-ecosystem functioning on different scales ranging from field to farm up to
continental scales. This requires robust metrics to quantify crop diversity (Aramburu Merlos & Hijmans,
2020; Krishnaswamy et al., 2009; Wood et al., 2015). In the EU, crop diversity has been computed for several
regions and countries using either farmers’ declarations at parcel level, census data, or subnational crop area
statistics, but understanding of their relationship needs to be improved. For instance, farmers’ parcel level
crop declarations included in the Land Parcel Identification System (LPIS) of the Integrated Administration
and Control System (IACS) were used by Uthes et al. (2020) to compute the Shannon index in the federal
state of Brandenburg, Germany for the year 2017. Similarly, Donfouet et al. (2017) and Schaak et al. (2023)
use detailed LPIS data respectively for France in 2007 and Sweden for 2001-2018. Bohan et al. (2021) used
farmers declarations from three countries (Denmark, England and France) and computed crop richness for
12 crop categories in 5 km grid cells over several years of crop rotation. The Shannon Diversity Index was
calculated by Mahy et al. (2015) for the Flanders region based on 24.839 farmers declarations in 2012. Only

Egli et al. (2021) present pan-EU results, using subnational crop-specific harvested areas derived from the
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EU’s statistical office (EUROSTAT) to compute the Shannon Entropy Index. Using a survey of 79.532
farms in Bavaria conducted for the year 2010 for 41 crop categories, Weigel et al. (2018) compute a modified
Shannon index. While several indices have been developed to measure crop diversity, with respect to species’
richness and evenness of species’ proportional abundance, most of the above studies use the Shannon index.
Bonneuil et al. (2012) discuss the scope and limits of the Shannon (Shannon, 1948), Margalef (Margalef,
1973), and Simpson (Simpson, 1949) crop diversity indices, where the Shannon Index is more sensitive to
the presence of rare species. None of these studies with EU coverage have used high-resolution information
from Earth Observation data. In contrast, in the USA, Aramburu Merlos & Hijmans (2020) have computed
the Shannon Entropy Index from remotely sensed crop maps.

In this work, we enhance the assessment of crop diversity analysis in both spatial coverage and resolution
by taking advantage of a recently published EU-wide 10-m resolution Earth Observation derived crop map
(d’Andrimont et al., 2021) as described in section 2. In section 3, our study comprehensively evaluates crop
diversity across scales (from 1 to 100 km) with an analysis ranging from typical farm sizes within the EU, to
European administrative delineations, offering insights in the context of agricultural policies. Furthermore,
we explore the relationship between average national farm holding sizes and crop diversification levels and
compare our results in the EU with the USA (Aramburu Merlos & Hijmans, 2020). In section 4, we delve into
the nuances, strengths, and challenges of employing such diversity indices as reliable measures of agricultural

resilience, particularly within the framework of the CAP.

2. Materials and methods

2.1. Study area

Europe exhibits a remarkable diversity of climate types, owing to its vast geographical extent and complex
topography (Beck et al., 2018). From the Mediterranean region in the south with its warm, dry and cloud-
free summers and mild, wet winters to the subarctic climates of Scandinavia with long, harsh winters and
short, cool summers, and everything in between, including temperate, continental, and oceanic climates.
This climatic variation greatly influences agriculture across the continent. In the Mediterranean, crops like
olives, grapes, and citrus fruits thrive in the warm, sunny summers. In contrast, cooler northern regions
favor crops such as wheat, barley, and root vegetables. Additionally, the temperate climates of Western
Europe support a wide range of crops including corn, rapeseed, and various fruits. Clearly, temperature and
sunlight limitations in the northern countries strongly constrain the number of crops that can potentially

be grown at the higher latitudes in Europe.

2.2. Crop type map derived from Earth Observation
The 10-m resolution EU crop map was generated using satellite Sentinel-1 (S1) Synthetic Aperture Radar
(SAR) observations from 2018, in combination with EUROSTAT LUCAS in-situ data as a training dataset.
3
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Fig. 1: Definitions of a-, 3- and vy-diversities and visualisation of different spatial scales — administrative regions or grids at

different resolutions — adopted in this study. a-diversity: Denotes local diversity and is computed at the finest scale of 1 km
x 1 km. -diversity: Represents regional diversity, computed at various administrative regional aggregations (from national
to sub-national levels) or in coarser resolution grids ranging from 2 km x 2 km to 100 km x 100 km. B-diversity: Defined as

the ratio between y and «, it serves as a measure of inter-ecosystems diversity.

Algorithms trained with the S1 data time series capture the coverage of crops during the main growing
season (January to end of July) on any agricultural area. As a result, every field in the EU cropped with
wheat, maize, rapeseed, barley, potatoes, sugar beets, and other crop types (19 in total, see Supplementary
Table 1) is mapped at a very fine 10 m x 10 m spatial scale, and used to derive EU-wide information on
crop diversity.

The 80-85% map accuracy reported by d’Andrimont et al. (2021) is acceptable for the application of our
study, since most classification errors are related to discriminating crops with similar growth characteristics
such as common and durum wheat. In our analysis, we retain the information on all crop species allowing

for follow-up analysis.

2.8. Administrative units and grids

For the analysis of diversity dependency on the spatial domains, we compute the diversity using a set
of spatial resolutions that are consistent with the EUROSTAT reference grids (i.e. 1 km, 2 km, 5 km, 10
km, 50 km and 100 km)*. These nested grids are widely used by Member States (MS) 2 which facilitates

IThe grids used for this study were obtained from the EUROSTAT GISCO platform and are available at https://ec.

europa.eu/eurostat/web/gisco/geodata/reference-data/grids.
2Countries that are part of the European Union are referred to as Member States (e.g. in 2018 the United Kingdom was a

Member State).
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the use of our results for policy relevant reporting. We also consider spatial aggregations corresponding to
EU administrative units NUTS (Nomenclature des Unités territoriales statistiques) at the national (NUTS
0) and subnational (NUTS 2) level. This analysis is particularly useful since these administrative units are
used for statistical reporting and thus directly relevant for policy evaluation and implementation. The sizes
of the administrative units vary from country to country. To calculate crop diversity at the administrative
levels, all 1 km grid cells located on administrative boundaries are discarded. This pragmatic selection avoids
attribution to multiple NUTS regions. The area contribution of these grid cells, quantified in Supplementary
Table 3 for all countries, are relatively small, with less than 5% of all 1 km cells discarded for all countries
except for Luxembourg and Slovenia (14.2% and 6.2% respectively). Fig. 1 illustrates graphically the

geographic units of observation used in this study.

2.4. Crop diversity

Shannon entropy is a widely used index of diversity (Uthes et al., 2020; Mahy et al., 2015; Egli et al.,
2021; Weigel et al., 2018) that can be applied to assess crop diversity at different spatial and temporal scales
(Schaak et al., 2023). The entropy value rather gives uncertainty in the species identity of a sample, than the
diversity of the species in the community (Jost, 2006). The diversity index, calculated as an exponent of the
Shannon entropy (Shannon, 1948), creates equivalence classes among communities, converting entropy into
7 effective number of species” (MacArthur, 1965). The computation of the diversity at different spatial scales,
follows the approach of Jost (2007); Tuomisto (2010); Aramburu Merlos & Hijmans (2020). The literature
often defines the scale-dependency of crop diversity using the terms a, §, v, as depicted in the conceptual
framework (see Fig. 1). a-diversity corresponds to local diversity while the y-diversity corresponds to crop
diversities computed at larger spatial (regional) scales. The B-diversity is the ratio between y-diversity and
a-diversity. While o-diversity can be considered representative of the rotations occurring at the level of
large farms or a cluster of several smaller farms, B-diversity is more linked to the differences of cropping
systems between adjacent regions (Aramburu Merlos & Hijmans, 2020). We adopt a finest reference scale
at 1 km resolution to compute o-diversity. With M the number of 1 km cells in the domain (one grid cell
or one NUTS) on which the diversity is computed, with S the number of crop types considered and with
ci;j the count of 10 meters pixels of the EU crop map for the crop type j in the 1 km cell 7, we compute the

a-diversity, y-diversity, B-diversity respectively in equations 1, 2, 3 as:
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The demonstration coming from the equations (17a) and (17b) of Jost (2007) is found in Supplementary
Eq. S3 and Supplementary Eq. S4 .

These conceptual diversity definitions translate into the different diversity indicators that are computed
in this study. We compute the diversity at different scales (grids and administrative) and evaluate changes
at subsequent aggregation levels. We consider the 1 km scale as a representation of local farm level diversity,
the 2 km to 5 km scale to describe landscapes, and 10 km to 100 km representing landscape to regional or
national levels depending on the size of the country. Note that o-diversity computed for a 1 km grid, a;gm,
would correspond to Y1m, being the y-diversity computed for a 1 km grid. The diversity D (either «, 8
or ) can be computed at larger spatial scales either considering grids at coarser resolution (from Dag,, to
D1ookm for 2 km to 100 km, respectively) or administrative aggregations (Dyurs,, DnuTs, at national and
sub-national scales, respectively). Note that the o-diversity computed at a coarser resolution grid than 1
km, would still come from the reference scale. For illustration, with the sub-grid 10 meter EU crop map in
background, Fig. 2 A and B show the grids cells corresponding to the 1, 2, 5, 10 km and 10, 20, 50, 100
km scales, respectively, for four contrasted regions (Spain, Northern Italy, and Latvia-Lithuania). For the
grid cell in Fig. 2 A and B, the panels C and D show the explicit crop distribution and the corresponding
v-diversity values at each scale (see also in Supplementary Fig. S3 for similar figures in different contrasted
regions).

Aggregated statistics of o~ and y-diversity from subnational to national level can provide useful infor-
mation for e.g. the CAP agricultural sector resilience monitoring framework (European Commission). The
notation used in this study for the aggregation of diversity D (either «, 8 or «y) are ENUTSO, ENUTSZ, and
Dp, respectively referring to the crop diversity computed at grid scale and averaged by subnational, national
levels or whatever region R.

EUROSTAT, FAO (Food and Agriculture Organisation) or country reported crop statistics at national
and regional level can in principle be used to respectively compute Dyyrs, and Dyyrs, (if the reporting
is based on the same crops listed in Supplementary Table 1 and reported values are complete). However,
the diversity at regular grid resolution can only be computed from higher-spatial resolution data such as the

ones derived from Earth Observation data we employed.

2.5. Summarizing crop diversity computed across scales

In order to account for all the scales of observation of crop diversity observed at country level and for all

EU-28 countries, we compute:

e avg(7y) the average across scales of the y-diversity computed at grid scale
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Fig. 2: Crop diversity is computed at different grid scales ranging from 1 to 100 km as illustrated here for a region in
Latvia-Lithuania. For each subfigure, panel A shows the scales 1-km, 2-km, 5-km and 10-km with the crop map in background.
Panel B shows the scales 10-km, 20-km, 50-km and 100-km with the crop map in background. Panel C shows the y-diversity
for the respective sample squares shown in A and B. Panel D shows the proportion of crop types for the different scales. These

proportions are used to compute the Shannon diversity.

e std(vy) the standard deviation across scales of the y-diversity computed at grid scale

We then compute the difference of those entities between the country level and the EU-28 level, noted

as Aavg(y) for the average and Astd(y) for the standard deviation.



2.6. Farm Structure Survey

The EUROSTAT Farm Structure Survey® (FSS) provides comprehensive information on farm operations
in the agricultural sector in the EU. The 2016 F'SS collected data samples on the characteristics of agricultural
holdings, including their location, size, production, crops grown, livestock, and farming practices. Here, we
use the 2016 FSS to calculate the average farm size at the subnational and national levels, to assess whether
there is a relationship with the a-diversity (local) in the different administrative regions. We further discuss
the link to the size of the farm and the limitations and perspectives of using such statistical surveys (section

4).

2.7. Crop diversity in the USA

Our study follows a similar approach as Aramburu Merlos & Hijmans (2020) in the USA, with a difference
in the chosen (finest) reference resolution for o (1 km) which is smaller and corresponds to 100 ha instead
of the 392 ha for the study in the USA. Apart from our alignment with a grid system pre-defined for policy
analysis, our choice also considers the fact that European farms are on average smaller than US farms, as we
discuss later in detail (see Section 4). We compare our resulting o, B, y diversities computed at grid scale in
the EU with the results obtained by Aramburu Merlos & Hijmans (2020) in the USA for the conterminous
United States (2008-2017).

3. Results

This section presents a comprehensive analysis of crop diversity across EU-28 countries, using various
aggregation levels. We start by comparing local o, 3 and y-diversity at administrative national and regional
scales (section 3.1). We then cross-examine crop diversity behaviour at different grid scales and build a
typology for all EU-28 countries (section 3.2). We also inspect the relationship between local diversity and
farm size data from the FSS conducted in 2016 (section 3.3) and finally we compare our results with those

obtained in the USA by Aramburu Merlos & Hijmans (2020) 3.4.

3.1. Comparing a, B and y diversity at national and regional scale

We compare a-diversity and y-diversity at national (see Fig. 3) and subnational (see Supplementary Fig.
S4) levels. These results are also mapped in EU-28 for a, y and B diversity respectively in Supplementary
Fig. S5, Supplementary Fig. S6 and Supplementary Fig. S7. We find a large variation across countries for
anuTs, (range 2.3-4.4), ynuTs, (range 3.5-7.5) and Snurs, (range 1.2-2.3). Lowest a-diversity is obtained
for Bulgaria (apg = 2.3), lowest y-diversity is obtained for Slovenia (ys; = 3.5), which is a relatively small

country with uniformy wet climate, and lowest B-diversity is obtained for Malta (8yr = 1.2), probably

3See https://ec.europa.eu/eurostat/statistics—explained/index.php?title=Glossary:Farm_structure_survey_(FSS)
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because of size contraints as well. Greece shows the highest o-diversity and y-diversity (apr = 4.4 and
~ver = 7.5) that are probably linked to the beneficial effects on the Mediterranean climate. We observe that
for most of the countries in EU-28, with low a-diversity (anurs, < 3.5), the B-diversity varies little (Snurs,
between 1.5 and 1.7), regardless whether the analysis was performed at national or subnational level (see
Supplementary Fig. S4). This explains the moderate to strong linear relationship between a-diversity and y-
diversity (R = 0.67 at national and R = 0.81 at subnational levels). Most of the countries analysed therefore
show a country-level crop diversity driven by a spatial variability around 1.5 times greater in space than the
local farm level. For countries with a high local crop diversity (ayurs, > 3), we distinguish two extreme
opposite behaviours. On the one hand, Malta (MT) and Cyprus (CY) show o-diversity almost identical
to the national level y-diversity (Byurs, < 1.3), again due to the fact that they are both relatively small
countries. On the other hand, Portugal (PT) and Italy (IT) are at least twice more diverse at the country
level than at 1 km (o) scale (highest Syurs, > 2 as seen in Supplementary Fig. S7). Although Portugal
(PT) and the Netherlands (NL) have similar local diversities (apr = 3.6 and ar, = 3.5), their national-scale
diversities are remarkably different (ypr = 7.5 and ynr, = 5.2), with the high value for Portugal showing the
heterogeneity of crop production across the country. The high local diversity in the Netherlands is primarily
driven by the diversity in the Eastern part of the Netherlands, where the majority of cropland is found (e.g.
in Flevoland NL23). Slovakia seems to grow at local scale a modest number of crop types (asx = 2.5) while
at the country level a higher number of crop types are grown ysx = 4.7, resulting in a high Ssx = 1.85.
We conclude that no obvious generic relation can be found between o (farms-level) diversity and regional
or national diversity as probably the different cultures and the complex historical heritage in Europe also

contributed in shaping the diversity of agricultural practices that are found nowadays.

3.2. Quantifying crop diversity across scales of observation

Geometric regions are more suited for characterizing the impact of analysis scale on crop diversity
than administrative regions, which may differ greatly in size, pedoclimatic, socio-economic and landscape
typologies. We compare the diversity values obtained at different scales for the entire EU-28, and then
present and discuss the results aggregated at national and sub-national administrative levels.

The exploration of the crop diversity scale dependency is conducted through the analysis of the cumulative
distributions of the a-diversity and y-diversity computed at all grid scales. Fig. 4 (A) demonstrates that the
overall median a-diversity is not affected by the computational scale. Conversely, the frequency of occurrence
of low and high o-diversity values is gradually reduced at the larger scales. This is expected because, at
larger scales, the tails of the distribution have larger probabilities to be mixed with more common o-diversity
values, so the occurrence of the extreme values is largely reduced. Fig. 4 (B) reveals a clear tendency of
increasing y-diversity at larger scales. The distributions rapidly shift from local diversity (Yigm = Q1gm),

with an EU-28 average of 2.85, with a sharp increase to higher scales diversity up to 3.86 at 10 km (vy10km)
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Fig. 5: Maps of the EU-28 with y-diversity computed for all grid scales (1 km, 2 km, 5 km, 10 km, 50 km and 100 km). Grid
cells with less than 1% of cropland area have been filtered out in order to remove the effect of erratic 10 m x 10 m pixels from

the EU crop map. This threshold is arbitrary and can be tweaked by any data user (see Section 5).
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Fig. 6: y-diversity and -diversity for each scale, averaged by country of the EU-28 (respectively ¥ g1 s, and B NUT So)'

and remain steadier up to 4.27 at 100 km (v100xm ). The cumulative distribution highlights that at the 1 km
scale, 60 % of EU-28 cropland has less than 3 equally abundant crops (y1xm <= 3). However, using the 100
km scale, up to 95% of Europe’s agricultural area produces more than 3 (equivalent) crops (Yi00xm >= 3)-
Mapping crop diversities at different scales for all EU-28 countries (Fig. 5) shows that crop diversity,
across all scales, is greater in southern Europe (in particular the Mediterranean) than in northern Europe. In
these Mediterranean regions, favourable agro-climates in valleys and plains sustain heterogeneous cultivation,
whilst mountainous regions (the Alps, the Pyrenees, Western Border of Sweden) and regions with a majority
of rangeland (west-Normandie in France, Galicia in Spain, Ireland) obtain lower values of crop diversity.
Fig. 6 display the y-diversity (A) and B-diversity (B) as a function of grid scales (in km) for a sample
of countries extracted from our analysis in Fig. 3 in section 3.1 for the EU-28. Whether for countries with

high B-diversity (Italy (IT), Portugal (PT)), low B-diversity (Malta (MT), Cyprus (CY), Slovenia (SI)) or
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(avg) and standard deviation (std) of y-diversity over scales.

with similar B-diversity but with low (Bulgaria (BG)), medium (Denmark (DK), Spain(ES)) or high (Greece
(EL)) o-diversity, we note an apparent logarithmic behaviour for each country. Fig. 6 reveals that diversity
at higher scales is strongly co-determined by the diversity at the lowest scales. This finding corroborates
the importance of implementating local level farm management strategies for national level benefits. The
comparison between the y-diversity (Fig. 6 (A)) and B-diversity (Fig. 6 (B)) highlights interesting features
of the across-scale diversity dependency. While different aspects are driving the observed variability of
y-diversity, the normalization operation to compute the B-diversity (i.e. equation 3) filters out the role of
the o-diversity. This allows us to better highlight the differences between the o- and vy-diversity through
a condensed measure of the diversity-scales relationship. Two main classification types can arise from
the visual inspection of Fig. 6 (B). First, the size of the relative change from small to large scales allow
classifying different countries. Countries like Malta (MT), Cyprus (CY) and Slovenia (SI) display small
relative changes. Countries like Bulgaria (BG), Italy (IT), Portugal (PT) and Denmark (DK) show the
larger relative changes. Secondly, the B-diversity inspection allows to better quantify whether there is
a saturation scale where the diversity stops growing (e.g. Bulgaria, Denmark, Cyprus) or, instead, if it
continues to grow also at larger scales, as it happens in the majority of the larger countries. Moreover,
the proportional increase of y-diversity over scales emphasizes the importance of national-scale strategies to
encourage the growth of more crop types from landscape to national scale. Based on the previous findings,
we can characterise the crop diversity across scales for each country by 1) the magnitude of vy-diversity
and 2) the relative increase of y-diversity along scales. Fig. 7 displays this interaction by plotting the

average of the y-diversity versus the standard deviation of the y-diversity with their respective EU-28 value
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subtracted to normalize the comparison respectively Aavg(y) and Astd(vy). This characterisation, enables
the classification of the countries in four groups, represented in each quadrant (number indicated in grey in

the graph). Compared to EU28, in:
e Quadrant (1) the country has a lower diversity and the diversity is less uniform across scales;
e Quadrant (2) the country has a higher diversity, less uniform across scales;
e Quadrant (3) the country has a higher diversity, but more uniform across scales;

e Quadrant (4) the country has a lower diversity, but more uniform across scales.

3.8. Link with average farm size from the European Farm Structure Survey

In 2016, the EU-28 had 10,467,760 farmers cultivating a total of 173,338,550 ha of Utilised Agricultural
Area (UAA), corresponding to an EU average farm size of 16.56 ha with an important disparity across the
continent (Supplementary Table 2). In this section, we examine the potential relationships between farm
size and o-diversity. Fig. 8 and Supplementary Fig. S9 respectively display the farm size against anyyrs,
and ayyrs,. We find that the highest local crop diversity values (anyyrs, > 3.7) are only found in countries
with very small average farm sizes (less than 10 ha), e.g. in Malta (MT), Cyprus (CY) and Greece (EL).
Malta and Cyprus are noteworthy islands and among the smallest countries in the EU-28. We do not imply
that farms smaller than 10 ha are needed to reach very high levels of local crop diversity. Evidence shows
that countries with the largest average farm size (over 50 ha) are associated with relatively lower local
crop diversity (ayurs, < 3.1). Examples of such countries include United Kingdom (UK), Slovakia (SK),
Denmark (DK), Germany (DE), France (FR) and Luxembourg (LU) presenting medium values of local crop
diversity (2.1 < anyrs, < 3.1). The Czech Republic (CZ), which boasts the largest farm size in Europe,
exceeding 150 ha on average, also shows one of the lowest values (anyyrs, = 2.7). Although the hypothesis
that small farm size is concomitant to high local crop diversity may appear attractive, we have identified
contrasting instances in the cases of Romania (RO) and Slovenia (SI) where farm size < 10 ha coincides
with ayyrs, < 2.7. Of all analysed countries, Bulgaria (BG) has the lowest a-diversity (apg = 2.3) despite
having a relatively low average farm size of almost 25 ha. Interestingly, the Netherlands (NL) shows at
sub-national level (Supplementary Fig. S9) disparities with the highest values of mean local crop diversity
(anvrs, > 4.3) for the Zeeland (NL34) and Flevoland (NL23) administrative regions and average farm sizes
around 50 ha, but also regions with low ayprs, around 2.1 and average farm size around 40 ha. In some
regions in Spain (ES), despite a relatively small average farm size around 20 ha, also low anyrs, around 2
are found, e.g. in Asturias (ES12), Cantabria (ES13) and Galicia (ES11). Besides agriculture, these regions
are highly covered by meadows and forests. In summary, there is no conclusive relation between farm sizes
and local crop diversity in EU-28. However, some robust patterns appear, such as no high local diversity is
achieved in regions dominated by large farm sizes.
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Fig. 8: a-diversity as a function of average farm size (in hectares) at national level in EU-28.

3.4. Comparing crop diversity in the EU and in the USA

All EU-28 countries exhibit relatively high crop diversity (o, 3, y) across scales compared to the United
States, as shown in Fig. 9. We observe that y-diversity is higher in the EU-28 than in the USA. The growth
of y-diversity is more linear for the USA than for the EU-28, disclosing a logarithmic growth (as already
pointed out in section 3.1). This finding reveals that the increase of y-diversity with scale of analysis is
40 — 50% greater in the EU-28 than in the USA. The o-diversity is higher in EU-28 (close to 3) than in the
USA (slightly over 2), despite being measured on a smaller grid of scale of 100 ha for EU-28 and 392 ha for
USA. If both regions were compared using the same grid size, the difference would be higher as diversity

increases with grid size (as shown in section 3.2)

4. Discussion and outlook

We use a novel EO-derived crop map dataset to compute a comprehensive continuous mapping of crop
diversity in 28 EU countries. The dataset allows enhanced spatial analysis compared to survey based derived
from a limited number of farms. We demonstrate that local (1 km) crop diversity, in the EU representative
for large farms, or clusters of small-to-medium sized farms, is not linked in a homogeneous way (i.e., a
unique B-diversity across scales and countries) with regional and national crop diversity. For example, we
find a near-linear behaviour for countries with low to medium local crop diversity (anyyrs, < 3.5). For small
countries like Malta or Cyprus o-diversity is almost identical to the national level y-diversity. Other factors
limiting an increase of gamma diversity with scale include forests dominant landscapes (e.g. Sweden) and
limited variability in pedoclimatic conditions (e.g. Belgium). EU policies are usually devised, implemented

and monitored at subnational (NUTS 2) or national (NUTS 0) subnational levels. By exploring the -
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Fig. 9: Comparison of «, B, v diversity computed across scales averaged for EU-28 countries (2018) in our study and averaged
for the conterminous United States (2008-2017) in the study of Aramburu Merlos & Hijmans (2020). The graph is in semi-

logarithmic scale (for the x-axis).

diversity from local to regional or national level, we are able to evaluate how crop diversity increases from
farm level to the larger administrative levels. The varying levels of B-diversity indicate the necessity for
specific policy consideration when targeting crop diversity across European countries.

In this work, we computed the crop diversity at the standard grids scales endorsed by EUROSTAT, to
facilitate a possible linkage of our analysis to data used by countries to report on their strategies. We deliver
for the first time a continuous mapping of the EU at 1, 2, 5, 10, 20, 100 km of crop diversity and reveal a
logarithmic shape increase of y-diversity and B-diversity with scale. Since the average farm size in the EU
spans from 1.21 ha (Malta) to 130.25 ha (Czechia), future work could consider introducing computations
at 100 m and 500 m grid scale (respectively 1 ha and 25 ha) allowing a better estimation of farm-level
diversity across EU countries. We note however, given the 10 m resolution of the EU crop map, that the
crop diversity computed at 1 ha would at best integrate 100 grid points, adding a challenge for reaching
statistical significance.

In Fig. 7, we classify crop diversity (y-diversity) in individual countries according to magnitude and
slope of changes, and place them in 4 quadrants characterising response typologies for policies, relative to

the other countries that include crop diversity:

e Quadrant (1) improving the country crop diversity would need a country wide approach, with more

attention drawn to specific regions;
e Quadrant (2) further improving the country diversity would mostly need addressing specific regions;

e Quadrant (3) the country already has good crop diversity. Further improvements could be achieved
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by addressing diversification across scales;
e Quadrant (4) policies improving crop diversity across all scales would be most useful.

For instance, the top two food producers and economies in EU-28, Germany (DE) and France (FR), are
part of quadrant (2). In these countries, depending on the policy objective, a diversification strategy could
specifically address regions with low farm diversity (e.g. Centre-Val de Loire region in France or Bavaria in
Germany). Romania (RO), Slovenia (SI) and Bulgaria (BG), part of quadrant 4, could benefit from improve-
ment of crop diversity across scales. Indeed the national scale crop type distribution in Supplementary Fig.
S8 panel B, shows that in these countries 85% of the total cropland represented by only three crop types.
Refinement of these typologies should be further elaborated considering other agri-environmental factors for
transversal analysis. A policy strategy can include the evaluation of the ecological services provided by crop
diversity at scales that could go even below the farm size. Future studies can be devoted to evaluate the
appropriate scale chosen for a-diversity with respect to different biological functions such as farmland birds,
pollinators’ presence, or grassland butterflies related indicators.

While large y-diversity over larger scales or administrative regions is relevant for long-term production
stability of countries, large local-scale diversity is important for the resilience of agro-ecosystems and of
the individual farms. Owur analysis suggests three interesting patterns linking farm size and farm level
crop diversity in the EU-28. We find that high local diversity (a-diversity larger than 3.7) is achieved in
countries with generally small average farm sizes (less than 10 ha) as observed in Greece, Malta and Cyprus.
In contrast, small values of local diversity (o-diversity smaller than 2.7) are also found in countries with
relatively small average farm size (less than 10 ha) like in Romania or Slovenia. With the largest average
farm sizes (more than 75 ha), Czech Republic, United Kingdom, Denmark and Slovakia have relatively low
values of local crop diversity (less than 3.1). We note here, that there is a great potential in enhancing
the EO based analysis of crop diversity and related outcomes with data from statistical surveys such as the
2020 FSS*, the Farm Accountancy/Sustainability Data Network (FADN/FSDN)® or data collected from the
farmer’s applications for subsidies through the TACS with declarations done at holding level (Van der Velde,
2024). Importantly, working with these data sources will allow characterizing crop diversity at parcel and
holding level. Further exploring this synergy should lead to better policy anticipation, implementation and
evaluation.

We show that the crop diversity is higher in the EU-28 that in the USA. The growth with increasing scale
of y-diversity is more linear for the USA than for the EU-28, the latter disclosing a logarithmic growth. In
the case of EU-28, country sizes span from le4 ha to 1e7 ha which is comparable to the range of states’ sizes

in the USA. In the case of the USA, an exponential growth of the y-diversity is noticed for scales greater

4carried every ten years. See https://ec.europa.eu/eurostat/web/agriculture/census-2020

5COM/2022/296 final, https://eur-lex.europa.eu/legal-content/EN/TXT/7uri=COM: 2022:296:FIN
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than 1e7 hectares (their computation goes up to 19 ha). Computing the crop diversity at higher scales
would be interesting to see if EU-28 follows a similar trend for scales encompassing several countries.

We acknowledge the inherent limitations of our study, particularly in the selection of crop classes for the
EU crop map, which may not fully capture certain crops and the ecosystem services delivered. However,
this study’s primary focus is to introduce an initial understanding of crop diversity across the EU, using the
current, classifications available. Therefore, our analysis lays the groundwork for future research to explore
functional diversity between crop species, as suggested by Di Falco et al. (2010) and applied in Sweden by
Schaak et al. (2023). Their approach underlines that crop diversity assessment is not solely a matter of scale
but also requires thematic considerations, relying on different or more nuanced groupings among crop types
to better represent ecosystem services.

Furthermore, Aramburu Merlos & Hijmans (2020) show how multi-annual analysis of crop type maps
delivers insights into temporal developments in crop diversity. While for this study, focusing on the EU28,
multiple years were not available , this situation will evolve soon. In particular, the European Environment
Agency (EEA) has foreseen to deliver annual time series of crop maps for the 38 countries at 10m resolution
from 2017 onwards®. However, since in that product, the selection of crop types is different from the EU
crop map used in this publication, crop diversity maps and calculations will probably somewhat differ.

Finally, our crop diversity scale analysis could provide important information for analysis of farm and
farm sector resilience across scales, and enrich our understanding the connection of resilience and ecological
benefits associated with cropping systems. This information is equally relevant from a scientific and policy

perspective.

5. Conclusions

Our study underscores the critical role of spatial scales in understanding crop diversity in the EU-28,
using a novel high-resolution EO derived crop map. We explore the scale dependency of crop diversity,
from farm to landscape, regional and national scales (using grid scales from 1 km to 100 km). We also
compute crop diversity at subnational (NUTS 2) and national (NUTS 0) administrative levels, usually
required for EU policy monitoring and reporting. Our research highlights the disparities between regions
and countries in terms of o, B, and y diversity, emphasizing the importance of regional specificity in crop
cultivation. Our findings confirm that country level crop diversity (y-diversity) has a complex relationship
with farm level diversity (o-diversity), especially for countries with high values of o-diversity. We investigate
a characterisation of the crop diversity across scales, finding a logarithmic shape of dependency for y-diversity
and [-diversity. We propose a classification of countries into four groups, depending on the magnitude and

disparity of the y-diversity across scales, enabling generalized policy-relevant typologies for each of those

6The Crop Types map are part of the Copernicus HRL-VLCC (High Resolution Layer - Vegetation Land Cover Component).
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groups. With the aim of linking to farm-level information, we reveal that very high local crop diversity
(more than 3.7) is only achieved in the EU-28 countries with small farm sizes (less than 10 ha) such as in
Greece, Malta and Cyprus (nothing that the two latest are islands and among the smallest countries in the
EU-28). In addition, we show that crop diversity in the EU-28 shows higher values than in the USA.
These EO-based crop diversity calculations will feed in the further development of performance mon-
itoring indicators of the CAP, as well as the regional targeting of practices that stimulate more diverse
crop-mixes through the CAP implementation in the EU. Looking forward, the availability of annual crop
type maps will enable temporal comparisons, and the exploration of ecosystem co-variates from various
sources will deepen our understanding of the link to ecosystem services. This research underscores the need
for continued investigation into the complex interplay between crop diversity and agricultural resilience,

with a particular focus on the role of spatial scale.

Code and Data

The code, primarily written in Python, PostGIS, and R, is publically available (Machefer et al., 2022).
The computational burden is about 3 days to compute yearly indicators. The processing was performed on
the JRC Big “Big Data Analytics Platform” (BDAP) platform (Soille et al., 2018). Therefore the code can
be readily used to provide regular (annual) updates in order to monitor crop diversity changes.

In addition to the code, some raster datasets have been produced (Machefer et al., 2022) and are also
available. Based on the 10-m resolution EU crop map 2018, the following metrics for scales 1, 2, 5, 10, 20,
50, 100 km have been derived:

o crop diversity (o, B, v) and crop richness, for each scale (see Figure 1 for overview)”
o crop type proportion, for each crop and each scale over cropland®
o crop type proportion, for each crop and each scale over all land®

We also provide for the crop diversity (o, B, v) at subnational (NUTS 2) and national (NUTS 0) levels
(Machefer et al., 2022) in tables 0.

As illustration of the different data made available along with the manuscript, the reader can inspect
the proportion of each crop at 1km (Supplementary Fig. S1) and the crop richness at different scales
(Supplementary Fig. S2). Although some of the aforementioned datasets have not been directly used to

compute the presented results, they may be inspirational for future studies.

"https://jeodpp.jrc.ec.europa.eu/ftp/jrc-opendata/DRLL/CropDivV1i.1/2018/CropDiversity/

Shttps://jeodpp. jrc.ec.europa.eu/ftp/jrc-opendata/DRLL/CropDivVi.1/2018/CropProportionCropland/

9https://jeodpp.jrc.ec.europa.eu/ftp/jrc-opendata/DRLL/CropDivV1l.1/2018/CropProportionLand/
Ohttps://jeodpp.jrc.ec.europa.eu/ftp/jrc-opendata/DRLL/CropDivV1.1/2018/CropDiversityByNuts/
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Finally, we provide a viewer '! to access at grid and administrative scale the o, B, v diversity, granting
for advanced analysis depending on users’ needs. We will maintain the viewer access and maintenance as

long as possible.
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Supplementary material

Supplementary Table 1: The classified crops in the EU crop map along with the corresponding code classes.

Class Label

211 Common wheat

212 Durum wheat

213 Barley
214 Rye
215 Oats
216 Maize
217 Rice

218 Triticale

219 Other cereals

221 Potatoes

222 Sugar beet

223 Other root crops

230 Other non permanent industrial crops
231 Sunflower

232 Rape and turnip rape

233 Soya

240 Dry pulses, vegetables and flowers
250 Other fodder crops (excl. temp. grasslands)
290 Bare arable land

We define M the number of 1 km cells in the domain (one grid cell or one NUTS) on which the diversity
is computed, S the number of crop types considered and c;; the count of 10 meters pixels of the EU crop
map for the crop type j in the 1 km cell 2. We also define p;; as the proportion of 10 meters pixels count
of the EU crop map for the crop type j over the cropland 10 meters pixels count in the 1 km cell ¢ as in

Supplementary Eq. S1:

_ Cij
- S
Zl:l Cil

We then specify w; the weight applied on cell ¢ and defined as the proportion of cropland 10 meters pixels

Dij (Supplementary Eq. S1)

count of the EU crop map in the 1 km cell ¢ over the total cropland 10 meters pixels count in the domain



Supplementary Table 2: Average farms size by country in 2016 (source EUROSTAT FSS).

Country Farm - number Utilised agricultural area - hectare Average size
Belgium 36,890 1,354,250 36.71
Bulgaria 202,720 4,468,500 22.04
Czechia 26,530 3,455,410 130.25
Denmark 35,050 2,614,600 74.60
Germany 276,120 16,715,320 60.54
Estonia 16,700 995,100 59.59
Ireland 137,560 4,883,650 35.50
Greece 684,950 4,553,830 6.65
Spain 945,020 23,229,750 24.58
France 456,520 27,814,160 60.93
Croatia 134,460 1,562,980 11.62
Italy 1,145,710 12,598,160 11.00
Cyprus 34,940 111,930 3.20
Latvia 69,930 1,930,880 27.61
Lithuania 150,320 2,924,600 19.46
Luxembourg 1,970 130,650 66.32
Hungary 430,000 4,670,560 10.86
Malta 9,210 11,120 1.21
Netherlands 55,680 1,796,260 32.26
Austria 132,500 2,669,750 20.15
Poland 1,410,700 14,405,650 10.21
Portugal 258,980 3,641,690 14.06
Romania 3,422,030 12,502,540 3.65
Slovenia 69,900 488,400 6.99
Slovakia 25,660 1,889,820 73.65
Finland 49,710 2,233,080 44.92
Sweden 62,940 3,012,640 47.87
United Kingdom 185,060 16,673,270 90.10
EU-28 10,467,760 173,338,550 16.56




Supplementary Table 3: Proportion of grid cells including NUTS 0 border cells (in %)

AT BE BG CY CZ DE DK EE EL ES FI FR HR HU
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08 02 12 142 1.6 0 33 06 17 06 02 62 32 0.2

of interest, as in Supplementary Eq. S2:

Zle Cil
M S
D k=1 Dl Cki

We finally compute the y-diversity and a-diversity respectively from Equation (17a) and (17b) of Jost

wij = (Supplementary Eq. S2)

(2007) in Supplementary Eq. S3 and Supplementary Eq. S4:

Q

5

g
A
Mi

S

s
i Zpij 1111%3‘)

i=1 j=1
M s
P s (g (5)
=exp| — ( In
< zz:; Ek 121 1 Gkl Jz:; Zz 1 €Gil 215:101'1
:eXp<_§i( Zl L i )111( Cij ))
5
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C' Cij
=exp| — ( )) (Supplementary Eq. S3)
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( XS: le\il S < Ziwl Cij )) (Supplementary Eq. S4)
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Supplementary Fig. S1: Cropland coverage for different crop types at 1 km scale
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Supplementary Fig. S3: Crop diversity is computed at different grid scales ranging from 1 to 100 km as illustrated here for a
region in Latvia-Lithuania. For each subfigure, panel A shows the scales 1-km, 2-km, 5-km and 10-km with the crop map in
background. Panel B shows the scales 10-km, 20-km, 50-km and 100-km with the crop map in background. Panel C shows the
y-diversity for the respective sample squares shown in A and B. Panel D shows the proportion of crop types for the different

scales. These proportions are used to compute the Shannon diversity.



Supplementary Table 4: List of Country Codes and Names

Country Code

Country Name

AT
BE
BG
CYy
CZ
DE
DK
EE
EL
ES
FI
FR
HR
HU
IE
IT
LT
LU
LV
MT
NL
PL
PT
RO
SE
SI
SK
UK

Austria
Belgium
Bulgaria
Cyprus
Czech Republic
Germany
Denmark
Estonia
Greece
Spain
Finland
France
Croatia
Hungary
Ireland
ITtaly
Lithuania
Luxembourg
Latvia
Malta
Netherlands
Poland
Portugal
Romania
Sweden
Slovenia
Slovakia

United Kingdom
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Supplementary Fig. S4: Fit of a-diversity (anuTs,) against y-diversity (ynurTs,) at sub-national (NUTS 2) level (see country

abbreviations in Supplementary Table 4)
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Supplementary Fig. S6: y-diversity at national (NUTS 0) and sub-national (NUTS 2) scale.

10

w A O o N



B
Brurs, Brurs,

>50°N

40°N
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Supplementary Fig. S8: (A) y-diversity by grid scale (1 km to 100 km) averaged at country level (NUTS0) and (B) corre-
sponding crop type proportion (p;) by country (NUTS 0). The crop type is only represented when p; > 10%. Legend of crop

type color mapping is shown on Fig. 2
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Supplementary Fig. S9: o-diversity as a function of average farm size (in hectares) at sub-national level (NUTS 2) in EU-28.
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