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ARTICLE INFO ABSTRACT

Keywords: Human intervention on land enhances the supply of provisioning ecosystem services, but also exerts pressures on
HANPP ecosystem functioning. We utilize the Human Appropriation of Net Primary Production (HANPP) framework to
;%I}FI;IZP assess these relations in European agriculture, for 220 NUTS2 regions. We put a particular focus on individual

land system components, i.e. croplands, grasslands, and livestock husbandry and relate associated biomass flows
to the potential net primary productivity NPP. For the reference year 2012, we find that 469 g dm/m?/yr (38% of
NPP,,o¢) of used biomass were harvested on total agricultural land, and that one tonne of annually harvested
biomass is associated with 1.67 tonnes dry matter (dm) of HANPP, ranging from 0.8 to 8.1 tonnes dry matter
(dm) across all regions. EU livestock systems are a large consumer of these provisioning ecosystem services, and
invoking higher HANPP flows than current HANPP on cropland and grassland within the EU, even exceeding the
potential NPP in one fifth of all NUTS2 regions. NPP remaining in ecosystems after provisioning society with
biomass is essential for the functioning of ecosystems and is 563 g dm/m?/yr or 46% of NPP,,: on all agricultural
land. We conclude from our analysis that the HANPP framework provides useful indicators that should be in-

Provisioning ecosystem services
Ecosystem functioning
European Union

tegrated in future ecosystem service assessments.

1. Introduction

Agricultural ecosystems deliver key provisioning services to society,
i.e., food, feed, fuels and fibers. Additionally, agroecosystems contribute
to non-provisioning ecosystem services such as the regulation of soil and
water quality, carbon sequestration, habitat provision (i.e., regulating
ecosystem services) and cultural services such as tourism and recreation
(Power, 2010; IPBES, 2017; Simoncini et al., 2019). In order to sustain
the provision of these ecosystem services (ESS), agroecosystems rely on
natural ecosystem processes that provide inputs or regulatory factors
such as primary production, pollination, maintenance of soil structure
and fertility or nutrient cycling. Several conceptual frameworks have
been developed to describe the positive contributions of ecosystems to
human well-being (Potschin-Young et al., 2018; Haines-Young and
Potschin, 2010, 2018; MEA, 2005; IPBES, 2019; SEEA, 2021).

Ecosystem services literature often uses net primary production
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(NPP) as a proxy for the capacity of ecosystems to deliver ESS and ac-
knowledges its pivotal role as the starting point of all heterotrophic life
on Earth (Costanza et al., 1998; Costanza et al., 2007; Vitousek et al.,
1986; Potschin-Young et al., 2018; Richmond et al., 2007; Maes, 2018;
Foley et al., 2005). NPP denotes the balance between gross biomass
production during photosynthesis and plant respiration and represents a
fundamental ecological process (Vitousek et al., 1986). NPP, and in
particular NPP, which remains in agroecosystems after harvest (i.e.,
NPP.,), directly contribute to a range of ESS. In a systematic review,
Harrison et al. (2014) mapped 530 studies where linkages between
specific biodiversity attributes and ESS are cited. Primary production,
aboveground biomass, belowground biomass, and litter and crop resi-
dues are closely linked to the following ESS: mass flow regulation (49%
of studies), atmospheric regulation (44%), pest regulation (21%), water
purification (10%) and flow regulation (7%). Several studies have
demonstrated the benefits of returning crop residues to soils (Carvalho
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et al., 2017; Blanco-Canqui and Lal, 2007; Lal, 2004; Bentsen et al.,
2014; Lal, 2008) or cover crops which are left on fields after harvest
(Schipanski et al., 2014; Wittwer et al., 2017; Blum and Swaran, 2004;
Daryanto et al., 2018) for climate regulation through the formation of
soil organic carbon (SOC) and improving the relation between SOC and
N. Cover crops and crop residues also contribute to water retention as
well as the slow passage of water (Lal, 2020) into deeper soil layers.
Moreover, biomass being left on the field after harvest provides habitats
and is thus central to biodiversity conservation (Franzluebbers, 2002).
The species-energy hypothesis holds that energy availability in an
ecosystem is positively related to species diversity (Wright, 1983), i.e.,
that there is a positive relationship between ecological productivity and
species richness (Cusens et al., 2012). Thus, a reduction in energy
availability in ecosystems by human activities (e.g., biomass harvest) is
likely to impact the essential function to provide ESS (Harrison et al.,
2014; Carvalho et al., 2017; Cherubin et al., 2018) and species and
habitat diversity (Vitousek et al., 1986; Wright, 1990; Haberl et al.,
2009; Hawkins et al., 2003; Brown, 2014; Gaston, 2000).

While NPP is an established indicator in ecosystem services litera-
ture, indicator frameworks that quantify the involved pressures on NPP
have not yet been applied widely (Vackar et al., 2016; Pan et al., 2014;
Zhang et al., 2021; Haberl et al., 2014). The Human Appropriation of
Net Primary Production (HANPP) framework (Haberl et al., 2013) ap-
plies a sociometabolic perspective on land systems and allows for the
calculation of indicators that integrate ecological and socioeconomic
perspectives on land use. It quantifies the amount of NPP appropriated
by society by harvest as well as land conversions and races biomass flows
from their ecosystem origin to the final consumption of biomass prod-
ucts. The HANPP framework quantifies the potential NPP in a region, i.
e., the NPP that would prevail in ecosystems without human land use,
and compares it with the actual prevailing NPP in used ecosystems. That
comparison allows deriving the amount of NPP altered due to land-
conversion.

Furthermore, it assesses the amount of biomass harvested or killed
during harvest (HANPPy,,y) and separately quantifies biomass flows that
enter socioeconomic processes from those killed during harvest and
remain on field (unused extraction of biomass). The amount of NPP that
remains intact in ecosystems after harvest (NPPg,) is inferred from these
accounts. Thus, the HANPP framework allows to quantify the amount of
NPP that remains in ecosystems after the supply of biomass-reliant
provisioning services (the sum of NPP,, and unused extraction). This
flow is available for ecosystem processes, such as heterotrophic food
webs or C-cycling. The process-based perspective of the HANPP frame-
work is highly compatible with ESS frameworks, such as the Common
International Classification of Ecosystem Services (CICES) framework
(Potschin-Young et al., 2018; Haines-Young and Potschin, 2010; Plutzar
et al., 2016; Haberl et al., 2014; Krausmann et al., 2013; Erb et al.,
2013). CICES provides a five-level hierarchical structure to trace ESS
from the origin towards their contribution to human well-being (Pot-
schin-Young et al., 2018). In line with the HANPP framework, it applies
a systemic and integrated perspective on ecosystem processes and al-
terations from primary ecosystem processes towards socioeconomic
biomass utilization.

Livestock is a key component of agricultural and food systems and is
central to the overall functioning of ecosystems (Dumont et al., 2013). It
provides nutrient-dense food, albeit associated with considerable
resource flows (Krausmann et al., 2008) and substantial environmental
detriments (Steinfeld et al., 2006; Herrero et al., 2013). A particular area
of concern is livestock’s comparatively low efficiency in converting
primary biomass (i.e., NPP) into edible biomass, as compared to direct
human consumption of plant biomass (Godfray et al., 2018; Bowles
et al., 2019). However, livestock also provides a means for harnessing
primary productivity of land that is not or difficult to use for cropping.
Under industrial agricultural conditions, however, the importance of
livestock in harnessing marginal lands has clearly diminished (Gerber
et al., 2010) and it has been estimated that livestock consumes, inter
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alia, one-third of global cereal production (Mottet et al., 2017). In the
year 2000, livestock consumed about three-quarters of the entire global
agricultural harvest and was responsible for approx. 70% of HANPP at
the global level (Haberl et al., 2007; Krausmann et al., 2008). Tracing
feed consumed by livestock back to primary feed and relating the cor-
responding animal products and feed quantities to ecosystem produc-
tivity in terms of NPP allows to assess the sociometabolic size of the
livestock system through a material flow analysis (MFA) perspective
(Domingues et al., 2019).

In line with ecosystem services frameworks, we quantify the utilized
amount of biomass that is extracted or harvested from agroecosystems as
(biotic) biomass-related provisioning ecosystem service (PESS) from
agroecosystems (IPBES, 2019; Maes et al., 2016; Haines-Young and
Potschin, 2018; SEEA, 2021). These comprise primary crops for food,
feed, fibers and fuels from cropland as well as utilized crop residues and
litter, and grass harvest from grasslands. However, parts of the killed
biomass are not harvested, thus mediate or moderate the ambient
environment and secure the long-term functioning of ecosystems and
provision of ecosystem services (Sutherland et al., 2018). Biomass
remaining in ecosystems after harvest and belowground NPP - denoted
as “back-flows to nature” (Krausmann et al., 2008) - can thus be used as a
proxy for the essential functioning (EF) of ecosystems to provide the four
regulating services as described in Harrison et al. (2014). NPP remaining
in ecosystems is also classified as a representative indicator in the IPBES
Global assessment (see Chapter 2.2 Supplementary material, Brondizio
et al., 2019) for ecosystem functioning.

In this study, we calculate HANPP components at a sub-national
resolution for 220 sub-national regions (NUTS2 level; Nomenclature of
Territorial Units for Statistics) in 25 European countries (24 countries of
the EU and UK). We scrutinize the spatial patterns for provisioning ESS
and the essential functioning of ecosystems and relate these flows to the
potential NPP in ecosystems. We use the potential NPP as a measure of
reference for our assessment and as an indicator for the natural
ecosystem capacity to deliver ecosystem services, in line with (Brondizio
et al.,, 2019; Potschin-Young et al., 2018). We further analyze the role of
the livestock sector as a driver of HANPP on cropland and grassland in
order to assess the embodied or “virtual” HANPP flows through livestock
production (Erb et al., 2009b; Haberl et al., 2016; Haberl et al., 2012)
and also relate these fluxes to potential NPP (NPPp).

We aim to find empirical evidence to answer the following research
questions: What is the geographic pattern of land use intensity and ef-
ficiency in the provision of ESS in agroecosystems in the European Union
at the NUTS2 level? What in particular is the role of livestock production
as a driver of HANPP flows? What are the regional patterns of harvested
biomass and biomass remaining in agroecosystems concerning
ecosystem capacity in Europe, and how can they be characterized?

2. Methods

We compiled a comprehensive, consistent and systematic dataset of
agricultural biomass flows and land use for feed, food, fuels and fibers
production on the European NUTS2 level. We included 24 EU-27
countries (excluding Croatia, Cyprus and Malta due to missing data)
and the UK. For simplicity, we use the term EU in the following when
referring to all simulated countries. The reference year is 2012 because it
is the most recent year for which all relevant input data are available.
The dataset covers the entire agricultural production on cropland and
grassland. Moreover, we utilize the HANPP framework (Krausmann
et al., 2013) to calculate ecological productivities of agricultural areas
and changes in net primary production on cropland and grasslands
induced by cropping and livestock activities. Forests and non-
agricultural land (urban and infrastructure areas, unproductive land,
water bodies) are not considered in this study. Further details on data
sources and calculation procedures are described in the following sec-
tions and in the Supplementary Information.
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2.1. Data sources

Sub-national level data from the CAPRI (Common Agricultural Policy
Regional Impact) modeling framework (Britz et al., 2011) are the main
basis for all calculations (Data Source: CAPREG — 21.03.2019, see (Britz
and Witzke, 2015; Kempen and Witzke, 2018). Cropland data for the
year 2012 (harvested area, harvest, yields) was complemented with
estimations on non-reported flows (e.g., stems, leaves, belowground
biomass) from Krausmann et al. (2013). Grassland data from CAPRI was
converted into distinct classes based on spatial patterns derived from
Plutzar et al. (2016), who defined three grazing classes based on the
level of grassland productivity (NPP) and land cover types (see Sup-
plementary Information) Data on livestock feed was also derived from
the CAPRI model. Biomass quantities were converted to dry matter units
based on Krausmann et al. (2013).

2.2. HANPP framework and data

In the HANPP framework, three different forms of NPP are discerned:
NPPp,o denotes the potential biomass flows in ecosystems that would
prevail at a specific site in the absence of human land use under current
climatic conditions. NPP, is the actual NPP of current ecosystems.
NPP,; can be smaller or larger than NPP), depending on land man-
agement. Lastly, NPP.,, calculated as the difference between NPP,.; and
HANPPy,,y, is the biomass remaining in the agroecosystems after har-
vest, which is available to all other heterotrophic food chains but
humans. HANPPy,, is defined as the sum of primary and secondary
biomass removed (e.g., grain and straw) as well as biomass components
that are killed in the course of harvest, i.e., roots (Erb et al., 2009a). The
sum of unused crop residues (litter) and belowground biomass, i.e.,
unused harvest (HANPPp,ry uue), are considered as back-flows to nature.
Unused harvest comprises all biomass that is harvested but left on the
field (e.g., straw), as well as cover crops, plowed into soils and green
manure.

Table 1
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2.3. HANPP and eHANPP;; calculation

HANPP calculations follow the standard HANPP accounting
approach based on Haberl et al. (2014) and are conducted for 220
NUTS2-regions. On cropland, as depicted in Table 1, HANPPy,,, and
NPP, have been extrapolated from CAPRI production data by applying
factors from Krausmann et al. (2013). HANPPy,. (productivity changes
resulting from land conversion and land use), HANPP and NPP,, have
been obtained by applying basic arithmetic operations as derived from
the HANPP framework concept. Consequently, on cropland with annual
cultures, NPP., corresponds to pre-harvest losses, and on cropland with
permanent cultures, NPP, additionally includes NPP allocated to plant
growth (e.g., tree trunks). In the absence of better data and in line with
Haberl et al. (2007) and Plutzar et al. (2016), we assumed actual NPP to
be 20% lower than NPP,, (HANPP),) for grasslands located on poten-
tial forest sites, in order to take the reduction of photosynthetic active
layers caused by land conversion into account. Uncertainties related to
NPP on grasslands are large, in particular at the global level, but less so
for Europe (Fetzel et al., 2017). On pastures and meadows on natural
grasslands, HANPPy,, was assumed to be zero (Haberl et al., 2007).
NPPp, and NPP, on fallow land are derived from Plutzar et al. (2016)
and applied to cropland and grassland areas in 2012. Since no data for
2012 was available, we applied values for NPPp, and NPP, in gC/m2
from 2006 to the land-use extent in the year 2012.

The calculation of HANPP embodied in livestock products
(eHANPPy,) follows the same approach as for HANPP but with addi-
tional assumptions. The basis for the eHANPPy calculation is data on
livestock feed consumption from cropland in a given region. However,
crop-specific extrapolation from feed data is not as straightforward as
cropland production since CAPRI reports feed categories that cannot be
assigned to one primary product (e.g. feed rich protein and feed rich
energy). We estimated the respective share of primary products in each
category according to (Karlsson et al., 2021) and national feeding sta-
tistics to associate crop-related HANPP flows (see a more detailed

HANPP framework, data sources and indicators used in this study for a consistent calculation of NPP flows on cropland. Colors indicate the ecosystem services relevant
compartment within the HANPP framework, which are used in the remainder of this manuscript (dark green = ecosystem capacity, yellow = PESS, light green = EF).
“Pre.harv. L. + peren. growth” = pre-harvest losses and perennial growth. Ue residues denote used (harvested) residues, unused (uue) residues are residues left on fields
or returned to fields. The latter, together with belowground NPP on cropland, are denoted as “back-flows to nature”. * factors derived from Krausmann et al. (2013).

For abbreviations, see Supplementary Information.

HANPP Used Residues HANPP, ., NPP,, HANPP, HANPP NPP,,
framework biomass (1) | (2) 3) () (6) 7) @)
indicator
NPP lost NPP lost
uue resid.
ue residues | ue residues
Used Used
Primary Primary biomass biomass
Product Product harvest harvest
Harvest Harvest (7b)
(1)* factors | ((1) + (2)) * (3) * factor
for used and | factor for for pre- (0)-(4) (3)+(6) 4)-3)
Calculation unused belowground | harvest
residues* biomass* losses
Plutzar
etal.2016 | CAPRI
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explanation in the Supplementary Information). All output from grass-
land is exclusively associated with livestock feed, thus HANPP on
grassland and HANPP associated with livestock feedstuff from grassland
is assumed to be equal. NPPp, refers to a virtual domestic land area
required for livestock feed production. We also assumed domestic pro-
duction efficiencies and applied region-specific yield data from CAPRI. If
no yield values for a given crop and region are reported, we assumed
average country yields. The calculation of eHANPPy deviates from
HANPP calculation in two further aspects: Firstly, we only include res-
idues used by the livestock system such as straw and excluded unused
residues. Secondly, no fallow land has been additionally assigned to
virtual cropland for livestock feed, which results in a conservative
eHANPPy estimation. Overall, eHANPPy assumes that the total supply
of livestock feed is covered by agricultural biomass harvested on do-
mestic (i.e., NUTS2) area. Although livestock systems are often supplied
by national and international imports of feed resources, missing sub-
national trade data prohibited a more sophisticated approach. There-
fore, eHANPPy refers to a virtual area related to the feed demand of the
domestic livestock system. The virtual domestic production of livestock
feedstuff allows to relate the size of a region’s livestock system to its
primary production on crop- and grassland (HANPP) and the potential
net primary production (NPPp).

2.4. Provisioning ESS and ecosystem functioning proxies

According to the CICES framework (Haines-Young and Potschin,
2018), we define used biomass harvest (7b in Table 1), consisting of
primary and secondary biomass, as provisioning ecosystem services
(PESS). PESSy, denotes the ratio of PESS to NPP,,.. We further define the
sum of back-flows to nature and NPP., (7b and 8 in Table 1) as a proxy
for ecosystem function (EF, see introduction), with EFy, denoting its
ratio to NPPpor. Table 2 provides examples of ESS which are related to
the indicators developed in this study.

3. Results

Total annual agricultural output from 220 NUTS2 regions included
in this study was 1.03 Gt of dry matter biomass (Gt dm/yr) from crop-
lands and grasslands, and this agricultural production invoked 1.67 Gt
dm/yr of HANPP flows (1.23 Gt dm/yr on cropland, and 0.44 Gt dm/yr
on grassland). Agricultural HANPP as percent of NPP,, (HANPPy,)
ranges between 14% and 86% on total agricultural land, with an EU
average of 62%. This ratio is considerably higher on croplands at 83%
across the EU than grasslands at 36%. Among NUTS2 regions, the het-
erogeneity of HANPPy, is smaller on croplands (where it ranges from

Table 2
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52% to more than 90%) than on grasslands (2% to more than 90%).

3.1. HANPP intensity across NUTS2 regions

Fig. 1 shows that in 95% of all analyzed regions, HANPP per area is
higher on croplands than on grasslands, and while the intensity of
grasslands is increasing with total HANPP intensity, the share of grass-
lands in total utilized agricultural area (UAA) shows an opposite trend to
total HANPP intensity.

HANPP per unit of utilized agricultural area (UAA; red dots in Fig. 1)
ranges from 147 to 1197 g dm/m?/yr, with an average of 772 g dm/m?/
yr. Average HANPP on croplands is considerably higher than on grass-
lands, with 1007 versus 449 g dm/m?/yr, respectively. However, data
also shows a considerable variation among regions for croplands as well
as grasslands (487-1368 g dm/m?%/yr and 23-1096 g dm/m?/yr,
respectively). Approximately 60% of all regions have higher HANPP
intensities than the EU average. These regions cover 55% of the total
UAA, which indicates that higher intensities are rather found in small
NUTS regions. Additionally, the share of grasslands in total UAA de-
creases with increasing HANPP intensity, albeit individual regions with
a high share of grasslands and high HANPP were found in France, the
Netherlands, the British Islands, Germany and Austria.

3.2. EU-wide patterns for biomass-related provisioning ecosystem services
(PESS)

Fig. 2a illustrates the total used biomass harvest per UAA on NUTS2
level. On average, 633 g dm/m?/yr are harvested on croplands and 262
g dm/m?/yr on grasslands. The average value for the total UAA is 469 g
dm/m?/yr. In Central Europe, the British Islands, and Ireland, the output
is more than 600 g dm/m?/yr of plant biomass in most regions (except in
the Alps and Scotland), with a few regions harvesting more than 1000 g
dm/mz/yr. In Eastern Europe and Southern Europe, the output is
generally lower, ranging from 200 to 500 g dm/m?2/yr.

It is thus not surprising that in most regions with high output per
area, i.e., Northern France, Denmark, Germany and Ireland, HANPPy is
higher than 80% (Fig. 2b). HANPPy, is linked to the magnitude of
agricultural output e.g., in the UK or in the North-West of France, but we
also find high HANPPy, values in areas with relatively low agricultural
output (e.g., NUTS2 regions in Poland or Italy), caused by a high
HANPPy,.. HANPPy, is lowest in Spain, Southern France, Greece, and
Alpine regions in Central Europe and in Northern Sweden; i.e., regions
with warm (Mediterranean) climate or relatively low suitability for
agricultural production. Additionally, perennial crop production causes
lower HANPPy, than annual crops, leading to lower HANPPy, in regions

Selected examples of ecosystem services that are related to the indicators developed in this study. Provisioning ESS relates to the HANPP sub-indicator 7b “used
biomass harvest”, and ecosystem functioning relates to 7a “back-flows to nature” + 8 “NPP,,, remaining in the ecosystem (details see Table 1). Ecosystems services are

derived from CICES v5.1 classification (Haines-Young and Potschin, 2018).

Section Division Group

Class

Provisioning (Biotic) Biomass

Provisioning

Cultivated terrestrial plants

Cultivated plants for human nutrition, for
livestock, materials, energy by type

ecosystem
services
Provisioning (Biotic) Biomass Reared animals Animal products by type
Regulation of baseline flows and Control of erosion rates, buffering and
Ecosystem Regulation & | Regulation of physical, extreme events, atmospheric attenuation of mass movement, water flow
functioning Maintenance (Biotic) | chemical, biological composition and conditions, regulation, wind protection, seed dispersal,

conditions

Regulation of soil quality, pest and
disease control, Water conditions

decomposition and fixing processes and
their effect on soil quality
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Fig. 1. HANPP on croplands and grasslands
across 220 NUTS2 regions in the year 2012.
Upper figure: Y-axis shows the area related
HANPP on croplands (yellow) and grasslands
(green) in g dm/m?/yr per UAA (utilized agri-
cultural area) of cropland and grassland area.
Regions are grouped from lowest to highest
J agricultural (cropland and grassland) HANPP

intensity in g dm/m?/yr from left to right (red

dots). The black dotted line shows EU average
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HANPP as g dm/m?/yr. Lower figure: the black
bars show the share of grasslands in total UAA

dm/m?/yr from left to right), and the dotted
blue line represents the linear trend line across
all regions. Separated bars at the very right side
show the EU average.

per NUTS2 region (regions are again grouped
H from lowest to highest HANPP intensity in g

220 ranked NUTS2 regions, from lowest to highest HANPP/m2 UAA

Cropland HANPP g dm/m2/yr
e HANPP g dm/m2/yr

100%
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40%
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20%

% GL in total UAA
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mmmmm Share of grasslands in total UAA
— EU average

with large perennials areas (e.g., Spain). Surprisingly, in contrast to their
role as important agricultural producers, many NUTS2 regions in
Belgium, Western Germany and Central and Southern France show
HANPPy, values near the European average or below (Fig. 2b), which we
discuss in the following section.

HANPP describes the combined effect of land use change (HANPP},,.)
and agricultural harvest (HANPPy,.y) on ecological biomass availability.
In the EU, HANPPy,,,, accounts for 80% and HANPPy,. for the remainder
of 20% of total HANPP. One-third of all regions (24% of EU UAA) show a
negative HANPPy. (Fig. 2¢), i.e., NPPy¢ higher than NPPp,. All NUTS2
regions of Netherlands and Denmark, 96% of Germany, and 88% in
Belgium show negative HANPPy,,. values, which indicates that the pro-
ductivity of agricultural land use exceeds the NPP, at the respective
sites. Note that caution is requested with regard to the interpretation of
negative HANPP,.. Although negative HANPPy, reduces total HANPP
(the sum of HANPPy,v and HANPP),,o) through a higher NPP,, it must
not be interpreted as an indication for reduced pressures on ecosystem
functioning; it actually indicates substantial human modification of
pristine ecosystems, i.e., intensively managed agroecosystems with high
input intensity of, e.g., fertilizer or irrigation. (Emmerson et al., 2016;
Egli et al., 2018; Rusch et al., 2016; Teixeira et al., 2019; Krausmann
et al., 2013).

Fig. 2d relates the total used biomass harvest to total HANPP as an
indicator for the environmental pressures of agroecosystems per output,
sometimes denoted as “HANPP efficiency” (Fetzel et al., 2014, 2016;
Gingrich et al., 2015). Regions in the South and East of Europe are
comparably inefficient in terms of this indicator; hence, relatively high
environmental pressures in terms of reduced ecosystem productivity are
associated with each unit of used output. In contrast, efficient agro-
ecosystems prevail in Northern France, the Benelux nations, and most
parts of Germany, the UK and Lombardia (Italy). These regions largely
correspond to those with a negative HANPP}.. In Northern Europe and

il ||M|||||\I|||M|ml

===-Linear (Share of grasslands in total UAA)

mmmm Grassland HANPP g dm/m2/yr
-------- HANPP g dm/m2/yr (EU average)

across the Mediterranean belt, comparably low shares of total HANPP
are used as agricultural biomass (share of used biomass harvest in
HANPP lower than 50%). In general, cropland efficiency is a major
driver of total HANPP efficiency, whereas the coupling of grassland with
HANPP efficiency is weaker (r> = 0.95 for total/cropland HANPP effi-
ciency, vs 0.39 for total/grassland HANPP efficiency).

3.3. EU-wide patterns of the essential functioning of ecosystem services
(EF)

Fig. 3a shows the relation of NPPec, and HANPPh,ry yye to NPPp; at
the country level. We interpret this ratio as a proxy for the essential
functioning of ecosystem services (EF). Across the whole European
Union, 46% of NPP,, in agroecosystems (measured in dry matter mass
flows) are contributing to secure ecosystem services. Throughout all
regions, NPP.., represents the main contribution to EF. Unused har-
vested biomass is of limited significance in most countries. In general,
values for EFy, range lower than 35% in Ireland, Denmark, Germany or
the Czech Republic. Countries with the highest values are located in the
Mediterranean region (e.g., Greece, Portugal and Spain). In these
countries, the value is beyond 50% of NPP,... The contribution of back-
flows to nature in general decreases with increasing EFy,, indicating that
less of the available biomass on fields is directly harvested but left on
fields.

The map in Fig. 3b provides information on the sub-national patterns
of the essential functioning of ecosystem services (EFy). We find het-
erogeneous patterns not only between but also within individual coun-
tries. In 30% of all regions (34% of the EU’s UAA), biomass quantities
equivalent to more than 50% of the potential NPP remain in the agro-
ecosystems after harvest. In 11% of regions (accounting for 8% of the
considered UAA), this ratio is less than 30%. In all Spanish NUTS2 re-
gions, biomass quantities corresponding to more than 50% of NPPp
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Fig. 2. Potential indicators for provisioning ecosystem services (PESS). Used biomass output, HANPPy,. and HANPP. Fig. 2a shows a map for total used output/UAA
ing dm/m2/yr (PESS) for 220 NUTS2 regions, total human appropriation of net primary production (HANPPy,) (Fig. 2b), HANPPj,. on cropland in % of NPPp
(Fig. 2¢), and the share of used biomass / HANPP in % (Fig. 2d). Boxplots indicate minimum, Q1, median, Q3, and maximum values. See Supplementary Information

for additional tables.

remain in agroecosystems after harvest. In Northern regions, as well as
in Greece, Western Austria and Northern Sweden, the ratio typically
exceeds 70%. Spain, Portugal, Greece and Austria are the only countries
where no region displays a value below 40%, indicating either extensive
land use systems or multifunctional grassland systems, i.e., agro-
pastoralist systems (Malek and Verburg, 2017; Plieninger and Hunt-
singer, 2018). Throughout all other countries, there are NUTS2 regions
with low values, sometimes even below 20%.

3.4. Embodied HANPP flows in livestock feed consumption

Total eHANPP in the EU slightly exceeds the total HANPP on do-
mestic agricultural land (Fig. 4a). eHANPPyg is 1.75 Gt dm/yr on total
agricultural land (1.29 Gt dm/yr on croplands), which is approx. 6%
more than the total HANPP arising from domestic agricultural produc-
tion for food, feed, fibers and fuels (see Fig. 4a). eHANPP from cereals
(including harvested straw) is 12% higher than the corresponding
HANPP, eHANPP; for oil crops is more than two times larger than the
domestic HANPP related to oil crops production. This result underlines
the strong dependence of the EU livestock sector on feed imports,
particularly oil crops. eHANPP);; of fodder products was lower than
domestic HANPP, since a significant share of domestic fodder maize
production is used for bioenergy production.

Fig. 4b shows HANPP on grasslands as percent of the NPP,o; on
grassland — an indicator which is similar but not identical to grazing
intensity (Petz et al., 2014; Erb et al., 2016), because here the reference
quantity is NPP,ot, whereas for grazing intensity it is NPP,.. We find the
highest pressures on grassland ecosystems in the Northern part of Cen-
tral Europe, Southern Finland and the British Islands, regions with
highly managed grasslands or low NPP,o (Plutzar et al., 2016). HANPP/
NPP,, is lowest in Sweden, and Southern and Southwestern Europe, and
around 30%-40% in most regions of Austria and Eastern Europe.

The ratio of eHANPPyy to the respective production output from
livestock systems reveals vast differences between the various types of
animal products (Fig. 4c). The figure further illustrates that the HANPP
pressures from livestock production vary widely among NUTS2 regions.
For one kg dm of animal product (across all product types and livestock
groups), on average, 40 kg dm eHANPPjy on agricultural land within
and outside the EU were necessary. Monogastric products (pork and
poultry meat and eggs) show average values across the EU of 26 to 38 kg
dm eHANPP| per kg dm. We find similar patterns for the inner quartiles
for monogastric production, i.e., 21-34 kg dm eHANPP;; per kg dm for
poultry meat, with slightly higher ranges for egg and pork production
(30-48 kg dm eHANPPy; per kg dm). For ruminants (i.e., beef cattle and
cow milk), we find average vales of 28 kg dm eHANPPj per kg dm for
milk, and 125 kg dm eHANPPyy per kg dm for beef. The eHANPPs
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Fig. 3. Proxy for EFy, calculated as (NPP¢c, + HANPPh v wue) relative to NPP,
shows a map with the same ratios for 220 NUTS2 regions.

patterns for beef production are also much more heterogeneous, with
92-217 kg dm eHANPPy; per kg dm (inner quartile). Notwithstanding
differences in nutritional values of the considered animal products, milk
production is more efficient in terms of HANPP flows than all other
animal products. However, there are also regions with strikingly low
efficiency (>350 units dm per unit dm output).

Fig. 4d shows the relation of eHANPPy to total agroecosystem ca-
pacity for each NUTS2 region. The map clearly illustrates the large
heterogeneity in patterns of the sociometabolic weight of livestock in
relation to the domestic capacity to host livestock, and consequently also
the dependence on additional and foreign resources to host domestic
livestock systems. Hot-spot regions where eHANPPj is considerably
higher than the total ecosystem capacity of current agroecosystems,
reaching nearly double the size than the potential net-primary produc-
tion exist in the Benelux countries, Northern Italy, Western France —
typically regions with large livestock sectors. In every fourth region,
eHANPPy is larger than total capacity of current agroecosystems, in
more than two-thirds it is higher than 50% of NPPy, while in less than
5% the value is below 20%. These results underline the dominant role of
livestock systems for alterations in ecosystem flows in the European
Union, and that in a considerable number of regions livestock systems
mobilize resource flows that exceed net energy flows in ecosystems
without any disturbance, clearly indicating high pressures on domestic
ecosystems.

3.5. Mapping regional patterns of biomass-related provisioning ecosystem
services and ecosystem functioning in the European Union

We now categorize all EU NUTS2 regions included in this analysis
according to the dominant final destination of biomass flows in agro-
ecosystems. Utilized biomass is used as a proxy for provisioning
ecosystem services (PESS) and back-flows to nature and NPP., as a
proxy for essential functioning of ecosystem services (EF). Mapping the
amount of PESS against the available EF per unit of ecosystem capacity,
i.e., NPPpo (PESSy, vs. EFy,), yields the following insights. Of the total
2,3 Mio km? agricultural land, 36% (0.77 Mio km?) fall into the blue
cluster with above-EU average provisioning and below-EU average
essential functioning of ecosystem services — apparently regions with
highly intensive agroecosystems, where special attention needs to be put
on securing the long-term maintenance of ecosystem services. Such

3b

NPPeco+HANPPharv_uue [% of NPPpot]

70%

pot. Fig. 3a shows stacked bar charts for 25 EU28 countries and EU average. Fig. 3b

regions dominate in Central Europe, i.e., Northern France, Germany, the
Benelux countries and Denmark, as well as in most parts of the United
Kingdom and Ireland.

In contrast, regions with opposite characteristics (low PESSy,, high
EFy, - yellow cluster) cover 37% of total agricultural land. In these
agroecosystems, relatively high shares of biomass are not used and
remain on-site, which is beneficial for the essential functioning of ESS.
This cluster consists of two dominant land use systems: Firstly, many
regions across the South- and South-Eastern parts of Europe with a high
share of perennial cropland, where a comparably larger share of NPP
goes into stem and leaf biomass than in annual crops. Secondly, regions
dominated by grassland, which is an indication that cropping activities
are constrained by climatic and ecological conditions, and grasslands are
one of the few options for agricultural activity.

The cluster with low PESSy, and low EFy, per unit of NPPp, (red
cluster) contains 0.43 million km? of UAA or nearly 20% of all agri-
cultural land. It mainly includes regions in Eastern Europe as well as dry
regions in Southern Europe. Here, high values of HANPP,. are an
indication for massive human intervention into natural ecosystems
through the conversion to agroecosystems, with high costs in terms of
losses of NPP.

Regions with high PESSy, and high EFy, (green cluster) cover only
7.4% of total agricultural land use in the EU. They are located in Central
Europe, i.e. Germany, the Netherlands, Belgium, and France, as well as
individual regions in the UK and one region in Greece. In these regions,
high ecosystem capacity is utilized to produce agricultural goods, but
also high amounts of biomass remain after harvest, indicating a favor-
able pattern for all ESS included in this assessment.

The linear trend line across all NUTS2 regions shows the relation
between biomass-related provisioning ESS and the essential functioning
of ESS. Grasslands are the dominant land use within the yellow cluster,
with 62% in total agricultural lands. If grasslands are intensified or
converted into croplands, or if croplands (with high shares of permanent
crops) are converted to annual crops, essential ecosystem functioning
might be infringed. Additionally, plant breeding has increased the har-
vest index for higher yields without significant changes in total biomass
production (Hay, 1995; Fan et al., 2017; Bentsen et al., 2014; Kraus-
mann et al., 2013), leading to less biomass available to contribute to
essential EF. However, at a certain degree of land use change, other
factors, which are not considered in this study, play a more substantial
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Fig. 4. Embodied HANPP of EU livestock in 2012. Fig. 4a shows a comparison of eHANPP;s with HANPP in Gt dm/yr. Note that straw is included in cereals. Fig. 4b
shows HANPP,, (HANPP},,,/NPP,,o) on grasslands. Boxplots in Fig. 4c illustrate the ranges for the embodied HANPP per animal product on total agricultural land as
eHANPP / animal output (kg dm / kg dm) among regions. “Total” refers to the aggregated data for each region and includes sheep and goat milk and meat, which are
not shown separately. Fig. 4d shows eHANPP, relative to total ecosystem capacity (NPPp,) for each NUTS2 region.

role. Thus, the intensification or conversion of such agroecosystems
needs to be done with caution in order to avoid declining EF while
increasing provisioning services.

4. Discussion

European agroecosystems deliver enormous amounts of biomass, i.
e., provisioning services, per unit area. In 2012, 469 g dm/mz/yr (38%
of NPP,,,) of used biomass was harvested on total agricultural land. We
find that each unit of harvested biomass (dm) is associated with HANPP
between 0.8 — 8.1 units dm across all regions and that especially regions
across the Benelux countries provide large volumes of usable biomass
harvest while also relatively large quantities of biomass remain in eco-
systems after harvest. Nevertheless, the high biomass production is due
to agricultural intensification, which itself exerts strong pressures on
ecosystems (IPCC, 2019). NPP remaining in ecosystems after

provisioning society with biomass is 563 g dm/m?2/yr or 46% of NPP,ot
on total agricultural land. On cropland, only 351 g dm/y?/yr remain in
ecosystems after harvest, while on grassland this value is considerable
higher at 793 g dm/y?/yr. These values correspond to 28% and 66% of
NPP,, respectively. This is essential for the functioning of ecosystems,
the source of many regulating ecosystem services and central for
securing the long-term stability of provisioning ecosystem services
(Brondizio et al., 2019; Haines-Young and Potschin, 2018; Harrison
et al., 2014).

Livestock husbandry is a large consumer of provisioning ecosystem
services and a major driver of pressures on ecosystem functioning. Thus,
the role of livestock production for HANPP within and beyond EU bor-
ders requires more detailed scrutiny. Embodied HANPP from livestock
production is an indirect proxy for the pressure of feed production on
ecosystems, and results from this study underline the considerable
pressure of the European livestock sector on ecosystems. We compared
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Proxies for provisioning ESS and
essential functioning of ecosystem services (EF)
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Fig. 5. Scatterplot showing PESS, as used biomass harvest / NPPp, in % (y-axis) and EFy, as (NPP.c, + back-flows to nature) / NPPp in % (x-axis). The central point
in Fig. 5a is defined as the EU average (PESS = used biomass EU/ NPP,; EU; EF = NPPcc, + HANPP} 4y yue EU/NPPo EU), with 20% for PESS,, and 44% for EFy.
Dotted line represents the linear trend line with r* = 0.39. Clusters show high and low scores as follows: Green: high-high; red: low-low; yellow: low (PESSy,) — high
(EFy,), blue: high (PESSy,) - low (EFs,). (Fig. 5a) and a map showing in which cluster regions fall (Fig. 5b).

the primary biomass flows which are mobilized for livestock feed to total
ecosystem capacity and found that in a considerable share of regions,
these flows exceed (>100%, 21% of regions) or massively exceed
(>150%, 9% of regions) domestic NPP,.. This indicates an external-
ization of ecosystem pressures related to feed imports (Fuchs et al.,
2020; Karlsson et al., 2021). Embodied HANPP flows per product show
that the low input-output efficiency is associated with high pressure on
ecosystems per output, adding to previous studies on the low feed
conversion efficiency of livestock (Herrero et al., 2013; de Vries et al.,
2015; Shike, 2013; Van Zanten et al., 2016). We, therefore, add a novel
contribution to the discussion of the sociometabolic size of livestock
systems in relation to land and ecological boundaries through the inte-
gration of ecological productivities (Van Zanten et al., 2018; Mu et al.,
2017; Domingues et al., 2019).

EU policies such as the Common Agricultural Policy (CAP) that aim
at mitigating the impacts of agriculture on ecosystems need to specif-
ically address livestock production. Ruminant livestock implicates a
range of environmental costs (e.g., CH4 emissions, excessive nitrogen
loads and leakage), and a reduction of certain types of animal produc-
tion is beneficial for both the environment and human health (Godfray
et al., 2018; Westhoek et al., 2014). Nevertheless, extensively used
grasslands have been proven to be central for the provision of ESS (Sala
et al., 2000; McSherry and Ritchie, 2013; Ockinger and Smith, 2007;
Talle et al., 2016). Keeping extensive grasslands across the EU poten-
tially appears as an efficient pathway to decrease overall pressures on
agroecosystems.

In our analysis we encountered a number of intricacies, most of
which are based on the surprisingly limited data availability for Euro-
pean agriculture. Data on livestock production are extremely scarce,
especially when it comes to sub-national disaggregation, but also at the
national level. This is surprising given the economic, social and envi-
ronmental importance of livestock systems. While census data on live-
stock numbers and animal production is readily available and accessible
(partly only at the country-level), hardly any comprehensive and
consistent data for livestock feed production and utilization is available.

Furthermore, no data on livestock production besides milk is available at
the NUTS2 level. This was one reason why we had to resort to modeling
results from the CAPRI model instead of primary statistical data.
Another source of uncertainty is that we had to refer to agricultural
NPPp,; data per unit area from the year 2006 for the HANPP calculation
for the year 2012. While the introduced error cannot be quantified, one
can suspect that the overall level of NPP,, did not change substantially
in this period due to relatively low changes of total agricultural land in
the European Union (—3%) between 2006 and 2012 (Faostat, 2021).
Thus, we assume that this uncertainty is not affecting the interpretation
of our results presented here.

The embodied HANPP livestock calculation has intricacies that
warrant caution in the interpretation of results. Firstly, we relate the
eHANPPyy to the main animal product and ignore any purposes for
which livestock is raised other than food production - leading to an
overestimation of feed requirement per animal product where e.g. draft
power or touristic use are predominant. Secondly, due to the lack of
data, and because it was out of the scope of this paper, we calculated
HANPP of livestock production with domestic land use factors where the
livestock was raised, implying that all imported feedstuff is associated
with the same HANPP as a domestically produced feedstuff. This is, of
course, a simplification. If feedstuff were imported from regions with
higher HANPP-efficiency, our results would be an overestimate. How-
ever, as many regions that export to Europe are characterized by lower
HANPP efficiency (Roux et al., 2021), we conclude that our estimate is
conservative and eHANPP of livestock might even be larger than
quantified here. Nevertheless, due to the high regional heterogeneity
and specialization of livestock systems, it is necessary to further develop
more precise approaches to estimate the extent of HANPP embodied in
sub-national livestock systems in the EU, in particular, because no sub-
national trade-data is available. Concrete next steps are to develop
consistent frameworks to measure the production against consumption
in a given region in order to estimate net-trade volumes. According to
the national trade patterns, these volumes can then be allocated to in-
ternational trade partners (Kalt et al., 2021; Kastner et al., 2015) or by
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using multiregional I/0 tables (Bruckner et al., 2019). Such approxi-
mation of the place of production, which is relevant for applying the
HANPP framework, could serve as a first entry point for sub-national
embodied HANPP flows.

Trade-offs between regulating and provisioning ESS are at the core of
ecosystem services research (IPBES, 2019; Maes et al., 2016). In this
study, we calculate proxy indicators for ESS, which are directly related
to biomass-flows in agroecosystems. We utilize the usable output as a
metric for provisioning ESS, the mass-flows of biomass remaining in
agroecosystems after harvest as a proxy for the essential functioning of
ESS, and assess the metabolic size of the livestock systems in relation to
domestic ecosystem capacity. The biomass that remains in agro-
ecosystems after harvest contributes to a range of regulating ESS such as
mass flow and atmospheric regulation, and to a lesser extent pest and
water flow regulation (Raudsepp-Hearne et al., 2010; Bronick and Lal,
2005; Harrison et al., 2014; Brondizio et al., 2019). Given data avail-
ability, the HANPP framework would furthermore allow assessing the
impact of, for example, changing crop rotations that integrate catch
crops, and which are essential to maintain regulating ESS such as soil
stabilization, nitrogen fixation, or natural pest control (Schipanski et al.,
2014; Wittwer et al., 2017; Hobbs et al., 2008). Overall, the indicators
developed in this study should be integrated into broader ecosystem
services (SEEA, 2021; IPBES, 2019) and trade-off assessments since they
allow to establish consistent proxies for the ESS pressures and benefits of
biomass flows from their origin towards their final usage (Power, 2010;
Raudsepp-Hearne et al., 2010; Maes et al., 2016).

Agriculture in the European Union is at a crucial decision point,
apparent in the increasing number of strategic policy documents
addressing a green transformation (European Commission, 2019; Eu-
ropean Commission, 2020a; European Commission, 2020b). Rapidly
advancing climate change and irreversible ecosystem service loss
(IPBES, 2019; IPCC, 2019) demand urgent action to reconcile the pro-
vision of agricultural goods with environmental, social and economic
services. Pushing economies of scale and increasing large-scale agri-
cultural and livestock production while keeping on spending EU agri-
cultural subsidies not where they are most needed (Scown et al., 2020),
and ignoring or outsourcing negative impacts is no more a viable solu-
tion for agriculture (Fuchs et al., 2020). In the light of our findings,
addressing these issues must become a pivotal topic for policymaking.
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