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Abstract

conservation strategies is helpful.

Biodiversity is severely declining in intensively managed agriculture worldwide. In response, land-management
strategies for biodiversity conservation on farmland are in debate, namely ecological intensification and land
sparing vs. land sharing. In parallel, there is a recent food vs. energy debate stimulated by an increasing
competition for land resources. Despite clear overlaps between these two debates, they were rarely connected in
previous research. This paper aims to stimulate a discussion by providing a contextual link between biodiversity
conservation strategies and options for future energy crop deployment. Therefore, nine conceptual land-use
scenarios are developed, and then, the potential biodiversity implications are discussed based on the findings from
past and ongoing research. These scenarios include the integration and segregation of both food and energy
crops on lands with a range of productivity and suitability for agricultural production. We assume that the clear
segregation between food crops on productive land and energy crops on marginal land is less likely to be a
solution of mitigating the problems related to the biodiversity decline, especially in the European agricultural
landscape context. In contrast, the integration of food and energy crop production systems at the farm to
landscape scale has greater potential for ecological intensification, although conflicts with traditional nature
conservation targets may arise. We conclude that broadening the perspectives of biodiversity conservation in
agriculture is crucial, and the inclusion of energy crop production into the recent debates on biodiversity
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Introduction

A decrease in available arable land per capita due to a
rapid population growth [1], a growing number of animals
in agriculture that need to be fed and actions for climate
change mitigation and adaptation [2, 3] are aggravating
the competition for land resources. These demands will
result in conversion of additional land to agricultural use
and/or further agricultural intensification on existing
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productive land [4, 5]. In this context, the potential im-
pacts of bioenergy production on food security have been
highly controversial (e.g. recent food vs. energy debate).
Bioenergy expansion has exerted significant land-use
pressures, intensifying the competition for land, water and
other natural resources with food production, which
resulted in various concerns over environmental and
social sustainability [6, 7]. On the other hand, energy crop
production can bring opportunities for increased
agricultural production and productivity, rural develop-
ment, agricultural diversification and climate change
mitigation [8-10].
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Past research on bioenergy expansion mainly focused
on markets and feedstock distribution [9, 10] or bioe-
nergy potentials and land availability on national and
global scales (e.g. [11-13]). Accordingly, studies looking
into the impacts of bioenergy production on biodiversity
and/or ecosystem services were mainly undertaken from
national or global perspectives (e.g. [14, 15]). A number
of spatially explicit modelling studies have also emerged
to evaluate the biodiversity responses from energy crop
production at regional, national and pan-national scales,
maize in particular [16-19], some of which considered
land-use change scenarios involving energy crop cultiva-
tion on marginal land of high nature value [20, 21]. In
addition, many field-scale or empirical studies with a
focus on a particular energy crop have been conducted
to compare biodiversity impacts with those of row crops
or grasslands [22-24]. However, a small but increasing
number of studies have also tackled the biodiversity
issues associated with energy crop production on a farm
and landscape scale. These studies included the spatial
and temporal aspects of bioenergy-driven land-use
change and/or adaptations of the whole farming system
(e.g. [25-30]).

The questions of where and to what extent energy
crops should be cultivated in agricultural landscapes to
maintain and/or enhance biodiversity and ecosystem
service provision cannot be easily answered. There is a
discrepancy between the findings of coarse-scale/model-
ling studies (mostly indicating negative impacts) and fine-
scale field-based studies (mostly suggesting positive effects
in comparison with traditional agricultural crops). The
biodiversity effects of energy crop cultivation can also
significantly differ from climatic regions and crop types
[31] and specific regional circumstances, such as land-
scape pattern and structure [24, 32]. Therefore, farming
system-based approaches are more relevant to answer this
question. The potential impacts on local biodiversity from
energy crop cultivation needs to be considered in the
context of severe biodiversity decline on agricultural land
[33, 34]. Thus, we suggest linking the discussion on
biodiversity impacts from energy crop production with
those of agricultural land-management strategies for bio-
diversity conservation, namely ecological intensification
[35] and the land-sparing vs. land-sharing debate [36].
Addressing both issues may be possible through the right
selection of energy crop [6] and the optimal agricultural
practices [37]. Therefore, we focus on the spatial-temporal
scale of a farming or a production system because the
solutions for food and energy security, biodiversity and
ecosystem services must be considered altogether. To
define the research scope for this paper, our scenarios and
discussions only focus on direct land-use change, while
we fully acknowledge the importance of challenges result-
ing from indirect land-use change (iLUC) [38]. The latter
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would have to be considered in a future discussion. The
aim of this paper is to explore and stimulate a discussion
about innovative agricultural production systems, which
can meet multiple goals at the same time—production of
food, fodder and biomass feedstock for energy and industry
uses, biodiversity conservation and promotion of ecosys-
tem services. In this paper, we describe nine conceptual
land-use scenarios, which both segregate and integrate
energy crop cultivation from/with food and fodder produc-
tion systems on land having different levels of productivity.
Potential impacts of those scenarios are discussed on the
basis of yield-biodiversity relationships [39]. We also
discuss opportunities and barriers for these scenarios in
relation to the biodiversity outcomes based on the findings
from past and ongoing studies. Finally, we suggest alterna-
tive scenarios that integrate food and bioenergy systems,
involving first-generation energy crops (i.e. usable as food/
fodder or energy feedstock) and dedicated energy crops
(i.e. only usable as energy feedstock), taking account of the
productivity levels of the farmland.

Land-use scenarios based on segregation or
integration of food and energy crop cultivation

at coarse spatial scales (regional to national)
Integration or segregation, or in other terms “land sparing”
or “land sharing”, are two land-management strategies for
biodiversity conservation worldwide. The debate originated
from their efficiency in different ecosystems, landscapes
and biogeographic regions [36, 40, 41]. These two stra-
tegies can be easily adapted to the question on where to
cultivate energy crops (e.g. [42]) to avoid negative land-use
change (LUC) effects, including the impacts on biodiversity
and ecosystems. The concepts of land sparing and land
sharing can be applied to any energy crop production
system on a range of spatial scales (sensu [43]). There are
two types of land-sparing approaches. The first approach
restricts energy crop production to less productive,
degraded, marginal or abandoned agricultural land to
minimise the LUC effects including iLUC [40, 44—46]. The
second approach cultivates energy crops on land that has
been freed up for other purposes through (sustainable)
agricultural intensification, resulting in higher yields per
hectare (ha) [47, 48]. In contrast, a land-sharing approach
for bioenergy involves combining systems of food and
energy production on a field or a set of fields (CFE). There
are two possible systems: (i) both energy and food crops
are included in the crop rotation cycles or (ii) energy crops
are planted as structural elements in landscapes such as
“energy hedgerows” in agroforestry systems (e.g. [26]). The
integration of both crops can be implemented on both land
of high- and low-productivity levels. Trials have found CFE
to be considerably less resource demanding and more
amenable to sustainable production than conventional
food-cropping systems [49]. In the developed countries,
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CFEE systems are also expected to improve overall ecosys-
tem functions [50]. Land sharing of food and energy crops
could thus be a means of supporting sustainable intensifi-
cation of agriculture [51].

For a comparative discussion, we have sketched a
diagram to visualise those alternatives of integrating or
segregating food and energy cropping at coarse spatial
scales (Fig. 1). To redefine the idea of restricting energy
crop cultivation to less productive land, we have adopted
some definitions by Shortall [46]. However, the defini-
tions and characterizations of land productivity were
currently highly ambiguous. We have therefore opted for
a pragmatic classification into (i) high-grade productive
agricultural land which is environmentally and econom-
ically suitable for all food crops and (ii) lower grade land
which is economically marginal for food production (i.e.
areas where cost-efficient production is not possible due
to a combination of given conditions including low soil
fertility, adverse climate, impediments to cultivation
techniques, agriculture policies and macroeconomic and
legal conditions). The “marginality” of the land is deter-
mined with respect to the particular economic opportun-
ities offered by land-use choices [52]. Areas with extremely
poor soils, harsh weather environments and severely de-
graded areas are classified into (iii) land unsuited for food
production. Nevertheless, the notion of this land category
still contains technical and economic assumptions that
production of energy crops is possible and economically
feasible. Owing to advanced plant-breeding and genetic
modification technologies, future energy crops are likely to
be more resilient, requiring fewer nutrients and water [46].
Our final land category of (iv) “natural” land includes all
types of land which are reserved for nature conservation.
Those areas must be completely excluded from any
agricultural activities (Fig. 1), although the use of biomass
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waste and forest residues from such areas for energy
purposes is possible (e.g. [53]). We are also aware
that the classification of land categories can vary
across countries and regions. For example, remnant
natural land hardly exists in rural landscapes in
Europe, which are mostly dominated by cultural
landscapes. Thus, current European nature conservation
policy has more of a focus on species-rich farmland, such
as designated Natura2000 sites and high nature value
(HNV) farmlands [54]. These areas are classified as
economically marginal land in our classification, not
into this “natural” land category. On the other hand,
“rewilded” areas are included in the natural land
category [55].

We have adopted a coarse yield-biodiversity relationship
[40] to characterise the four land categories described
above (Fig. 1). The level of biodiversity in the low-grade
land unsuitable for food production may be much
lower than assumed in Fig. 1, in particular where the
unfavourable conditions result from soil degradation
or contamination. For such areas, restoration or
phytoremediation are important strategies. However,
this is beyond the scope of the paper.

The “pre-bioenergy” scenario (Fig. 1) presents the
distribution of dominant land cover for the three land
categories. Food crops are mainly produced on the most
productive agricultural land. Crop yields on that land are
high, owing to high soil fertility, high external inputs
and intensive production systems. Accordingly, levels of
biodiversity on that land are very low (Fig. 1; [33]). As land
becomes more marginal, crop yields decline, options for
intensification of management become economically
restricted and therefore production systems become less
intensive. Permanent grassland is becoming the dominant
cover on such land. In some regions with economically
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Fig. 1 Schematic of scenarios of segregating or integrating food and energy crop cultivation on land of different productivity and restrictions for
agricultural development. The scenarios and their implications for the yield-biodiversity relationship are described in detail within the text
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marginal land, low-intensity farmland, sometimes with
traditional farming practices, prevails [56]. Levels of farm-
land biodiversity on such land are high in comparison to
those on productive agricultural land [54, 56]. On the
low-grade land unsuitable for food production, high
proportions of abandoned agricultural land occur due to
mainly economic reasons, and high proportions of land
not utilised for agriculture also occur due to environmen-
tal reasons. Extensive pastoral systems may exist on such
land. Within the coarse yield-biodiversity relationship ap-
plied here, we expect to find high levels of biodiversity on
such land. The highest levels of biodiversity are expected
on “natural” land which is exempted from agricultural
production (Fig. 1).

The “segregation of food and energy crops” scenario
(Fig. 1) follows the “food-first” directive, postulating that
food crops should be produced on the most productive
land and energy crops should only be produced on land
unsuitable for food production. In comparison to the
“pre-bioenergy” scenario, this scenario involves conver-
sion of only the most economically marginal lands (e.g.
[57]), such as extensive agriculture, grazing, hay produc-
tion and abandoned agricultural lands. Environmental
impacts of restricting energy crops to these lands were
discussed in our previous papers [45, 58]. From the
perspective of biodiversity conservation in agriculture,
this LUC may not result in positive biodiversity outcomes;
thus, the scenarios should be carefully scrutinised. This is
highly relevant to the European context. First, this sce-
nario is unlikely to result in any improvement for bio-
diversity in the existing intensive farming areas, especially
when the productive land is used for only food production
and no steps are taken to support farmland biodiversity.
Secondly, these types of land are generally characterised
by comparatively high levels of farmland biodiversity, es-
pecially in Europe. Depending on the biodiversity values
of the energy crops chosen, the biodiversity values of the
land category converted and the functional integration
(i.e. supplementing/complementing habitat functions) of
the novel crops into the landscapes, the outcome may be
positive, neutral or negative. Therefore, thorough regional
impact assessments are necessary. Lastly, HNV farming
systems in Europe which may exist in those lands are
often threatened by non-sustainable socio-economic
conditions [59]. The integration of energy crops can help
to retain the HNV farming system and the associated
species depending on the extensive and low-impact
agricultural lands. The diversification also results in the
opportunity to increase farmers’ income and a stabilisation
of the rural communities without harming the ecological
component of those socio-ecological systems (sensu [59]).
Permanent grassland with extensive grazing is an import-
ant type of land use on economically marginal land and
land unsuitable for food production.
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The “integration of food and energy crops” scenario
(Fig. 1) combines the ideas that (i) a diversification of
food production systems through energy crops does not
undermine food security [50] and (ii) sufficient and
sustainable cultivation of energy crops on marginal land
is not achievable because of low yields, low feedstock
quality, higher land take and the associated environmental
and social issues [45]. In comparison to the segregation
scenario, LUC occurs predominantly on the productive
agricultural land and also on the economically marginal
land. In the latter case, the boundaries of economic mar-
ginality shift due to a presumably higher profitability of
combined food and energy systems in comparison to food
production only. Due to the higher yields on the product-
ive land, land unsuitable for food production is less
affected by the expansion of energy crop production. A
possible biodiversity outcome of this scenario depends on
how the integration is undertaken. Hence, more detailed
scenarios of the respective options at the farm to land-
scape scale are presented and discussed in the following
section. In general, this scenario has the potential to halt
or even reverse the biodiversity loss from intensive
agriculture—if sustainable intensification is understood as
ecological intensification [35]. For instance, a strategic
integration of perennial crops is suggested as a means for
the restoration of agroecosystems [60]. However, the
benefit of such changes may mostly affect functional
components of biodiversity and more common species as
ecosystem service providers and not so much affect spe-
cies of nature conservation concern. For the permanent
grassland in the economically marginal land class affected
in this scenario, considerations similar to the ones made
for the segregation scenario would apply. In this context,
integration of dedicated energy crops—mostly woody per-
ennial crops, such as a variety of eucalypts—into extensive
grazing have been also suggested in Australia to remedy
natural resource management problems (e.g. salinity,
biodiversity loss, water quality degradation), to increase
farmers’ profits through product diversification [61] and
to explore carbon-offset opportunities [62].

Scenarios of integrating energy crop and food

crop cultivation at the farm to landscape scale

To reconcile agricultural yields for food and/or energy
crops and conservation of farmland biodiversity at the
landscape level, choosing between pure land-sharing or
land-sparing strategies may lead to suboptimal outcomes
in many cases. This is because “optimal” landscapes will
likely have features of both strategies [63]. Moreover,
there is a wide variation in definitions of what consti-
tutes the spared land, ranging from natural habitats,
grazed grasslands to field boundaries [43]. Likewise,
there is a range of ideas about the spatial scale at which
land sparing is applicable [40, 64]. Ekroos et al. [43]
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suggested a multiple-scale land-sparing approach where
the respective scale at which land-sparing options were
applied corresponds to the most appropriate aspects of
biodiversity conservation.

For our scenarios, the sparing of habitats within land-
scape mosaics is of relevance. Many common species
including ecosystem service providers (e.g. biocontrol
agents and pollinators) move tens to thousands of
metres during a day or season to use multiple habitats
that offer complementary or supplementary resources
[65, 66]. To this effect, a field of a low-input dedicated
energy crops may function as a “spared” habitat in
providing resources to farmland species, comparable to
a spared semi-natural habitat. Accordingly, including an
energy crop into a crop rotation cycle or in double-
cropping systems may function as a sharing type of
measure for supporting biodiversity.

Looking at the options for segregating or integrating
food and energy crops at the farm to landscape scale (i.e.
a spatial cluster of farms), pure energy farms would rep-
resent a pure sparing solution and combined food and
energy farms a sharing solution. In reality, farms specia-
lising only on the production of energy crops are
uncommon in an agricultural context. Therefore, we
focus our scenario development for the integration of
both food and energy crop production. Such integration
could be achieved by converting both productive and
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economically marginal agricultural lands, albeit in each
case different energy crops are involved, including either
intensive crops (i.e. first-generation energy crops) or
dedicated energy crops (e.g. grass and woody perennial
crops), which are often less intensive in management
[67]. For the latter, cultivation on land unsuitable for
food production may also be viable. We therefore in-
clude scenarios with first-generation energy crops only
(A1, BI1; Fig. 2), spatio-temporal combinations of first-
generation energy crops and dedicated energy crops (A2,
B2; Fig. 2) and dedicated energy crops only (perennial
crops, A3, B3, C1-3; Fig. 2). The options for an integra-
tion of food and energy crops therefore differ in the spatial
and temporal combinations of the respective crops, in par-
ticular. Use of waste materials, slurry or manure for bioe-
nergy is not explicitly taken into account here but might
be an integral part of the respective bioenergy chains.

The scenarios presented in Fig. 2 are not exhaustive,
and several more options for integrating food and energy
crops may exist. The detailed description of nine scenarios
with a range of production intensities and systems (Al—
C3) enables us to identify the risks and the opportunities
associated with biodiversity conservation within the
respective scenarios. Possible impacts of land-use change
induced by energy crop integration across scenarios are
not taken into consideration. All scenarios (Fig. 2) were
realised in a farming context or at least tested in
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are described in detail within the text

A B C
D'd Y
Productive Economically Unsuitable low
agricultural land marginal land grade land
N\ AN
1 {
o o o O
2 ®@ @6 o
®@ @©
o O o
. Food/fodder crop
D 1t gen. energy crop
D Dedicated energy crop
I:I Permanent grassland

Fig. 2 Scenarios of integrating energy crop cultivation in open land varying in suitability for food production. The scenarios focus on coarse
categories of land use including food/fodder crops, so-called first-generation energy crops, dedicated energy crops and permanent grassland. For
each land type (A-Q), three separate scenarios were developed in which the intensity of land management decreases from 1 to 3. The scenarios
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experimental setups. Their characteristics are presented
below together with examples of their implementations.

A1: First-generation energy crop production on productive
agricultural land

The energy crops combined with food/fodder crops in
this scenario are annual first-generation crops (e.g.
oilseed rape, maize) for the production of bioethanol,
biodiesel or biogas. The crops can be cultivated in rota-
tion with food crops or in inter- or double-cropping
systems. In the case of maize, they can also be grown as
monocultures. Oilseed rape and maize cover high
proportions of the utilised agricultural area (UAA) in
some areas of Europe and North America (e.g. [68]).
Those systems do not differ from conventional food
cropping in terms of management intensity and levels of
inputs (e.g. plant protection and fertilisation). Therefore,
such systems do not improve the conditions for farm-
land biodiversity but could rather aggravate the situation
with covering a high proportion of the UAA [17].
Oilseed rape, as a mass flowering crop, can provide food
resources for pollinating insects but only during a
limited period of the year [69]. A sustainable benefit for
pollinators can only be achieved when a continuous
flower supply is ensured through supplementary habitats
in the landscape [29].

A2: Combination of first-generation and dedicated energy
crops on productive agricultural land

This scenario presents a less intensive, lower input and
more diversified version of scenario Al. Here, annual
first-generation crops are combined with fields, or field
strips, of dedicated (annual or perennial) biomass crops
planted in the vicinity of food/fodder crops. Such crop-
ping systems are sometimes tested as more sustainable
and biodiversity-friendly alternatives to Al. Examples
are an inclusion of switchgrass or mixed-grass-forb
prairie in maize production [24], strips of wildflower
mixtures for biogas in maize-dominated areas [70] and
alternative crops to maize, such as the cup plant
Silphium perfoliatum L. [71]. Including dedicated energy
crops, perennial crops in particular, in intensive food-
cropping systems could mitigate some of the pressures
on farmland biodiversity by lowering input levels, lower-
ing the speed of production cycles, increasing crop
diversity, regenerating soils and providing continuous
resources for ecosystem service providers [24, 50, 72, 73].

A3: Strips of dedicated energy crops on productive
agricultural land

Strips of dedicated energy crops planted as alleys in ex-
tensive fields of food crops could serve diverse purposes.
Silvo-arable agroforestry systems with fast growing trees
for short-rotation coppice (SRC) can function as wind
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breaks, stopping wind erosion of soil in plains [74]. Per-
ennial buffer strips adjacent to annual crops can reduce
soil sediment and nutrient inputs into surface waters, in-
crease carbon storage, improve farmland biodiversity
and reduce pesticide drift into natural habitats [60, 74].
Agroforestry systems established on agricultural land
were shown to mitigate many of the negative impacts of
agriculture, for supporting biodiversity and enhancing
natural regulation of pests [75, 76]. Evidence for such
multi-functional effects from agroforestry dedicated to
bioenergy is, however, still scarce [74]. An alternative to
SRC strips could be strips of herbaceous crops or flower
mixtures. Positive impacts of such strips on pollinating
insects and natural pest control were shown for mixtures
developed for nature conservation in agricultural
landscapes [77, 78]. Evidence of comparable benefits
from wildflower strips designed specifically for energy
purposes has yet to be established.

B1: First-generation energy crop production on economically
marginal land

This scenario resembles Al but on lower grade soils
and/or under stronger climatic limitations to crop culti-
vation. Different crop varieties or species may be grown in
comparison to Al [79]. In drought-prone environments,
for example, sweet sorghum and sorghum-sudangrass
hybrids were tested as alternatives to maize for biogas
production in Germany [80]. Like in Al, the combined
systems do not differ from pure food/fodder systems in
their farming intensity and hence are most likely to have
negative effects on biodiversity. When bioenergy feedstock
production becomes more economically profitable than
fodder production or grazing on permanent grassland, the
latter is likely to be converted into fields of energy crops.
Problems for nature conservation connected to such con-
version of permanent grassland, together with manage-
ment changes, such as shorter crop rotation cycles and
earlier harvesting times, were reported from Germany
[81]. Here, the amendment of the Renewable Energy Act
in 2004 together with the implementation of a bonus
payment for the production of electricity from renewable
raw materials led to maize becoming the predominate
energy crop for biogas production, resulting in the afore-
mentioned land-management changes.

B2: Combination of first-generation and dedicated energy
crops on economically marginal land

Dedicated energy crops, in particular perennial ligno-
cellulosic crops, are often suggested for cultivation on
lower grade soils [82, 83]. Miscanthus and other energy
grasses together with SRC plantations of fast growing
trees, such as willow and poplar, are among the prime
candidate crops in Europe. Their field-scale impacts on
biodiversity are often deemed positive in comparison to
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conventional food crops [23]. As discussed in A2, they
could mitigate some of the pressures on farmland bio-
diversity. The potential impacts of such combined food
and energy systems on economically marginal land,
however, need to be discussed against the issues of mar-
ginal yields from those lands together with the questions
of how they can interact with HNV farming systems and
nature conservation priorities (see [45] for a more de-
tailed discussion of those issues). In this context, a good
strategic planning and landscape design for bioenergy
may provide an opportunity to move forward more sus-
tainable production systems [84]. For example, Ruskule
et al. [85] showed that the spatial pattern of afforestation
on abandoned agricultural land had an impact on the
respective biodiversity outcome in Latvia. More import-
antly, energy crop production from marginal lands could
directly compete with forage-livestock production. A
conversion of forage production, including switchgrass,
reed canary grass and alfalfa, to energy farming could
push the traditional forage-livestock industry to even
more marginal lands [86] (Fig. 1). In Ireland, where pro-
duction of grass as fodder has a long tradition, conver-
sion of grass biomass from fodder to biogas production
was suggested due to the high energy yields. Biomethane
from grass had a very good energy balance; thus, the
conversion was expected to involve less habitat destruc-
tion, LUC, new farming practices or annual tilling [87].
Nevertheless, those grasslands are intensively managed,
receiving high fertiliser application rates and frequent
mowing, which can result in degraded species pools and
structurally homogenous swards [88, 89]. Therefore, the
biodiversity outcomes of this scenario remain largely un-
known. Along with the production of dedicated crops,
the use of successional vegetation as bioenergy feedstock
was also suggested as a productive alternative despite
the soil and climate restrictions typically found in
marginal lands [90]. This alternative may be relevant for
abandoned agricultural land in this scenario but also has
implications for scenario C3 on land unsuitable for food
production.

B3: Strips of dedicated energy crops on economically
marginal land

In comparison to B2, the focus of this scenario is on the
introduction of woody perennial crops integrated as
agroforestry systems into existing annual or perennial
land use. An example for this is the cultivation of southern
mallee eucalypts in the extensive dryland wheat and sheep
regions of southern Australia where they were introduced
to remedy a range of natural resource management prob-
lems [61]. Glemnitz et al. [91] found that SRC strips in a
region of north-east Germany exhibited unique habitat
conditions that distinguished their biotic communities
from those of all other habitats within the agricultural
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landscape. However, they concluded that the SRC strips
contributed little to traditional nature conservation tar-
gets, such as rare species, but that they improved habitat
connectivity and ecosystem services [91]. In consequence,
a conflict may arise between biodiversity conservation
targets (i.e. conservation of rare species and habitats [fine
scale] and conservation of biodiversity-friendly farming
systems [coarse scale]), for bioenergy development in such
marginal areas when they are of high nature conservation
value. Environmental potentials of agroforestry have been
discussed in A3 and mostly apply to this land type as well.

C1 and 2: Woody perennial crops on low-grade land
These scenarios developed for land type C do not
describe an integration of energy and food cropping
systems in a strict sense because by definition lands of
type C were characterised as unsuitable for food produc-
tion. Nevertheless, extensive pastoral systems may exist
on this type of land. Silvo-pastoral agroforestry, in com-
parison to ranching systems without shrubs or trees, is
known to provide habitat structures and resources and
that support and enhance biodiversity and maintain vital
ecological processes in pastoral landscapes [92, 93]. In
addition, the inclusion of trees within cultivated land-
scapes delivers a range of social-ecological benefits [51].
In comparison to timber and fruit as tree products from
those systems, the option as feedstock for bioenergy
appears to be less developed.

C3: Biomass from (semi-)natural vegetation

In this scenario, the vegetation biomass from permanent
grasslands is directly used for energy purposes [90]. Bio-
diversity impacts of this utilisation are largely unknown
but will depend on whether changes in grassland man-
agement would be involved [81].

Discussion of potential impacts of the application
of suggested scenarios based on current studies

By comparing scenarios of segregated and integrated
food and energy cropping at coarse spatial scales with
yield-biodiversity relationships across land productivity
classes (Fig. 1), we could explore possible risks and op-
portunities for biodiversity conservation across different
bioenergy deployment strategies. We reasoned that a
strict segregation of food and energy crops with a restric-
tion of energy crop cultivation on economically marginal
land and land unsuitable for food crop production is
unlikely to mitigate the current situation of biodiversity
loss originating from intensive agricultural systems on
productive land, especially in the European context. If no
alternative measures for biodiversity conservation were
developed within intensive agriculture, we would share
the concern of Ekroos et al. [43], who argued that segrega-
tion strategies could increase the existing negative effects
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on biodiversity, and even erode ecosystem services that
could underpin sustainable, high-yielding farming systems
based on ecological intensification [35]. Our analysis dem-
onstrated that most of the LUC in the sparing strategy
would occur within the economically marginal land cat-
egory. Further regional/local investigations are certainly
required to establish whether energy crops on this type of
land would (i) replace HNV farmland and/or habitats of
nature conservation value [20], potentially resulting in
habitat loss and biodiversity decline, and (ii) sustain
economically threatened socio-ecological HNV farming
systems [59] and thereby support conservation. Strohbach
et al. [54] suggested that if the social component under-
lying a HNV farming system has ceased to exist or is not
sustainable anymore, new HNV farming systems based on
different techniques and diversification of farm income
would have to be developed. Integration of energy crops
into those farming systems may be one possible
“transformation strategy” (sensu [59]). However, an intro-
duction of novel crops will most likely alter farmland
species communities and may conflict with existing nature
conservation targets.

The scenario of integrating food and energy crops at a
coarse scale (Fig. 1) resulted in LUC on productive land.
Integration of energy crops into intensive and industria-
lised production systems may facilitate transformation to-
wards agroecological cropping practices [94] and support
sustainable intensification [50]. More evidence is required
to answer questions over whether such integration will (i)
increase the provision of ecosystem services relevant for
agriculture, (ii) promote endangered farmland species and
(iii) facilitate migration of non-farmland species through
the agricultural matrix. Those functions were so far only
connected to semi-natural habitats [41]. Exemplary studies
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have already given evidence that the integration strategy
could work (e.g. [24, 41, 72, 73, 91]). Nevertheless, many
open questions remain to be investigated that include the
amount of land that needs to be converted to energy crops
and the landscape conditions under which ecosystem ser-
vice provisions vary over time and interactions between
different sustainable intensification strategies [43].

Our conceptual scenarios of various production inten-
sities and production systems (Fig. 2) have facilitated a
detailed evaluation of bioenergy deployment strategies
with respect to practical implementation and ecological
effects. A comparison of the respective scenarios indi-
cated that a combination of food and energy cropping
either on productive or marginal land does not always
lead to positive outcomes for biodiversity and ecosystem
services (Table 1). On the contrary, Al and Bl scenarios
indicated that such integration could result in accelera-
ting existing threats by reduction of crop diversity and
length of crop rotations and by increase in agrochemical
inputs. Alternatively, scenarios A2, A3, B2 and B3
highlighted that the integration of dedicated energy
crops, perennials in particular, could support ecological
intensification of farming systems alongside the delivery
of biodiversity conservation. However, the components
of (farmland) biodiversity benefitting from those devel-
opments may not be identical with traditional nature
conservation targets. In this context, reconsideration,
reformulation and regional adaptation of biodiversity
goals and measures may be helpful for specific farming
systems to resolve the conflicts. However, realising
integrated strategies in practice is complicated due to
various environmental, economic and political obstacles
and economic situation and attitudes of farmers towards
these new production ideas. Diverse land-management

Table 1 Expected risks and opportunities for biodiversity conservation from suggested scenarios

Scenarios Energy crop types Production system? Risks and opportunities for biodiversity conservation
Al 1st-gen. crops Productive agricultural land Risk of no improvements in farmland biodiversity
food/f
A2 1st-gen. crops + dedicated (food/fodder crops) Opyportunity for mitigating pressures on farmland
energy crops biodiversity
A3 Dedicated energy crops Opportunities for mitigating various impacts of
agriculture and supporting biodiversity
B1 Tst-gen. crops Economically marginal land Risks of negative effects on grassland biodiversity
B2 Tst-gen. crops + dedicated (food/fodder crops and Risks and opportunities depending on a planning and
permanent grassland) ; ) g
energy crops landscape design; opportunity for stabilising HNV
farming systems
B3 Dedicated energy crops Trade-off between conservation of rare species and
habitats and conservation of biodiversity-friendly
farming systems
C1, Q2 Dedicated energy crops Unsuitable low-grade land Opportunity for supporting and enhancing biodiversity
(semi-natural vegetation, through supporting pastoral systems
permanent grassland)
a3 Vegetation biomass from Unknown, depending on changes in management

grasslands
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options will require the engagement of a wide array of
stakeholders in decision-making to address multiple
objectives and trade-offs between ecosystem, social, and
economic services [84]. In this regard, the education for
farmers is essential in relation to sustainable integration
of energy crops into the existing agricultural production
system. This may be followed by engagement of the
farmers/land owners in decision-making on land-use
policy and spatial planning for the region. The complex-
ity of the topic may also require a strategic, spatially
explicit landscape planning or landscape design [84].
This in turn would often require a strengthening of
planning systems, of legal instruments, the implementa-
tion of certification schemes or the refinement of exist-
ing subsidy systems [95]. When thinking towards such
landscape-design approaches, the administrative burdens
associated with them should not be out of proportion to
the achievable benefits.

The development of scenarios on integrated and segre-
gated food and energy cropping was intended to stimu-
late and broaden the discussion on the development of
more sustainable, especially more biodiversity-friendly,
farming systems that contribute to energy as well as food
security, within the context of current debates on land
sparing and sharing, and ecological intensification. We
argue that energy crop production (as well as other
industrial crops) should not be rationalised away from
the food security debate especially in Europe where land
resource is highly limited. Thus, further evaluations are re-
quired for both land-sparing and land-sharing scenarios.
We propose that it is important to consider how the wide
range of energy crops, with their specific traits and man-
agement requirements, may play a role when devising
novel and more sustainable agricultural production
systems. Such integration may result in either positive or
negative outcomes, depending on how well it is designed.
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