
Vol:.(1234567890)

BioEnergy Research (2023) 16:2178–2191
https://doi.org/10.1007/s12155-023-10584-9

1 3

Landscape Metrics and Land‑Use Patterns of Energy Crops 
in the Agricultural Landscape

Xiaoqian Xu1  · Oskar Englund2 · Ioannis Dimitriou3 · Håkan Rosenqvist3 · Guangzhe Liu4 · Blas Mola‑Yudego1,3

Received: 24 October 2022 / Accepted: 6 March 2023 / Published online: 5 April 2023 
© The Author(s) 2023

Abstract
Energy crops are a new player in the traditional agricultural landscape. The present paper analyses the land uses surrounding 
and the spatial characteristics of the main energy crops in Sweden (willow, poplar, hybrid aspen and reed canary grass) com-
pared to traditional agricultural crops during the period 2006–2018. Spatial metrics (number of shape characterising points, 
shape index and rectangularity ratio) are calculated for each field, as well as the nearby land uses at varying distances, at 
radius: 500 m, 1000 m, 2000 m and 5000 m. A total of 1560 energy crop fields are studied in the 2006 dataset and 3416 fields 
in the 2018 dataset, which are compared to 58,246 fields with cereal crops in 2006 and 131,354 fields in the 2018 dataset. 
Results show that, despite being established on previous agricultural land, energy crops present a different spatial profile 
compared to traditional agricultural crops. Field shapes present less complexity than before, and the overall spatial features 
become more regular with time in both cases of energy crops and cereals, suggesting an increasing trend in cost-efficient 
agricultural practices and planning. Important differences concerning land use diversity at different scales are found between 
plantations versus grasses. In general, willow plantations are located in agriculture-dominated areas (> 70% at 500 m, > 50% 
at 2000 m), whereas reed canary grass is in forest-dominated landscapes (> 30% at 500 m, > 60% at 2000 m); both contribute 
to diversifying existing land uses although with varying effects. The results of this study are a basis to assess the impacts of 
energy crops at landscape level and can translate into applications in energy policy and planning.
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Introduction

The European agricultural landscape has changed signifi-
cantly as a result of changes in the agricultural sector and 
the European Common Agricultural Policy [1, 2]. In recent 
decades, the establishment of energy crops has become an 
additional factor to consider when studying agricultural 

landscape patterns. Over 3 M ha of cropland have so far 
been used for energy production [3] and 25 M ha of arable 
land are estimated to be available for energy crops by 2030 
[4, 5], bringing changes in the structural diversity of the 
agricultural landscape [6, 7].

Since the 1970s, Sweden has been a pioneer in the 
cultivation of energy crops, particularly fast-growing 
plantations [8]. Several decades of energy crop expansion 
[9], as a result of policies (e.g., subsidies on willow 
plantations, energy tax on fossil fuels and carbon tax on 
 CO2) and growing demand by the district heating systems 
[10-13], has caused an energy-driven land-use change. 
These energy crops are mostly established on former 
agricultural land, particularly on former cereal lands used 
for spring barley, winter wheat and, to a lesser extent, 
grasslands [14]. Energy crops can have lower management 
intensity and costs of production than traditional 
agricultural crops, thus offering an interesting business 
case for the farmers [14-16]. The main fast-growing 
plantations established in Sweden have been willow 
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(Salix sp.) and poplar (Populus sp.) [17]. In addition, 
perennial energy grasses are also considered for bioenergy 
production in more recent years, presenting some benefits 
concerning yields and management [18].

Cultivating perennial energy crops might lead to a 
restructuring of the surrounding landscape. Various stud-
ies have investigated the positive effects of energy crops at 
the landscape level concerning, for instance, biodiversity, 
as bird species richness is higher in willow plantations on 
agricultural land compared with planting willow in a forest-
dominant landscape [19], and studies on poplar plantations 
established on former agricultural land also presented higher 
phytodiversity [20-22]. At the same time, there can be nega-
tive effects on biodiversity if there is a large and simultane-
ous adoption of energy crops, which results in large-scale 
changes in landscape patterns depending on the exact situ-
ation [23].

Suitable methods to analyse the characteristics of energy 
crops from a spatially explicit landscape perspective are 
based on landscape metrics, which facilitate analyses of 
spatial configuration, composition and fragmentation of a 
given landscape based on spatial metrics associated with 
the different fields and land uses [24]. Landscape metrics 
are related to spatial units (patches and classes) and mosaic 
level metrics [24] and have been used as proxy indicators 
for biodiversity [25] and crop efficiency [26], among others.

Concerning Swedish energy crops, such approaches 
have, e.g. been used to estimate the economic efficiency of 
willow plantations [27] and energy grass [28]. In general, 
regular shapes of agricultural fields (i.e. rectangles) have 
been shown to be more cost-efficient [28], whereas irregular 
shapes are likely to have greater ecological and aesthetic 
benefits [29]. Furthermore, most studies that have been 
conducted on energy crops and associated land-use change 
have been focused on a single year or restricted to a specific 
region, thus overlooking long-term dynamic changes and the 
overall situation in different locations.

The present study analyses the spatial characteristics of 
the main energy crops in Sweden: willow, poplar, hybrid 
aspen (Populus tremula L. × P. tremuloides Michx.), and 
reed canary grass (Phalaris arundinacea L.) (RCG) and 
the associated land-use changes in 2006 and 2018. The 
underlying hypothesis is that the different management and 
economic characteristics of energy crops, compared to the 
main agricultural crops and to each other, are reflected in 
their spatial metrics. These spatial characteristics should be 
reflected at different spatial scales, thus contributing to more 
diverse mosaic patterns in existing land uses. The study can 
be a basis for discussions on the role and impacts of energy 
crops in a broader landscape context, where multiple goals 
and objectives need to be considered, e.g. in the interface 
between energy, food security and environmental policy and 
planning.

Material and Methods

Spatial data concerning agricultural fields from 2006 to 
2018 were retrieved from the Integrated Administration 
and Control System (IACS), managed by the Swedish 
National Board of Agriculture [30]. The dataset included 
locations and field shapes where crops are cultivated [31]. 
The energy crops considered were willow, poplar, hybrid 
aspen and reed canary grass, and the agricultural crops 
used for reference were winter barley, spring barley, win-
ter wheat and spring wheat (Fig. 1). Other land uses were 
retrieved from the Copernicus land monitoring service 
(Copernicus land dataset), CORINE Land Cover for the 
years 2006 and 2018 [32].

The analysis was structured at two main scales: field 
level and landscape level. The first addressed the spatial 
patterns of the individual field, whereas the latter addressed 
the surrounding land uses at different distances. At the field 
level, fields dedicated to energy crops were compared to 
the reference agricultural fields using spatial metrics, in 
order to identify potential structural differences. For this 
purpose, three spatial metrics were selected: the number 
of shape characterising points (NSCP), shape index (SI) 
and rectangularity ratio (RR) (Table 1). NSCP, SI and RR 
explain the complexity of the edge diversity for land size 
adjustment and land aggregation [33]. NSCP was applied 
to measure land boundaries and counted polygon vertices 
[25] reflecting borders with other land uses. The larger the 
NSCP value (the more edges of the land), the more com-
plex landscape patterns. SI was based on the perimeter-area 
ratio, to address land shape regularity. RR was based on 
minimum bounding area, to explain land-use efficiency. A 
field close to a square (refers to SI) gets a value close to 1, 
and a field close to a rectangle (refers to RR) gets a value 
close to 100%, which is associated with higher machine 
performance and (generally) profitability [27]. In some 
cases, the field shape data could not be related to a single 
crop, as many crops were grown in the same field area and 
were excluded from the landscape metrics. For each crop, 
the fields’ spatial metrics were characterised by using their 
mean, median and their histograms.

The resulting landscape metrics were contrasted for dif-
ferences among energy crops, between energy crops and 
agricultural crops, and between energy crops over time. 
In the first case, direct comparisons of the histograms of 
the field metrics, as well as mean and median were com-
pared. In the second case, the analyses were performed 
including all agricultural fields in the country and using 
a subset for the core areas where energy crops are grown, 
as defined in Xu and Mola-Yudego [14]. The core area 
was the minimum area to encompass 90% of all the fields 
established with energy crops in the country, using 2006 
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as the reference year (Fig. 2). Due to the lack of normality, 
the analyses were based on pairwise comparisons using a 
Mann–Whitney U test with a 0.05 significance threshold.

In the third case, all fields available with energy crops in 
2006 were individually traced in 2018, using their centroid 
for reference, in order to assess changes in land use as well as 
field landscape metrics. This resulted in a repeated measures 

structure, where the same field presents two values, corre-
sponding to 2006 and 2018, concerning their land use (the 
crop cultivated in that field) as well as field area, NSCP/ha, 
SI and RR. Changes in these for the same field were tested 
using a t-test.

At the landscape level, the analysis identified the main land 
uses within buffers of 500 m, 1000 m, 2000 m and 5000 m 
radius around the centroid of the energy crop fields, using the 
CORINE land-use classification levels, for 2 years available 
within the study period (2006 and 2018). The main catego-
ries considered were Wetlands, Artificial lands, Water bodies, 
Forest lands and Agricultural lands following the CORINE 
land-cover nomenclature [34]. The overall data was processed 
using R v4.0.4 [35] and ArcGIS v10.5 [36].

Results

Several fields from the 2006 dataset could not be included 
in the landscape metrics since several crops were grown 
in the same polygon. This affected energy crops as well as 

Fig. 1  Location of fields’ 
centroids with energy crops 
(willow, poplar, hybrid aspen 
and reed canary grass) and com-
mon agricultural crops (winter 
wheat, spring wheat, winter 
barley and spring barley) in 
Sweden in 2018

Table 1  Landscape metrics defining the fields, where i is the plan-
tation; N is the number of vertices of the plantation (e.g., triangle: 
NSCP = 3-; rectangle: NSCP = 4-; pentagon: NSCP = 5-); Perimeter is 
the length of the perimeter of the plantation; Area is the area of the 
plantation and min.Area is the minimum bounding area in the shape 
of a rectangle

Functions Spatial metrics Definitions

Land connectivity Number of shape charac-
terising points (NSCP)

NSCP
i
= N

i

Land shape regularity Shape index (SI) SI
i
=

0.25∗Perimeter
i

√

Area
i

Land-use efficiency Rectangularity ratio (RR) RR
i
=

Area
i

min.Area
i



2181BioEnergy Research (2023) 16:2178–2191 

1 3

agricultural crops. However, over 40% of the total culti-
vated area for all targeted crops was represented in the cal-
culations and in the case of the 2018 dataset, nearly 100% 
of the area was included. In total, 1560 fields with energy 
crops and 58,246 fields with cereal crops were analysed 
in the 2006 dataset and 3416 fields with energy crops and 
131,354 fields with cereal in the 2018 dataset (Table 2).

The spatial metrics used to characterise the field’s shape 
showed important differences between energy and agri-
cultural crops. In all cases (field area, NSCP, NSCP/ha, 
SI and RR), the values’ distributions were asymmetrical, 
being skewed due to large variance. In general, 2006 data 
for hybrid aspen and RCG precluded meaningful compari-
sons due to the few fields with these crops in that year.

The field areas show a large variance, especially in the 
case of willow (largest field, 41.32 ha), poplar (31.23 ha) 
and hybrid aspen (50.82 ha) plantations in 2018 (Fig. 3). 
In general, willow presented larger fields than the rest of 
energy crops, and energy crops presented smaller fields 
than agricultural crops in the same areas for the same year 

(p-value < 0.001 for nearly all comparisons, see full statisti-
cal values in Table A1 and Table A2).

In the case of NSCP, there were not large differences 
among energy crops (although RCG and willow presented 
lower values than poplar and hybrid aspen plantations, 
particularly in 2018). NSCP values per hectare were sig-
nificantly higher than in cereal lands in the same areas for 
the same year (Fig. 4). In all cases, whether agricultural or 
energy crops, NSCP values decreased between 2006 and 
2018 (p-value < 0.001 for nearly all comparisons, Table A1).

Concerning the field shapes measured in the SI (Fig. 5), 
nearly 30% of willow plantations had values close to 1. SI 
values increased in all the crops studied, except in hybrid 
aspen and RCG (although caution must be placed due to the 
limited amount of fields for these crops in 2006). The RR 
values of energy crops were distributed between 63 and 75%, 
which presented a high ratio of their minimum bounding 
rectangle area (Fig. 6). The values of RCG (mean = 70.46% 
in 2006) were significantly higher than for willow and poplar 
plantations (p-value < 0.001 in all cases for 2018) and even 
compared to agricultural crops, indicating a higher land-use 

Fig. 2  Areas with energy 
crops in Sweden. a Core areas, 
encompassing 90% of fields 
with energy crops, b agricul-
tural fields within the core areas 
of energy crops, c all agricul-
tural fields

Table 2  Individual fields and areas included in the landscape metrics for 2006 and 2018

Year Willow Poplar Hybrid aspen Reed 
canary 
grass

Winter wheat Spring wheat Winter barley Spring barley

Number 2006 1507 33 8 12 20,207 2982 452 34,605
2018 2133 799 243 244 37,390 14,275 2381 77,308

Area (ha) 2006 6297 62 16 33 130,991 17,164 1936 124,582
2018 7050 1719 696 607 295,622 85,406 14,941 381,898

Total area (ha) 2006 13,341 220 44 48 319,137 43,785 5912 310,357
2018 7050 1719 696 607 295,622 85,406 14,941 381,898
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Fig. 3  Distribution of field area for willow, poplar, hybrid aspen and 
reed canary grass (RCG), compared to winter wheat, spring wheat, 
winter barley and spring barley in 2006 and 2018 in Sweden. The 

x-axis represents the field area (ha) and the y-axis is the percentage of 
fields. Top: fields with energy crops; centre: fields with agricultural 
crops nearby energy crops; bottom: all agricultural fields in Sweden
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Fig. 4  Number of shape Characterising points (NSCP) per ha for wil-
low, poplar, hybrid aspen and reed canary grass (RCG), and for win-
ter wheat, spring wheat, winter barley and spring barley, in 2006 and 
2018. The x-axis is the value of NSCP per ha and the y-axis is the 

percentage of the value. Top: fields with energy crops; centre: fields 
with agricultural crops nearby energy crops; bottom: all agricultural 
fields in Sweden
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Fig. 5  Shape index (SI) of willow, poplar, hybrid aspen and reed 
canary grass (RCG), and for winter wheat, spring wheat, winter bar-
ley and spring barley in 2006 and 2018. The x-axis is the SI value 

and the y-axis is the percentage of the value. Top: fields with energy 
crops; centre: fields with agricultural crops nearby energy crops; bot-
tom: all agricultural fields in Sweden
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Fig. 6  Rectangularity ratio (RR) of willow, poplar, hybrid aspen and 
reed canary grass (RCG), and for winter wheat, spring wheat, winter 
barley and spring barley in 2006 and 2018. The x-axis is the RR value 

and the y-axis is the percentage of the value. Top: fields with energy 
crops; centre: fields with agricultural crops nearby energy crops; bot-
tom: all agricultural fields in Sweden



2186 BioEnergy Research (2023) 16:2178–2191

1 3

efficiency for this crop. RR values also increased in the stud-
ied period (2% in the case of willow and winter wheat, 1% 
in spring barley and 0.15% in winter barley).

Finally, fields with energy crops in 2006 were individu-
ally traced over time for the same spatial metrics. The results 
showed that 67.69% of the fields with energy crops in 2006 
remained in the same location in 2018 (N = 1023 for willow, 
N = 22 for poplar, N = 9 for RCG and N = 2 for hybrid aspen). 
The field area decreased, however, in all energy crops, with 
a mean reduction of 0.11 ha (2.2%), statistically significant 
(p-value < 0.001). For willow and poplar, the NSCP/ha 
were reduced in 3.5 and 2.3, respectively, SI was practically 
unchanged in both crops and the RR increased in 0.80 and 
1.41 units, respectively. These changes (for NSCP/ha and 
RR) were only statistically significant in the case of willow 
(p-value < 0.001), due to the few records available concern-
ing the other crops.

Considering the agricultural land use surrounding the 
plantation, most of the crops were placed in lands mainly 
dedicated to agriculture (Fig. 7), although some changes 
occurred during the study period, and this pattern was less 
obvious at larger scales (i.e. within a 5000-m radius). Wil-
low and poplar plantations were typically located in areas 
dominated by agriculture (> 65% of land use in close vicin-
ity, at 500 m in 2006) and no changes were observed across 
time. Willow plantations in particular showed a stable and 
consistent pattern at all scales. For other crops, agriculture 
accounts for less than 50% of adjacent land use. The greater 

the scale, the less agriculture in relative terms (~ 50% in 
willow and ~ 25% in the other crops, at 5000 m). A small 
percentage of the plantations were close to water bodies or 
wetlands. In RCG, this percentage was higher, particularly in 
2018. Willow showed the highest proximity to urban centres 
(artificial areas), markedly in 1000-m areas.

The distribution of these values revealed some notable 
clusters, especially for willow plantations. The share of 
agricultural land in the willow buffers was mainly dis-
tributed between 40 and 50% in 2006, which then slightly 
decreased to 35 to 45% in 2018 (Fig. 7). Poplar had a 
higher share of agricultural land in the buffers in 2006 
with 85%, which then dropped to 20% in 2018. Hybrid 
aspen and RCG had a similar share of agricultural land 
as poplar in 2018, but the share in 2006 is inconsistent 
between buffer sizes. In both years, the share of agricul-
tural land was more uniform at a smaller scale (cf. 500 m 
and 5000 m buffers in Fig. 8).

The share of forest in poplar and hybrid aspen buffers was 
mainly distributed around 20% in 2006, which then increased 
to 80% in 2018. RCG buffers had a similar share of forest in 
2018, despite having a lower and more broadly distributed 
forest share in 2006. In willow buffers, the share of the forest 
has been relatively stable, mainly distributed around 40% in 
both 2006 and 2018. In general, the share of the forest was 
more evenly distributed in the larger buffers in 2006; in 2018, 
the forest density division was more evident at a larger buffer 
scale for the energy crops.

Fig. 7  Land uses around the 
biomass production systems 
considered (in percentage for 
agricultural land, forest land, 
water bodies, artificial lands and 
wetlands) for 2006 and 2018. 
R1–R4 refers to buffer areas 
with a radius of 500 m (R1), 
1000 m (R2), 2000 m (R3) and 
5000 m (R4), respectively
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Discussion

The cultivation of energy crops is a rather new practice in 
the agricultural landscape. Due to long experience in the 
cultivation of fast-growing woody and herbaceous plants, 
Sweden is an interesting case for studying spatial patterns 
associated with energy crops over time, and the possible 
implications. Spatial analyses, such as the ones applied 
here, are necessary to identify overall agricultural land-use 

structure and changes as well as land-diversity and their 
associated effects of energy crop cultivation [37].

The results are based on spatially explicit and compre-
hensive land-use data from the land registry as well as from 
the European CORINE land-cover maps—both reliable 
and extensive datasets used in previous studies with similar 
methods [27]. There are, however, limitations in the use of 
these data sources: the land registry, for example, does not 
have information on other land uses other than agriculture. 

Fig. 8  Percentages of agricultural and forest land around the biomass production systems considered, in areas within an increasing radius 
(500 m, 1000 m, 2000 m and 5000 m) and changes over time
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Although Swedish national land-cover data of high quality 
exist, it was only available for 2018, which made the dataset 
unsuitable for temporal comparisons, justifying the use of 
the CORINE land-cover data. In addition, the land register 
for 2006 available for this study prevented the use of all the 
fields, due to differences in the records of cultivated crops 
for the same field. All in all, however, the amount of fields 
included in the study was quantitatively large, providing a 
solid basis for spatial analysis.

Regarding the energy crops analysed, they represented the 
four main biomass production systems grown in the coun-
try. However, in the case of poplar and hybrid aspen, there 
were fewer planted areas in the early 2000s, as observed in 
[14] and [18], which precluded a solid statistical analysis 
of these two plantation systems. The few records available 
were, however, exhaustive and reflected the reality of their 
cultivation. Regarding the agricultural crops selected for 
reference, these represented the main land use prior to the 
establishment of energy crops in Sweden for woody planta-
tions [14] and RCG [18].

The spatial analysis was based on indicators describing 
landscape metrics as well as land-use changes around the 
studied fields. There are a large number of indicators and 
metrics available for spatial analysis, and the selected ones 
were considered representative for the scope of the study 
with limited overlap [24, 38]. NSCP measures the complex-
ity of a field’s shape and has been used as a proxy of species 
richness in the landscape [25], SI has been widely applied 
in landscape ecological studies [24, 39] and RR is consid-
ered an important parameter to describe agricultural fields, 
particularly considering the management of the crops and 
its profitability [26].

The overall distribution of the parameters was bell-shaped 
although skewed, particularly in the case of NSCP and SI. In 
the case of RR, the results showed a more centred Gaussian 
distribution, similar in shape and mean to previous studies 
in Southern Finland [26]. In the case of NSCP, the results 
showed higher values for energy crops than for cereal crops, 
which implies a less regular shape and higher complexity in 
the field borders. In addition, the distribution of NSCP val-
ues presented a much larger variance, possibly linked to the 
distribution of field sizes [25]. Meanwhile, cereals presented 
a more homogeneous and regular shape, suggesting the use 
of better land quality, as pointed out in [27].

Both SI and RR have been used to describe regularity in 
energy crops in Sweden, linked to land-use efficiency and 
field operating efficiency [27]. In a field with an irregular 
shape (SI = 1.75) the estimated time for harvesting, ceteris 
paribus, was 15% higher than in a regular field [27]. The 
results indicated less regular shape fields dedicated to energy 
crops than in the agricultural fields used as a reference, sug-
gesting a lower field operating efficiency. This goes in line 
with previous studies reflecting the use of lower quality 

agricultural land for the establishment of energy crops, 
which is confirmed in the case of plantations [8, 40]. In 
this line, Nilsson and Rosenqvist [41] stressed that finan-
cial attention to perimeter-based subsidies should be placed, 
particularly for small plantations, in order to compensate 
for the difficulties derived in the management of irregular 
shape of lands. In the case of RCG, however, values were 
even higher than in agricultural crops, suggesting the use of 
different fields and, arguably, more economic optimization, 
which could be explained by the different locations where 
grasses are established in Sweden, as well as the manage-
ment and profitability of the crops [18].

The overall results of landscape metrics indicate that 
all crop fields have generally become less complex in their 
land edges and shapes over time, particularly cereal fields, 
reflecting a general trend in the Swedish agricultural land 
use [42] possibly linked to agricultural policies [31]. The 
Swedish agricultural policies highlight farm restructuring 
which leads to more highly efficient farms [43]. The high 
efficiency for energy crop cultivation can be presented in 
the form of the field efficiency for crop harvesting, which 
is strongly correlated to spatial boundary descriptors [44]. 
The field geometry characteristics of our research are in 
line with this, with more rectangular fields both in energy 
crops and agricultural crops. Other policy drivers, such as 
financial support for willow, poplar and hybrid aspen plant-
ing from the 2014–2020 Rural Development Programme of 
the EU’s Common Agricultural Policy, provide to a certain 
extent financial incentives to enhance more regular geometry 
features of the crop fields [45].

At a higher scale, the results confirm the positive contribu-
tion of energy crops to a more diverse agricultural landscape, 
particularly in the case of willow, i.e. a forest plantation sys-
tem located in a cereal-dominated landscape, and RCG, i.e. 
a grass crop located in a forest-dominated landscape. In the 
case of poplar and hybrid aspen, this role is less evident, 
although the analysis was more difficult due to the scarcity 
of plantations [14]. This agrees with Berndes et al. [46], in 
terms that landscape diversity increases around biomass plan-
tations, and maintaining or recreating the landscape heteroge-
neity could contribute to enhanced sustainability of agricul-
tural systems [47]. For instance, agricultural areas containing 
willow or poplar plantations in Germany are more heteroge-
neous and present higher phytodiversity values than arable 
lands, due to longer rotation periods than systems based on 
annual crops [48]. However, in the case of RCG, there are 
important differences: a field study in Finland showed that 
large-scale RCG cultivation alters the agricultural landscape 
to a large extent and causes negative effects on bird popula-
tions [23]. Similarly, Nilsson and Rosenqvist [41] indicated 
different cultivating intensities required for planting willows 
and RCG in Sweden, which might enlarge the differences in 
their respective surrounding landscapes.
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Finally, it is noticeable the establishment of energy crops 
closer to urban areas over time, highlighting the role of 
reducing the transportation time required for energy crops 
and the overall availability to match biomass demand [49, 
50]. Similarly, the increasing presence of plantations next 
to water bodies is interesting, as there are demonstrated 
benefits concerning water quality [17, 51] that could be 
further stimulated through strategic landscape planning 
[52, 53]. Multifunctional land management in the agricul-
tural landscape could be a solution to tackle environmental 
issues and provide production resources [54-56]. Concerning 
the energy purpose, integrating the plantations of energy 
crops into the agricultural landscape could not only sup-
ply biomass but can be used for, e.g. wastewater treatment, 
increasing soil carbon and increasing biodiversity [52, 57, 
58]. A deeper understanding of these spatial designs requires 
combining farmers’ preferences, policy goals and economic 
indicators, which could be a step for further research.

Conclusions

The present study focused on the landscape metrics of 
energy crops in the Swedish agricultural landscape. Energy 
crops present a distinct spatial profile compared to tradi-
tional agricultural crops. There are, at the same time, impor-
tant differences between energy crops, particularly woody 
plantations versus grasses, with implications in the man-
agement and operational efficiency of energy crops, and for 
land-use diversity at different scales.

There are important changes over time, as the fields 
studied tended to become more regular and stable in their 
spatial metrics. Willow plantations are typically located in 
agriculture-dominated landscapes, whereas RCG fields are 
located in forest-dominated landscapes. In both cases, they 
contribute to diversifying the land use at the landscape scale, 
with important effects on biodiversity and different ecosys-
tem services. These results support the overall hypothesis 
that energy crops can have a positive effect diversifying agri-
cultural landscapes.
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tary material available at https:// doi. org/ 10. 1007/ s12155- 023- 10584-9.

Acknowledgements We gratefully acknowledge financial support 
from the China Scholarship Council (File No. 201706300040), For-
tum Foundation (project 20190079), the Academy of Finland Flag-
ship UNITE (Forest-Human-Machine Interplay—Building Resilience, 
Redefining Value Networks and Enabling Meaningful Experiences, 
337127) and the SNS research project SYNERGIES.

Author Contribution Conceptualization: Xiaoqian Xu, Blas Mola-
Yudego; methodology: Xiaoqian Xu, Blas Mola-Yudego; software: 
Xiaoqian Xu; validation: Xiaoqian Xu, Blas Mola-Yudego; formal 
analysis: Xiaoqian Xu; data curation: Xiaoqian Xu, Blas Mola-Yudego; 
writing—original draft preparation: Xiaoqian Xu, Blas Mola-Yudego, 

Oskar Englund, Ioannis Dimitriou, Håkan Rosenqvist, Guangzhe Liu; 
writing—reviewing and editing: Xiaoqian Xu, Blas Mola-Yudego, 
Oskar Englund, Ioannis Dimitriou, Håkan Rosenqvist, Guangzhe 
Liu; visualisation: Xiaoqian Xu, Blas Mola-Yudego, Oskar Englund; 
supervision: Blas Mola-Yudego; funding acquisition: Xiaoqian Xu, 
Blas Mola-Yudego. All authors read and approved the final manuscript.

Funding Open access funding provided by University of Eastern Fin-
land (UEF) including Kuopio University Hospital. The work was sup-
ported by the China Scholarship Council (File No. 201706300040), 
Fortum Foundation (project 20190079), the Academy of Finland Flag-
ship UNITE (Forest-Human–Machine Interplay—Building Resilience, 
Redefining Value Networks and Enabling Meaningful Experiences, 
337127) and the SNS research project SYNERGIES.

Data Availability The datasets generated during and/or analysed dur-
ing the current study are available from the corresponding author on 
reasonable request.

Declarations 

Competing Interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References  

 1. Ministry of Agriculture and Forestry of Finland (MMM). https:// 
mmm. fi/ en/ food- and- agric ulture/ policy/ agric ultur al- polic y#: 
~: text= The% 20EU's% 20Com mon% 20Agr icult ural% 20Pol 
icy,policy% 20was% 20lau nched% 20in% 201962. Accessed 8 May 
2022

 2. Van Zanten BT, Verburg PH, Espinosa M, Gomez-y-Paloma S, 
Galimberti G, Kantelhardt J, Kapfer M, Lefebvre M, Manrique 
R, Piorr A, Raggi M (2014) European agricultural landscapes, 
common agricultural policy and ecosystem services: a review. 
Agron Sustain Dev 34(2):309–325. https:// doi. org/ 10. 1007/ 
s13593- 013- 0183-4

 3. Fry G, Sarlöv-Herlin I (1997) The ecological and amenity func-
tions of woodland edges in the agricultural landscape; a basis 
for design and management. Landsc Urban Plan 37(1–2):45–55. 
https:// doi. org/ 10. 1016/ S0169- 2046(96) 00369-6

 4. Gabrielle B, Bamière L, Caldes N, De Cara S, Decocq G, Fer-
chaud F, Loyce C, Pelzer E, Perez Y, Wohlfahrt J, Richard G 
(2014) Paving the way for sustainable bioenergy in Europe: tech-
nological options and research avenues for large-scale biomass 
feedstock supply. Renew Sustain Energy Rev 33:11–25. https:// 
doi. org/ 10. 1016/j. rser. 2014. 01. 050

 5. Svebio (2020) Swedish Bioenergy Association. Roadmap Bioen-
ergy – meeting the demand for bioenergy in a fossil free Sweden. 
https:// www. svebio. se/ app/ uploa ds/ 2020/ 03/ Roadm ap- Bioen ergy- 
2020. pdf. Accessed 18 Oct 2021

https://doi.org/10.1007/s12155-023-10584-9
http://creativecommons.org/licenses/by/4.0/
https://mmm.fi/en/food-and-agriculture/policy/agricultural-policy#:~:text=The%20EU's%20Common%20Agricultural%20Policy,policy%20was%20launched%20in%201962
https://mmm.fi/en/food-and-agriculture/policy/agricultural-policy#:~:text=The%20EU's%20Common%20Agricultural%20Policy,policy%20was%20launched%20in%201962
https://mmm.fi/en/food-and-agriculture/policy/agricultural-policy#:~:text=The%20EU's%20Common%20Agricultural%20Policy,policy%20was%20launched%20in%201962
https://mmm.fi/en/food-and-agriculture/policy/agricultural-policy#:~:text=The%20EU's%20Common%20Agricultural%20Policy,policy%20was%20launched%20in%201962
https://doi.org/10.1007/s13593-013-0183-4
https://doi.org/10.1007/s13593-013-0183-4
https://doi.org/10.1016/S0169-2046(96)00369-6
https://doi.org/10.1016/j.rser.2014.01.050
https://doi.org/10.1016/j.rser.2014.01.050
https://www.svebio.se/app/uploads/2020/03/Roadmap-Bioenergy-2020.pdf
https://www.svebio.se/app/uploads/2020/03/Roadmap-Bioenergy-2020.pdf


2190 BioEnergy Research (2023) 16:2178–2191

1 3

 6. Popp J, Kovács S, Oláh J, Divéki Z, Balázs E (2021) Bioeconomy: 
biomass and biomass-based energy supply and demand. New Bio-
technol 60:76–84. https:// doi. org/ 10. 1016/j. nbt. 2020. 10. 004

 7. Shortall OK, Anker HT, Sandøe P, Gamborg C (2019) Room at 
the margins for energy-crops? A qualitative analysis of stake-
holder views on the use of marginal land for biomass production 
in Denmark. Biomass Bioenerg 123:51–58. https:// doi. org/ 10. 
1016/j. biomb ioe. 2019. 01. 042

 8. Helby P, Börjesson P, Hansen AC, Roos A, Rosenqvist H, 
Takeuchi L (2004) Market development problems for sustainable 
bio-energy systems in Sweden (The BIOMARK project). Environ-
mental and Energy Systems Studies, Lund University. https:// inis. 
iaea. org/ colle ction/ NCLCo llect ionSt ore/_ Public/ 35/ 018/ 35018 
132. pdf. Accessed 18 Oct 2021

 9. Mola-Yudego B, González-Olabarria JR (2010) Mapping the 
expansion and distribution of willow plantations for bioenergy in 
Sweden: lessons to be learned about the spread of energy crops. 
Biomass Bioenerg 34(4):442–448. https:// doi. org/ 10. 1016/j. biomb 
ioe. 2009. 12. 008

 10. Bohlin F (1998) The Swedish carbon dioxide tax: effects on bio-
fuel use and carbon dioxide emissions. Biomass Bioenerg 15(4–
5):283–291. https:// doi. org/ 10. 1016/ S0961- 9534(98) 00036-1

 11. Johansson B (2000) The carbon tax in Sweden. Innovation and the 
Environment. Organization for Economic Cooperation & Devel-
opment, Paris, France, pp 85–148

 12. Parikka M (2004) Use of densified biomass fuels in Sweden-the 
current situation and some thoughts about the future. In: Bioen-
ergy development in Finland, Russia and Sweden. University of 
Joensuu, Faculty of Forestry. Finland.ISBN: 952-458-556-1.

 13. Mola-Yudego B, Pelkonen P (2011) Pulling effects of district heat-
ing plants on the adoption and spread of willow plantations for 
biomass: the power plant in Enköping (Sweden). Biomass Bio-
energ 35(7):2986–2992. https:// doi. org/ 10. 1016/j. biomb ioe. 2011. 
03. 040

 14. Xu X, Mola-Yudego B (2021) Where and when are plantations 
established? Land-use replacement patterns of fast-growing plan-
tations on agricultural land. Biomass and Bioenergy 144:105921. 
https:// doi. org/ 10. 1016/j. biomb ioe. 2020. 105921

 15. Stenner LG, Rytter L, Beuker E, Tullus H, Lutter R (2019) Hybrid 
aspen and poplars in the baltic sea region and iceland, pp. 41, 
Skogforsk, Uppsala, Sweden. https:// www. skogf orsk. se/ cd_ 20190 
12309 1611/ conte ntass ets/ 26442 8d2ff 7a442 294d8 c22fb 7f717 99/ 
arbet srapp ort- 999- 2019. pdf. Accessed 18 Oct 2021

 16. Rosenqvist H, Berndes G, Börjesson P (2013) The prospects of 
cost reductions in willow production in Sweden. Biomass Bioen-
erg 48:139–147. https:// doi. org/ 10. 1016/j. biomb ioe. 2012. 11. 013

 17. Dimitriou I, Mola-Yudego B (2017) Poplar and willow plantations 
on agricultural land in Sweden: area, yield, groundwater quality 
and soil organic carbon. For Ecol Manage 383:99–107. https:// 
doi. org/ 10. 1016/j. foreco. 2016. 08. 022

 18. Mola-Yudego B, Xu X, Englund O, Dimitriou I (2021) Reed 
canary grass for energy in Sweden: yields, land-use patterns, and 
climatic profile. Forests 12(7):897. https:// doi. org/ 10. 3390/ f1207 
0897

 19. Berg Å (2002) Breeding birds in short-rotation coppices on farm-
land in central Sweden—the importance of Salix height and adja-
cent habitats. Agr Ecosyst Environ 90(3):265–276. https:// doi. org/ 
10. 1016/ S0167- 8809(01) 00212-2

 20. Weih M, Karacic A, Munkert H, Verwijst T, Diekmann M (2003) 
Influence of young poplar stands on floristic diversity in agricul-
tural landscapes (Sweden). Basic Appl Ecol 4(2):149–156. https:// 
doi. org/ 10. 1078/ 1439- 1791- 00157

 21. Baum S, Weih M, Busch G, Kroiher F, Bolte A (2009) The impact 
of short rotation coppice plantations on phytodiversity. Landbau-
forschung Volkenrode 59(3):163–170. Accessed 1 Sept 2021

 22. Baum S, Bolte A, Weih M (2012) High value of short rotation 
coppice plantations for phytodiversity in rural landscapes. GCB 
Bioenergy 4(6):728–738. https:// doi. org/ 10. 1111/j. 1757- 1707. 
2012. 01162.x

 23. Vepsäläinen V (2010) Energy crop cultivations of reed canary 
grass—an inferior breeding habitat for the skylark, a characteristic 
farmland bird species. Biomass Bioenerg 34(7):993–998. https:// 
doi. org/ 10. 1016/j. biomb ioe. 2010. 02. 007

 24. McGarigal K, Cushman SA, Ene E (2012) FRAGSTATS v4: 
spatial pattern analysis program for categorical and continuous 
maps. University of Massachusetts, Amherst, MA, USA. goo. gl/
aAEbMk. http:// www. umass. edu/ lande co/ resea rch/ frags tats/ frags 
tats. html. Accessed 24 June 2020

 25. Moser D, Zechmeister HG, Plutzar C, Sauberer N, Wrbka T, Grab-
herr G (2002) Landscape patch shape complexity as an effective 
measure for plant species richness in rural landscapes. Landsc 
Ecol 17(7):657–669. https:// doi. org/ 10. 1023/A: 10215 13729 205

 26. Oksanen T (2013) Shape-describing indices for agricultural field 
plots and their relationship to operational efficiency. Comput Elec-
tron Agric 98:252–259. https:// doi. org/ 10. 1093/ erae/ jbab0 43

 27. Nilsson D, Rosenqvist H, Bernesson S (2015) Profitability of 
the production of energy grasses on marginal agricultural land 
in Sweden. Biomass Bioenerg 83:159–168. https:// doi. org/ 10. 
1016/j. biomb ioe. 2015. 09. 007

 28. Nilsson D, Rosenqvist H (2018) Marginal arable fields in Swe-
den-areas, shapes, transport distances and time demand and costs 
for machine operations. Njfcongress 26:106–112. http:// journ 
al. njfco ngres s26. eu/ index. php/ njfco ngres s26/ artic le/ view/ 14/ 
55. Accessed 1 Sept 2021

 29. de Val GD, Atauri JA, de Lucio JV (2006) Relationship between 
landscape visual attributes and spatial pattern indices: a test 
study in Mediterranean-climate landscapes. Landsc Urban Plan 
77(4):393–407. https:// doi. org/ 10. 1016/j. landu rbplan. 2005. 05. 003

 30. Swedish Board of Agriculture (Jordbruksverket) (2021) Jord-
bruksmarkens användning 2021. Preliminär statistik. https:// jordb 
ruksv erket. se/. Accessed 1 Sept 2021

 31. Trubins R (2013) Land-use change in southern Sweden: before 
and after decoupling. Land Use Policy 33:161–169. https:// doi. 
org/ 10. 1016/j. landu sepol. 2012. 12. 018

 32. European Union, Copernicus Land Monitoring Service (2006) 
European Environment Agency (EEA). https:// land. coper nicus. 
eu/. Accessed 1 Sept 2021

 33. Dewan AM, Yamaguchi Y, Rahman Z (2012) Dynamics of land 
use/cover changes and the analysis of landscape fragmentation 
in Dhaka Metropolitan. Bangladesh GeoJournal 77(3):315–330. 
https:// doi. org/ 10. 1007/ s10708- 010- 9399-x

 34. European Environment Agency (EEA) (2019) Updated CLC illus-
trated nomenclature guidelines. https:// land. coper nicus. eu/ user- 
corner/ techn ical- libra ry/ corine- land- cover- nomen clatu re- guide 
lines/ docs/ pdf/ CLC20 18_ Nomen clatu re_ illus trated_ guide_ 20190 
510. pdf. Accessed 18 Oct 2021

 35. R core Team (2020) R: a language and environment for statistical 
computing R foundation for statistical computing, Vienna, Aus-
tria. https:// www.R- proje ct. org/. Accessed 2 June 2021

 36. ESRI (2019) ArcGIS Desktop: Release 10. Redlands, CA: Envi-
ronmental Systems Research Institute. European Environment 
Agency, 2019. https:// land. coper nicus. eu/ user- corner/ techn 
ical- libra ry/ corine- land- cover- nomen clatu re- guide lines/ docs/ 
pdf/ CLC20 18_ Nomen clatu re_ illus trated_ guide_ 20190 510. pdf. 
Accessed 18 Oct 2021

 37. Mander Ü, Palang H, Ihse M (2004) Development of European 
landscapes. Landsc Urban Plan 67(1–4):1–8. https:// doi. org/ 10. 
1016/ S0169- 2046(03) 00025-2

 38. Lausch A, Herzog F (2002) Applicability of landscape metrics for 
the monitoring of landscape change: issues of scale, resolution 

https://doi.org/10.1016/j.nbt.2020.10.004
https://doi.org/10.1016/j.biombioe.2019.01.042
https://doi.org/10.1016/j.biombioe.2019.01.042
https://inis.iaea.org/collection/NCLCollectionStore/_Public/35/018/35018132.pdf
https://inis.iaea.org/collection/NCLCollectionStore/_Public/35/018/35018132.pdf
https://inis.iaea.org/collection/NCLCollectionStore/_Public/35/018/35018132.pdf
https://doi.org/10.1016/j.biombioe.2009.12.008
https://doi.org/10.1016/j.biombioe.2009.12.008
https://doi.org/10.1016/S0961-9534(98)00036-1
https://doi.org/10.1016/j.biombioe.2011.03.040
https://doi.org/10.1016/j.biombioe.2011.03.040
https://doi.org/10.1016/j.biombioe.2020.105921
https://www.skogforsk.se/cd_20190123091611/contentassets/264428d2ff7a442294d8c22fb7f71799/arbetsrapport-999-2019.pdf
https://www.skogforsk.se/cd_20190123091611/contentassets/264428d2ff7a442294d8c22fb7f71799/arbetsrapport-999-2019.pdf
https://www.skogforsk.se/cd_20190123091611/contentassets/264428d2ff7a442294d8c22fb7f71799/arbetsrapport-999-2019.pdf
https://doi.org/10.1016/j.biombioe.2012.11.013
https://doi.org/10.1016/j.foreco.2016.08.022
https://doi.org/10.1016/j.foreco.2016.08.022
https://doi.org/10.3390/f12070897
https://doi.org/10.3390/f12070897
https://doi.org/10.1016/S0167-8809(01)00212-2
https://doi.org/10.1016/S0167-8809(01)00212-2
https://doi.org/10.1078/1439-1791-00157
https://doi.org/10.1078/1439-1791-00157
https://doi.org/10.1111/j.1757-1707.2012.01162.x
https://doi.org/10.1111/j.1757-1707.2012.01162.x
https://doi.org/10.1016/j.biombioe.2010.02.007
https://doi.org/10.1016/j.biombioe.2010.02.007
http://www.umass.edu/landeco/research/fragstats/fragstats.html
http://www.umass.edu/landeco/research/fragstats/fragstats.html
https://doi.org/10.1023/A:1021513729205
https://doi.org/10.1093/erae/jbab043
https://doi.org/10.1016/j.biombioe.2015.09.007
https://doi.org/10.1016/j.biombioe.2015.09.007
http://journal.njfcongress26.eu/index.php/njfcongress26/article/view/14/55
http://journal.njfcongress26.eu/index.php/njfcongress26/article/view/14/55
http://journal.njfcongress26.eu/index.php/njfcongress26/article/view/14/55
https://doi.org/10.1016/j.landurbplan.2005.05.003
https://jordbruksverket.se/
https://jordbruksverket.se/
https://doi.org/10.1016/j.landusepol.2012.12.018
https://doi.org/10.1016/j.landusepol.2012.12.018
https://land.copernicus.eu/
https://land.copernicus.eu/
https://doi.org/10.1007/s10708-010-9399-x
https://land.copernicus.eu/user-corner/technical-library/corine-land-cover-nomenclature-guidelines/docs/pdf/CLC2018_Nomenclature_illustrated_guide_20190510.pdf
https://land.copernicus.eu/user-corner/technical-library/corine-land-cover-nomenclature-guidelines/docs/pdf/CLC2018_Nomenclature_illustrated_guide_20190510.pdf
https://land.copernicus.eu/user-corner/technical-library/corine-land-cover-nomenclature-guidelines/docs/pdf/CLC2018_Nomenclature_illustrated_guide_20190510.pdf
https://land.copernicus.eu/user-corner/technical-library/corine-land-cover-nomenclature-guidelines/docs/pdf/CLC2018_Nomenclature_illustrated_guide_20190510.pdf
https://www.R-project.org/
https://land.copernicus.eu/user-corner/technical-library/corine-land-cover-nomenclature-guidelines/docs/pdf/CLC2018_Nomenclature_illustrated_guide_20190510.pdf
https://land.copernicus.eu/user-corner/technical-library/corine-land-cover-nomenclature-guidelines/docs/pdf/CLC2018_Nomenclature_illustrated_guide_20190510.pdf
https://land.copernicus.eu/user-corner/technical-library/corine-land-cover-nomenclature-guidelines/docs/pdf/CLC2018_Nomenclature_illustrated_guide_20190510.pdf
https://doi.org/10.1016/S0169-2046(03)00025-2
https://doi.org/10.1016/S0169-2046(03)00025-2


2191BioEnergy Research (2023) 16:2178–2191 

1 3

and interpretability. Ecol Ind 2(1–2):3–15. https:// doi. org/ 10. 
1016/ S1470- 160X(02) 00053-5

 39. Forman RTT, Godron M (1986) Landscape Ecology. Wiley, New 
York, p 619

 40. Mola-Yudego B, Aronsson P (2008) Yield models for commer-
cial willow biomass plantations in Sweden. Biomass Bioenerg 
32(9):829–837. https:// doi. org/ 10. 1016/j. biomb ioe. 2008. 01. 002

 41. Nilsson D, Rosenqvist H (2021) Profitability of crop cultivation 
in small arable fields when taking economic values of ecosystem 
services into account. Sustainability 13(23):13354. https:// doi. org/ 
10. 3390/ su132 313354

 42. Persson AS, Olsson O, Rundlöf M, Smith HG (2010) Land use 
intensity and landscape complexity—analysis of landscape char-
acteristics in an agricultural region in Southern Sweden. Agr Eco-
syst Environ 136(1–2):169–176. https:// doi. org/ 10. 1016/j. agee. 
2009. 12. 018

 43. Marquardt K, Eriksson C, Kuns B (2022) Towards a deeper under-
standing of agricultural production systems in Sweden–linking 
farmer’s logics with environmental consequences and the land-
scape. Rural Landscapes Soc, Environ, Hist 9(1):1–15. https:// 
doi. org/ 10. 16993/ rl. 78

 44. Griffel LM, Vazhnik V, Hartley DS, Hansen JK, Roni M (2020) 
Agricultural field shape descriptors as predictors of field effi-
ciency for perennial grass harvesting: an empirical proof. Com-
put Electron Agric 168:105088. https:// doi. org/ 10. 1016/j. compag. 
2019. 105088

 45. Regeringen (2020) Sweden’s Integrated National Energy and Cli-
mate Plan. https:// energy. ec. europa. eu/ system/ files/ 2020- 03/ se_ 
final_ necp_ main_ en_0. pdf. Accessed 18 Oct 2021

 46. Berndes G, Börjesson P, Ostwald M, Palm M (2008) Multifunc-
tional biomass production systems–an overview with presentation 
of specific applications in India and Sweden. Biofuels Bioprod 
Bioref 2(1):16–25. https:// doi. org/ 10. 1002/ bbb. 52

 47. Rakovic J, Futter MN, Kyllmar K, Rankinen K, Stutter MI, Ver-
maat J, Collentine D (2020) Nordic bioeconomy pathways: future 
narratives for assessment of water-related ecosystem services in 
agricultural and forest management. Ambio 49(11):1710–1721. 
https:// doi. org/ 10. 1007/ s13280- 020- 01389-7

 48. Baum S, Bolte A, Weih M (2012) Short rotation coppice (SRC) 
plantations provide additional habitats for vascular plant species 
in agricultural mosaic landscapes. Bioenergy Res 5(3):573–583. 
https:// doi. org/ 10. 1007/ s12155- 012- 9195-1

 49. Nordborg M, Berndes G, Dimitriou I, Henriksson A, Mola-
Yudego B, Rosenqvist H (2018) Energy analysis of poplar pro-
duction for bioenergy in Sweden. Biomass Bioenerg 112:110–120. 
https:// doi. org/ 10. 1016/j. biomb ioe. 2018. 01. 021

 50. Nordborg M, Berndes G, Dimitriou I, Henriksson A, Mola-
Yudego B, Rosenqvist H (2018) Energy analysis of willow pro-
duction for bioenergy in Sweden. Renew Sustain Energy Rev 
93:473–482. https:// doi. org/ 10. 1016/j. rser. 2018. 05. 045

 51. Dimitriou I, Mola-Yudego B, Aronsson P (2012) Impact of willow 
short rotation coppice on water quality. Bioenergy Res 5(3):537–
545. https:// doi. org/ 10. 1007/ s12155- 012- 9211-5

 52. Englund O, Börjesson P, Berndes G, Scarlat N, Dallemand JF, 
Grizzetti B, Dimitriou I, Mola-Yudego B, Fahl F (2020) Beneficial 
land use change: strategic expansion of new biomass plantations 
can reduce environmental impacts from EU agriculture. Global 
Environ Change 60:101. https:// doi. org/ 10. 1016/j. gloen vcha. 2019. 
101990

 53. Englund O, Börjesson P, Mola-Yudego B, Berndes G, Dimitriou 
I, Cederberg C, Scarlat N (2021) Strategic deployment of ripar-
ian buffers and windbreaks in Europe can co-deliver biomass 
and environmental benefits. Commun Earth Environ 2(1):1–18. 
https:// doi. org/ 10. 1038/ s43247- 021- 00247-y

 54. Busch G (2006) Future European agricultural landscapes—what 
can we learn from existing quantitative land use scenario studies? 
Agr Ecosyst Environ 114(1):121–140. https:// doi. org/ 10. 1016/j. 
agee. 2005. 11. 007

 55. O’Sullivan L, Wall D, Creamer R, Bampa F, Schulte RP (2018) 
Functional land management: bridging the think-do-gap using a 
multi-stakeholder science policy interface. Ambio 47(2):216–230. 
https:// doi. org/ 10. 1007/ s13280- 017- 0983-x

 56. Englund O, Dimitriou I, Dale VH, Kline KL, Mola-Yudego B, 
Murphy F, English B, McGrath J, Busch G, Negri MC, Brown 
M (2020) Multifunctional perennial production systems for bio-
energy: performance and progress. Wiley Interdisc Rev: Energy 
Environ 9(5):e375. https:// doi. org/ 10. 1002/ wene. 375

 57. Styles D, Börjesson P, d’Hertefeldt T, Birkhofer K, Dauber J, 
Adams P, Patil S, Pagella T, Pettersson LB, Peck P, Vaneeck-
haute C (2016) Climate regulation, energy provisioning and 
water purification: quantifying ecosystem service delivery of 
bioenergy willow grown on riparian buffer zones using life cycle 
assessment. Ambio 45(8):872–884. https:// doi. org/ 10. 1007/ 
s13280- 016- 0790-9

 58. Dimitriou I, Berndes G, Englund O, Murphy F (2018) Lignocel-
lulosic crops in agricultural landscapes: production systems for 
biomass and other environmental benefits–examples, incentives, 
and barriers. IEA Bioenergy. http:// hdl. handle. net/ 10197/ 10151. 
Accessed 18 Oct 2021

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/S1470-160X(02)00053-5
https://doi.org/10.1016/S1470-160X(02)00053-5
https://doi.org/10.1016/j.biombioe.2008.01.002
https://doi.org/10.3390/su132313354
https://doi.org/10.3390/su132313354
https://doi.org/10.1016/j.agee.2009.12.018
https://doi.org/10.1016/j.agee.2009.12.018
https://doi.org/10.16993/rl.78
https://doi.org/10.16993/rl.78
https://doi.org/10.1016/j.compag.2019.105088
https://doi.org/10.1016/j.compag.2019.105088
https://energy.ec.europa.eu/system/files/2020-03/se_final_necp_main_en_0.pdf
https://energy.ec.europa.eu/system/files/2020-03/se_final_necp_main_en_0.pdf
https://doi.org/10.1002/bbb.52
https://doi.org/10.1007/s13280-020-01389-7
https://doi.org/10.1007/s12155-012-9195-1
https://doi.org/10.1016/j.biombioe.2018.01.021
https://doi.org/10.1016/j.rser.2018.05.045
https://doi.org/10.1007/s12155-012-9211-5
https://doi.org/10.1016/j.gloenvcha.2019.101990
https://doi.org/10.1016/j.gloenvcha.2019.101990
https://doi.org/10.1038/s43247-021-00247-y
https://doi.org/10.1016/j.agee.2005.11.007
https://doi.org/10.1016/j.agee.2005.11.007
https://doi.org/10.1007/s13280-017-0983-x
https://doi.org/10.1002/wene.375
https://doi.org/10.1007/s13280-016-0790-9
https://doi.org/10.1007/s13280-016-0790-9
http://hdl.handle.net/10197/10151

	Landscape Metrics and Land-Use Patterns of Energy Crops in the Agricultural Landscape
	Abstract
	Introduction
	Material and Methods
	Results
	Discussion
	Conclusions
	Anchor 8
	Acknowledgements 
	References


