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A B S T R A C T   

The location of fast-growing plantations for energy reveals valuable information concerning farmers’ preferences 
and land use change patterns, necessary to have adequate environmental and economic assessments. The present 
study analyses the last decades’ data concerning the establishment of willow, poplar and hybrid aspen planta-
tions in Sweden. The analysis includes extension planted, a geo-statistical analysis of core location patterns, and 
the type of land being replaced or replacing plantations, for the period 1986–2017. The results show a steady 
decrease of willow plantations in recent years, which can be explained by changes in the policy framework (after 
1996) and the increase in cereal prices (after 2007). The decline is partially offset by the establishment of new 
poplar and hybrid aspen plantations. New plantations tend to spread in southern areas; willow tends to be 
planted on higher productivity agricultural areas, and poplar on less productive land. There is a trend towards 
preferring smaller plantations (<1 ha) versus large ones (>10 ha). Although many willow plantations have been 
established on previous cereal land (particularly on spring barley and winter wheat), this pattern changed after 
2007, preferring grasses and fallow land. The latter is the most common land use replaced by poplar plantations. 
These shares may have important applications in economic and environmental assessments; the general spatial 
patterns of the main fast-growing species for biomass can provide a valid reference for the future implementation 
of bioenergy production systems.   

1. Introduction 

During the 2000s there was a growing interest in Europe on the 
establishment of woody fast-growing plantations, particularly willow 
(Salix sp.) and poplar (Populus sp.), as they were regarded as an effective 
way to reduce the dependence of fossil fuels and an efficient system for 
the production of biomass for the forest industry. These plantations are 
grown on agricultural land in order to produce woody biomass in short 
rotations, often less than 30 years [1–3]. Comparing with other common 
agricultural practices, plantations are less labor intensive and offer an 
economic alternative to the farmers [4], which help diversify their in-
come along seasons. In addition, fast-growing plantations have been 
regarded as important contributors to sustainable forestry and rural 
development, which in the case of planted willow and poplar represent 
about 6.7 million hectares globally, mainly dedicated to wood produc-
tion (56%) or environmental purposes [5]. 

Where and when these plantations are established are key questions 
that reveal farmer preferences, policy framework and micro-market 

development, among others. One important aspect related to this 
spatial dimension refers to the geographical location of plantations on a 
region, which has economic as well as policy implications in energy 
planning and land use management. Those are critical factors for a 
successful bioenergy implementation, as was pointed out on studies in 
the USA, Austria or Sweden [6]. In the latter country, Mola-Yudego and 
Gonzalez-Olabarria [7] studied the evolution of geo-location patterns of 
willow plantations along several years (1997–2005), identifying areas 
where plantations were successful, linked to the developments of bio-
energy markets and energy demand, as well as changes caused by 
different energy policies along time. At a lower spatial scale, it was 
showed that plantations were geographically associated with the loca-
tion of large heating plant location and local points of high biomass 
demand [8]. 

The study of location and its spatial dimension also affects the land- 
use pattern, in relation, for instance, to the crops that plantations are 
replacing. This is fundamental information concerning land-use 
competition between woody biomass and food crops [9]. In addition, 
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it concerns environmental assessments, as studies evaluating the envi-
ronmental effects of plantations, either experimental or Life Cycle 
Assessment (LCA) based, require a reference cultivation (agricultural 
reference system) to make effective comparisons [10]. Furthermore, be-
sides environmental comparisons, the use of adequate reference crops 
has economic consequences related to the estimation of opportunity 
costs (e.g. Refs. [11]). 

Sweden offers a unique opportunity to study these questions thor-
oughly; as the pioneer in fast-growing plantations, has established 
plantations with various species since 1970s. Willow was the largest one 
in area, and has been established since 1986 [7]. Its cultivation includes 
3–7 year rotations and 20–25 yeareconomic lifespan [12], mainly 
dedicated to energy purposes. Poplar plantations have been established 
in Sweden since 1980s [13]; on average, a poplar plantation has a 
rotation less than 20 years while lower density can lead to longer 
rotation years [14]. As a separate type of plantation, hybrid aspen 
(Populus tremula L. × P. tremuloides Michx) is currently used for pulp and 
bioenergy industries, which has crossbred for match industry since 1939 
and commercial stands were established in the 1990s (for a review of its 
development in Sweden, see Ref. [15]) with 20–25 year rotation [16]. 
Both poplar and hybrid aspen plantations in Sweden are dedicated to 
fiber production for the pulp and paper industry and, to a lesser extent, 
energy [17]. 

The objective of this paper is to analyze the spatial trends of fast- 
growing plantations concerning land use. The analysis covers three de-
cades of data concerning willow, poplar and hybrid aspen plantations in 
Sweden. The paper explores the evolution of areas planted, the location 
and characteristics of these areas and the strong links between agricul-
tural trends and the establishment of plantations, by examining the type 
of land uses being replaced by plantations or the cultivations established 
after the plantations are abandoned. A working hypothesis assumes that 
changes in the policy framework and global agricultural markets affect 
their development. In addition, it is expected that the rise in cereal prices 
of recent years has influenced these land-use dynamics. 

2. Material and methods 

2.1. Data sources 

An extensive database was compiled, using data from the land reg-
ister, entailing the period 2001–2017. The main data were based on the 
IACS (Integrated Administration and Control System) databases main-
tained by the Swedish Board of Agriculture. These databases have 
cartographic information concerning all the fields in the country, loca-
tion, area, and yearly agricultural land uses (scale 1:10 000). The spatial 
unit with crop information (blocks in the databases) is defined as a 
uniform land area that remains approximately constant from one year to 
the next [18], although land changes may be produced during this 
period (more information about the data, layers and the definitions can 
be found at [18], and about the methods and the land information 
available at [19]). Each of these spatial units can contain more than one 
field, but a field is always part of a block [18]. Land use data from 1998 
to 2018 were initially included in the analysis, but the lack of records of 
some years restricted the effective use of the data from 2001 to 2016 in 
the analysis. 

Data prior to that period was compiled from existing records of 
previous publications [7,12]. The location of plantations from 1986 
(first willow plantations) to 2001 was based on the study of 
Mola-Yudego [20] and based largely on data provided by Agrobränsle 
[12]. This dataset had records up to 2004; however, some plantations 
were not fully recorded, and we opted to use instead data from the land 
registry for 2001–2004 as it was more exhaustive. Concerning poplar or 
hybrid aspen, there were no records available prior 2001, but the esti-
mated area planted before that year can be considered negligible. 
Finally, local agricultural productivity was retrieved from the average 
standard yields by yield survey districts for the period 2003–2017 [21] 

and cereal prices along the period were retrieved from FAO databases 
[22]. 

2.2. Methods 

The spatial analysis included the identification of the main fast- 
growing woody crops established in the country, from which willow, 
poplar and hybrid aspen were selected for the rest of the analysis 
(Fig. 1). The total cultivated area by year was also analysed, in order to 
have an overall idea of the relative importance of the crops. This trend 
was established using all existing sources of data included in the study. 
In addition, the average size of the plantations was analysed, estimating 
their distribution along time using histograms, allowing to determine 
whether there was any trend towards larger or smaller plantation sys-
tems. In this study, the plantation size was defined as the area of the field 
or parcel were the plantation is established (as defined in Ref. [18]), and 
a grower may have several of these parcels in their farms. 

The geographic analysis of the areas planted with these species along 
time was based on geospatial kernels. This is a non-parametric method 
for the estimation of the spatial distribution of probability of occurrence 
based on a pool of observed events [23,24], in this case, the coordinates 
of the location of the plantations. The method creates a density function 
according to the frequency of plantations, resulting in a continuous 
distribution of frequency for the whole territory. The density function is 
based on a normal bi-variate distribution, which requires the location of 
the plantations as well as a bandwidth or smoothing factor, which was 
calculated based on the reference parameter proposed in Worton [23]. 
The application of the methods, reference parameter and approach were 
derived from the study of Mola-Yudego and González-Olabarria [7]. The 
kernel density estimates were then transformed in percentage volume 
contours, used to identify those areas with the highest concentration of 
planted area for a fixed percentage, in a similar way to how home range 
analysis is applied to define the territoriality of animal movements [25]. 
The core areas were defined by fixing the percent contour volume to 

Fig. 1. Location of the studied plantations in Sweden (willow, poplar and 
hybrid aspen) during 1986–2017. 
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30% (areas with the highest concentration of plantations entailing 30% 
of the total planted area) and, as a reference, the larger areas entailing 
plantations were defined by fixing it to 60% (areas with the highest 
concentration of plantations entailing 60% of the total planted area). By 
these means, the core areas defined the areas where fast growing plan-
tations are common, and the latter, to have an approximate area of those 
areas where the cultivation is in use. 

The average standard yields by agricultural district were used as a 
proxy variable to estimate of the average land productivity where the 
plantations are established. The average barley yield for the period 
2003–2017 was used as indicator, since it covers most of the area were 
plantations are established and covers enough time to reduce annual 
variations due to specific climatic conditions. This yield was assigned to 
each plantation, and the country’s average was calculated by year for 
the three main plantation systems. 

All the blocks including a fast-growing plantation as a single culti-
vation code were identified and compared to the land-use records of the 

previous and following year, for the same parcel. This approach pro-
vided year by year estimates of land use change. In addition, the total 
land use change in the period of study was made comparing two refer-
ence years, corresponding to 2001 and 2016 as the first and last years 
with fully documented records about land uses in the land register. By 
these, we aimed at identifying: a) how many plantations in 2001 were 
still managed in 2016; b) what were the main crops replacing plantation 
area (replacing crops); c) what were the main crops prior to the estab-
lishment of plantations (replaced crops). 

The analysis combined the use of identifiers as well as the specific 
spatial locations of the fields. In some cases, the same block included 
several fields with different cultivations that could not be distinguished 
spatially, particularly in 2001. The potential errors were estimated by 
performing a GIS analysis, comparing the data from 2001 to 2016. Then, 
the land use change was calculated including all the cultivations 
recorded for the same block, and then only including the main cultiva-
tion in the field (the larger in area). Both results were compared, to 

Fig. 2. Evolution of area established in Sweden with fast growing plantations (1986–2017) and wheat prices for the same period. In 1991 there was an establishment 
subsidy for willow plantations, that was significantly reduced after 1996. In 2007 there was a turning point in cereal prices, increasing by nearly 50% along the 
decade versus the previous values. 
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address the potential bias in the estimations. The areas were weighted 
based on the size of the field, and total aggregates were calculated. 

Finally, the spatial trends in established area and land use changes 
were further examined concerning land productivity, by using the cereal 
standard yield as a proxy, and the changes along time were compared to 

the cereal prices during the studied period. The overall analysis was 
performed in R v4.0.2 [26], and the spatial kernels using the package 
GISTools [27]. 

Fig. 3. Distribution of the size of the plantations along 1986–2017, for willow, poplar and hybrid aspen in Sweden.  
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3. Results 

3.1. Plantation’s area and size 

The evolution of wood-based fast-growing plantations for energy in 
the country started in 1985, with the first willow plantations. During this 
period until the year 2000, willow was the main wood-based cultivation 
for energy purposes in the country (Fig. 2). Despite there was limited 
data in the land registry concerning poplar and hybrid aspen prior to the 
year 2000, their combined area was negligible before that year, mainly 
including trials and demonstration plantations [13,28]. The maximum 
area planted with fast-growing plantations was around the year 2000, 
after which started a progressive decline. After 2007, the willow area 
decreased fast after this year, being partially compensated by an incre-
ment of poplar and, to a lesser extent, hybrid aspen. The average cereal 
price after 2007 increased by 48.6%, 40.1% and 22% for wheat, barley 
and oats, respectively (compared to the average 1990–2006). The 
overall willow plantation area in Sweden decreased from a maximum 
around 14 000 ha (2001) to current 7785 ha (2017), whereas poplar 
covers 1738 ha and hybrid aspen 676 ha (2017) for a total of 10 200 ha 
of land established with fast growing plantations. 

The size of most of the initial willow plantations was around 2–3 ha, 
with a significant amount (>10%) of large plantations (9–10 ha). After 
1993, there was a relative increase of small plantations, and plantations 
smaller than 1 ha became prevalent (Fig. 3). The average plantation size 
has been 3.7 ha for the period 1986–2016, although in recent years has 
slightly increased to be closer to 4 ha, and it has remained stable since 
2010. 

This trend was also observed in the poplar plantations, as plantations 
smaller than 1 ha represented about the 50% of all plantations. In this 
case, the average plantation size has been 2.5 ha for many years, 
although in recent years there has been a steady size reduction, as the 
more recent plantations are ca 2 ha. 

Concerning hybrid aspen, there were large plantations systems 
around the year 2000, however, the percentage of large plantation 
systems is smaller in more recent years. A clear change in the distribu-
tion of plantations’ size could be observed in the last decade, although 
there is less data to study consistent trends. The average plantation size 
is about 2.2 ha although more recent plantations seem to be larger, ca 3 
ha. 

3.2. Plantation’s location 

In general, the evolution of plantation locations expanded from the 
east and center to the south during the periods (Fig. 4). Willow plan-
tations initially expanded from central Sweden (Örebro) in the 1990s to 
southern areas (Scania), where more of the new plantations are estab-
lished in recent years. Poplar plantations are relatively more concen-
trated and had the core areas in the eastern coast and southern parts of 
the country, with no evident changes along time. Even though there is 
less area planted with hybrid aspen, those plantations are more 
dispersed along the country, often nearby poplar plantations. In this 
case, the trend is to establish new plantations more northwards than 
willow. 

Concerning the agricultural productivity, willow plantations have 
been established in more productive agricultural districts than poplar 
and hybrid aspen, respectively. The average agricultural productivity of 
the planted areas, expressed as the standard yield of barley, was 4451 kg 
ha− 1 yr− 1, 4063 kg ha− 1 yr− 1 and 3757 kg ha− 1 yr− 1, for willow, poplar 
and hybrid aspen, respectively, for the last year studied (2017). There 
were important trends, as willow has been progressively established in 
more productive areas, whereas poplar has shown the opposite trend 
(Fig. 5). Prior to 1989 (willow), 2008 (poplar) and 2010 (hybrid aspen), 
the number of plots and cultivation area was very limited and precluded 
the estimation of a consistent trend. 

Willow plantations in 2016 were mostly established on previous 

cereal cultivation. Among those, spring barley, winter wheat and oats 
were the main cereals. Similarly, spring barley and winter wheat were 
mainly dominant for hybrid aspen plantations. In the case of poplar, 
non-cereal cultivation (fallow land and temporary grass) were more 
dominant (Table 1). About 47.2% of the area planted with willow in 
2016 dates to 2001. In the case of poplar and hybrid aspen, the per-
centages are 7.7% and 2.2%, respectively, as most of the plantations are 
recently established (Table 1a). The results also showed that only about 
29.4% of the willow plantations in 2001 are still being managed in 2016, 

Fig. 4. Location of the main plantation areas for willow, poplar and hybrid 
aspen in Sweden. The percentages 30% and 60% refer to the total area included 
in those areas for a given period (core areas with the highest concentration for 
that given percentage). 
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whereas for poplar and hybrid aspen, the percentages are 62.6% and 
11.0%, respectively (Table 1b). It must be noticed that in the latter, the 
limited amount of planted area made the data prone to errors. 

During the processing of the data there were losses of information 
due to changes in the shape and resolution of the field areas that made 
the spatial overlapping difficult, especially concerning records from 
2001. In total, the estimates in the land-use change resulting from the 
spatial overlapping of 2016 layers on the 2001 data included 12 742 ha 
(out of the documented 13 871 ha in 2001), 150 ha (out of 259 ha) and 
108 ha (from only 76 ha documented that year) for willow, poplar and 
hybrid aspen. The latter figure overestimated the land use dedicated to 
hybrid aspen. This was due to several parcels being aggregated per block 
in the database in 2001, and the differences in the resolution of the 
layers, which rounded some estimates and have large effects when the 
total area being mapped is small (<100 ha) and dispersed). On the other 
hand, the spatial overlapping of layers in 2001 on the 2016 data 
included 8269 ha (out of 8580 ha), 1541 ha (out of 1700 ha) and 612 ha 
(out of 661 ha) for willow, poplar and hybrid aspen in 2016; in this case, 
the land database was more accurate (a detailed explanation about the 
methods and estimates of inaccurate spatial definition of land areas 
within the IACS can be found in Refs. [19]). 

The sensitivity analysis applied to the estimates showed little vari-
ation in the case of willow, with the land uses changing less than 1% in 
almost all land uses. The largest deviations were observed in 2001 re-
cords of poplar still in use in 2016 (ranging from 48.4% to 62.6%) and 
for spring barley replacing earlier hybrid aspen plantations (from 38.9% 
to 56.7%). In both cases it is likely due to the limited amount of area of 
both cultivations in 2001 (<100 ha). Despite these variations, there 

were no large qualitative changes in the estimated percentages. 
Along time, the main pattern was a consistent replacement of willow 

plantations by cereal after 2007 (Fig. 6). In relative terms, willow 
plantations were progressively established on fallow land and nearly no 
new plantation was established on previous cereal land after that year. 
There was certain dynamic pattern in land use change, with willow 
plantations being established and abandoned at a similar path until 
2007. This pattern was not observed in poplar and hybrid aspen along 
the series. 

4. Discussion 

Even though in recent times several studies having been dealing with 
the development of willow plantations, particularly in Sweden, up to 
date there is limited information concerning the type of land those 
plantations replace; concerning alternative plantations systems based on 
poplar or hybrid aspen there are even fewer studies based on large data. 
The spatial analysis as well as the total estimates of land dedicated to the 
different crops provided in this study can be regarded as the most precise 
estimations up to date. 

There are, however, limitations concerning the data used in the study 
that would affect the land use change estimates. The quality of the land 
use data depends on the aerial photograph used in the area and the 
digitizing process, as has been noticed in related studies [29], as well as 
on the accuracy of the reports provided by the farmer. The comparison 
of the data from 2001 to 2016 presented challenges: there are reported 
different field cultivations within the same blocks, and the spatial ac-
curacy of the 2001 data was lower, presenting more aggregated fields 

Fig. 5. Average land productivity of the plantations established in Sweden (1986–2017) for willow, poplar and hybrid aspen. The land productivity was based on the 
estimated standard barley yield of each yield survey district (average for the period 2003–2017). Shadow areas represent the standard error (95%) of the annual 
mean (only calculated when N > 100, to include representative trends). 
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within the same blocks. In addition, part of the hybrid aspen plantations 
could have been located on previous forest land, that had a difficult 
classification on the available database. Alternative land uses maps 
(such as the EEA CORINE Land Cover) were evaluated but did not 
provide the necessary detail to make effective comparisons. Despite this, 
the overall assessment of the results based on the sensitivity analysis 
showed little changes in the shares of land; there were no qualitative 
changes in the magnitude of the land use changes showed in the results. 
The large amount of data and the nearly exhaustive basis for the esti-
mates probably compensated the limitations, especially compared to 
other approaches based on questionnaires or sampling methods, which 
may have incurred in even larger bias. 

The analysis of the data relies on different methods, particularly 
associated to geostatistical analysis. Concerning the kernel methods, 
have been applied in similar cases regarding plantations [7], and have 
proved to be useful and versatile to estimate the frequency distributions: 
present no constraints, are simple, are flexible and have well-understood 
statistical properties [24,25]. Concerning the use of cereal productivity 
as a proxy, it has been shown to be an effective and simple way to assess 
overall area fertility, as demonstrated in previous research [12,20,30]. 

The results reflect the initial steps, expansion, stagnation and decline 
of plantations in the country. From the 1970s, research and funding 
prioritized the development of willow plantations, with an ambitious 
plan to create varieties and management regimes that would be viable in 
the climatic and soil conditions of the country (see Refs. [31,32]). In 
1986, the were several commercial plantations, particularly in the 
central parts of the country, in which it has been defined as the start-up 
period [33], until 1991. In this period, ambitious goals were set up for 
the expansion of the cultivation, that lead to the implementation of 
subsidies for the establishment of new plantations up to 10 000 SEK 
ha− 1, (average exchange rate for 2000 was 1 SEK = 0.118 EUR = 0.109 
USD [11]) in addition to other policy incentives like subsidies for 
transferring crop land from cereal production, fencing, taxes on sulphur 

Table 1 
Land use transition concerning fast-growing plantations for willow, poplar and 
hybrid aspen. a) main land uses (%) prior to the establishment of the plantations 
(crops in 2001 on plantation land in 2016, replaced crops). b) main land uses (%) 
on former plantations (crops in 2016 on plantation land in 2001, replacing crops). 
*: in this list, percentages considering only new plantations, must sum 100%.  

a)  

Willow (in 2016) Poplar (in 2016) Hybrid aspen (in 2016) 

Willow (in 2001) 47.2 1.5 0.7 
Poplar 0 7.7 0 
Hybrid aspen 0 0 2.2  

Land use in 2001* 
Spring barley 18.6 10.2 23.4 
Winter wheat 17.8 12.1 27.6 
Temporary grass 15.3 21.6 20.7 
Fallow 14.0 23.9 7.1 
Oats 13.3 6.4 3.1 
Grazing land 4.0 9.1 6.2 
Other 17.0 16.6 12.0 

b)  
Willow (in 2001) Poplar (in 2001) Hybrid aspen (in 2001) 

Willow (in 2016) 29.4 4.0 0.1 
Poplar 0.13 62.6 0 
Hybrid aspen 0.01 0 11.0  

Land use in 2016* 
Spring barley 18.0 20.4 56.7 
Winter wheat 24.0 8.7 10.5 
Temporary grass 16.5 28.1 0.0 
Fallow 10.8 6.3 2.0 
Oats 6.7 0.0 2.1 
Grazing land 3.7 0.0 7.5 
Other 20.4 36.5 21.1  

Fig. 6. Accumulated annual land-use change on fast growing plantations in Sweden (2001–2017). After 2007, a considerable amount of willow land was replaced by 
cereals (represented by: willow > cereal, the order being related to the chronological sequence in land uses). 
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and CO2 with exemptions on biofuels, among others (see Ref. [7,34,35]). 
These policy incentives were drastically modified in 1996, after Sweden 
joined the European Union and the Common Agricultural Policy. In 
1996, the establishment subsidies were reduced to 3000 SEK, and the 
compulsory set-aside land was reduced from 15% to 10% [35]. In 
addition, the performance of the plantations during the period was 
poorer than expected, perhaps paradoxically as a direct consequence of 
the type of policy incentives applied [36]. During 1996–2006, the price 
paid to farmers was reduced due to competition from imported biomass 
and increased incineration of waste [35] and as result, the new planted 
area annually was practically stopped and about 15 cutting producers 
left the market [37]. All these developments explain, to varying degrees, 
the observed stagnation in area planted, which has been observed in 
similar terms in other places, such as Germany [38], Ireland and United 
Kingdom [35]. 

However, the deeper analysis applied to the land use changes show 
that there was not simply a stop in the planting area, but rather many 
plantations were abandoned at the same path that newly ones were 
established on different areas. In fact, previous plantations were estab-
lished on poor land, often hundreds of kilometers from heating plants 
[11] and were not economically viable. This rationalization of the pro-
duction was perhaps a factor explaining the increases in yield during this 
period [20], since new plantations made use of more productive vari-
eties and better management practices as the incentives were not driven 
by subsidies. 

The results show a new period starting after 2007, which is domi-
nated by a continuous decline in land area planted. Our hypothesis is 
that this decline was linked to the sudden demand of cereal. In 2007 
cereal prices increased by ca. 50% (wheat, barley, oats), and the high 
price levels have been sustained for a decade. The fact that most of the 
new cultivations replacing willow plantations are cereals seems to be in 
line with this hypothesis. However, the results show that over 60% of the 
current willow plantations were established in the last 15 years, which 
shows that, despite the strong signs of decline in the figures and in 
previous works [36,39], there is still interest in willow among farmers. 
However, this must be taken with caution as less than a third of the land 
established with plantations before the 2000s remain currently in use. 

The overall willow decline has been partly compensated by poplar 
and hybrid aspen plantations, which started a recent expansion. The fact 
that these cultivations are mainly established on fallow land or grass 
means are not affected by the same factors than willow. In addition, 
these plantations differ from willow as their biomass is not exclusively 
linked to energy uses, but also for pulp production [40]. The recent 
increase in woodchip prices may also explain the moderate expansion of 
these plantations. 

In parallel, the cultivation patterns have also changed along the 
years, particularly concerning willow: there is a larger percentage of 
smaller plantations in recent years (less than 1 ha), also observed for 
poplar plantations. In general, large plantations (over 10 ha) are 
nowadays less frequent. Previous studies have found that smaller plan-
tations have higher yields [41], and the reduction of the plantation size 
could be a sign of management intensification; in this sense it would be 
in line with the higher plantation yields observed in later years [20]. 
However, this would be rather controversial, as in some cases could also 
mean that farmers are no longer willing to invest in larger land, using 
only smaller areas on spare land. It must also be observed that the es-
timates in this study concern only field area and are not grouped by 
farmer. Rosenqvist et al. [42], estimated that the average willow farm 
was 11.5 ha, with most of the plantations being larger than 10 ha. 
Despite the differences in the consideration of plantation versus farm 
size, the results show that the profile of willow farmer (thoroughly 
studied in Refs. [35,42,43]) may have changed significantly. 

Studies on farmer adoption patterns regarding plantations have 
shown different geographic patterns concerning the farmer’s decisions 
related to management or plantation size (e.g. Ref. [44]). As the results 
show, the main areas for willow cultivation are moving south, largely 

increasing the share of land planted in Scania, and a simultaneous 
reduction of planted area in northern areas, which confirms the patters 
studied in Mola-Yudego and González-Olabarria [7]. The same effect 
can be observed in poplar plantations, with core areas in the south and 
eastern coast. As southern areas present a higher agricultural produc-
tivity, this could also explain the overall increments in yields in 
Mola-Yudego [20] and agrees with the estimates on Mola-Yudego [45] 
from willow, and the empirical estimates of Dimitriou and Mola-Yudego 
[13] for willow and poplar. In general, farmers in the south and west 
parts of the country tended to have smaller plantations [43], which 
could also explain the trends observed in plantation size. In the south 
(Scania) this trend seems to prevail over the effects of cereal prices. This 
region has a different land-use structure and farm-based culture than the 
rest of the country, which could explain the different patterns on plan-
tation adoption, as observed in previous studies [34,42]. This also may 
reflect that other factors than price may play a role in the farmer’s 
preferences (among others, we can mention well-established markets, 
higher demand of willow chips, initial success of pioneer growers). The 
overall results seem to contradict previous studies on farmers adoption 
patterns. In Greece it was observed that cereal farmers were more likely 
to be interested in biomass production than non-cereal farmers, and 
farm size was reported to have a positive effect on adoption intentions 
[46], which indicate that farmer preferences can also change fast when 
markets change. 

A consequence of the analysis presented in land use change affects 
the baseline scenarios used for environmental assessment of plantations 
which has often been to consider cereal as the alternative scenario. For 
instance, the reference crops for willow plantations have been corn and 
hay in studies related to greenhouse gases and water quality in the USA 
[47], winter wheat and winter barley for biodiversity comparisons in the 
UK [48], or cereals, in general, for soil [49] and water in Sweden [50], 
among others. On poplar and hybrid aspen, the reference has been 
grasslands for greenhouse gas emissions and soil organic carbon in the 
UK [51] and, cereals and grasslands for soil and water quality in Sweden 
[13], among others. Concerning economic estimates, cereal has also 
been the main reference crop in Sweden [52]. 

The results add detail to these general assumptions; in the case of 
willow, around 33% of new plantations are on fallow land and grass-
lands, which should be included in future environmental assessments as 
a reference use in addition to cereal. Since cereal cultivation generally 
implies more intensive and demanding management, the overall 
assumption that short rotation plantations (e.g. less intensive manage-
ment) mainly replace cereal cultivation (e.g. more intensive), dis-
regarding grassland (e.g. less intensive) may result in under-estimating 
the overall environmental effects of plantations in LCA studies. 

It should also be noticed that, among the cereals, some previous 
studies only considered barley [36], whereas the results show that wheat 
and oats seem to be replaced by willow and poplar plantations in similar 
amounts (ca 15%). As there can be differences among these cereals 
concerning their overall efficiency, as well as LCA profiles [53] and 
economics [54], the results of this study can be implemented to produce 
more accurate environmental and economic assessments. The percent-
ages of land-use prior and subsequent establishment of plantations can 
be used to generate a portfolio of alternatives, each with a distinctive 
environmental and economic profile. For instance, poplar and hybrid 
aspen plantations showed higher aggregated carbon stocks compared 
with grassland, while less water eutrophication compared with cereals 
[13]; the use of the results of this study can weight these effects to get an 
overall assessment of the current situation. Similarly, this could be 
applied to economic calculations concerning opportunity costs (e.g. 
Refs. [55,56]). 

5. Conclusions 

The study presents updated information concerning the evolution 
and location of fast-growing plantations in Sweden along 30 years of 
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data. Willow has experienced a steady decrease, possibly linked to cereal 
prices after 2007, only to be partially compensated by poplar and hybrid 
aspen plantations. Overall, the planted areas with willow are moving 
south and to more productive agricultural areas, with more land planted 
in Scania and less in the central parts of the country. In opposition, 
newer poplar plantations are expanding on less productive agricultural 
districts than the initial ones. Small plantations (<1 ha) are becoming 
more frequent and large plantations (>10 ha) are nowadays relatively 
rare. Whereas there could be signs of intensification of the biomass 
plantations systems, towards smaller and more productive units, it could 
also reflect a lack of investment by farmers, that are no longer willing to 
dedicate large areas for plantation systems. 

Plantations are mainly replacing spring barley, winter wheat, tem-
porary grass and fallow land, with important differences between wil-
low, poplar and hybrid aspen. The analysis provided synthetized the 
existing trends in wood biomass plantations in one of the pioneer 
countries in Europe, and we believe the estimates are extensive and 
precise, which can be the basis for future studies dedicated to economic 
or environmental assessments of fast-growing plantations. 
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[54] H. Rosenqvist, Kalkyler För Energigrödor, JBB publications ovr443, 2018, p. 98 (in 
Swedish). 

[55] H. Rosenqvist, Salixodling - Kalkylmetoder Och Lönsamhet [Willow Cultivation - 
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