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Abstract How representative are yields from experimental
plots compared to large-scale commercial implementation?
This study analyses the yields of fast-growing willow planta-
tions for energy reported in experimental trials in Sweden
during the period 19802012 compared with those from com-
mercial willow plantations for the period 1986-2006. The
study reviews 16 academic publications, which include 466
records from experimental plots, and records from 2073 com-
mercial plantations across the country. The average yield re-
corded from experiments was 7.7 odt ha ' year ', compared
to commercial plantations’ yields 2.6 and 4.2 odt ha' year '
for the first and second rotations, respectively. The measured
area of the experimental plots seems to have an effect in the
overestimation of the average yields, which can be attributed
to extrapolation errors. In addition, to explain the broad dif-
ferences between yield estimates, we identify the following as
potential factors: near-optimal management practices and
choice of land age differences and rotation lengths, edge ef-
fects, measurement methods, harvesting losses, increased
mortality, and increased probability of hazard. The results
can help to rationalize the expectations derived from
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experiments and to a more realistic planning of future planta-
tion schemes.
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Introduction

How much biomass should be expected from energy crops
once they reach commercial stage? A good yield prognosis
is an important tool for reliable energy policies and for a suc-
cessful introduction of energy crops [1]. Accurate yield esti-
mates at local or national level are required, e.g., for the con-
struction of scenarios (e.g., [2]), policy incentives (e.g., [3]),
profitability estimates (e.g., [4—6]), or even environmental as-
sessment (e.g.,[7, 8]). However, many energy crops are to a
certain extend new cropping systems and lack the necessary
commercial experience to get empirical data. For this reason,
initial estimates and models must rely on results from exper-
imental plots or trials.

Among lignocellulosic energy crops, this has been the case
for short rotation plantations. Such plantations are based on
fast-growing woody species (such as poplar and willow)
established on agricultural land. The plantations are intensive-
ly managed for the provision of biomass for energy, and for
the several environmental benefits provided: diversification of
farm crops, positive effects on rural economies, role as vege-
tation filters (e.g., [6, 9, 10]), better water and soil quality than
agricultural crops (e.g., [11, 12]), phytoremediation of soils
[13] reduction of CO, emissions through the production of
biomass for fossil substitution, and CO, storage in vegetation
and soil (e.g., [14]).

@ Springer



1770

Bioenerg. Res. (2015) 8:1769-1777

All these benefits have lead to their development and con-
sideration as viable energy crops. In general, many estimates
have relied on trials and experiments for the construction of
models (e.g., [15]) or for spatial supply of biomass (e.g., [16]).
Others have used a limited number of samples and extrapolate
to the plantation area for the validation of process models
(e.g., [17]), or have been estimating yields based on general
averages (e.g., [18]).

On the other hand, experience shows that the materializa-
tion of these yields is seldom achieved. In Finland [19] and in
Sweden [20], the analysis of existing data showed that yields
from commercial plantations were much lower than expecta-
tions based on trials. This was attributed to poorer average site
quality, poor clone-site matching, limited fertilization, disease
susceptibility, and weed competition. In this line, several au-
thors have questioned the representativeness of experimental
plots for large-scale plantations. Zavitkovsky [21] and Hansen
[22] made a comparison for poplar yields, showing the diver-
gences between yields from small plots and commercial re-
sults, and Searle and Malins [23] pointed at the same direction.

At present, Sweden provides the necessary empirical expe-
rience, as short rotation willow plantations have been cultivat-
ed since the 1980s. Sweden has been for the last decades the
leader in Europe, reaching about 13.000—16,000 ha planted
with commercial plantations [24], which allows us to compare
to which extend the commercial experience matches the ex-
perimental results. The aim of this study is to assess the yield
levels reported by trials and experimental plots during the
period 1980-2010 in Sweden, compared to the performance
of commercial plantations during the same period. The anal-
ysis performed should contribute to a realistic and cost-
efficient planning of energy crop schemes in other countries
with similar future energy planning.

Material and Methods
Description of the Data

The analyses include records from experimental plots as well
as commercial plantations. For the experimental plots, a data-
base of publications was constructed using academic search
engines, and priority was given to published journal papers on
the field. The search aimed to retrieve Swedish experiments
based on willow cultivation for energy uses in short rotation
schemes. The compilation of the data was performed in 2012,
and resulted in 16 publications (Table 1). Those included re-
cords from trials from Larsson and Dobrzeniecki [40] that
were also retrieved, although in this case, as there was no
available information concerning total area planted, spacing
or treatments, they were analyzed separately.

From each publication, information concerning the exper-
imental set-up was structured, extracting figures concerning
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the reported yield of the experiment (under the different treat-
ments) as well as the establishment of the trials, including the
following: location of the experiments (Fig. 1), area of the
plot, area of the plantation, clones used, dates when the plan-
tation was established, etc.... In the context of the analysis,
measured area was defined as the area associated to each
individual yield (the area where the plants were measured or
harvested, resulting in a yield estimate). Plot area was defined
as the area subject to the same treatment, and plantation area
was defined as the total area of the plantation, when available.
In many cases, these definitions had to be estimated (e.g., by
dividing the plot area by the number of samples, by estimating
the area covered by measured plants using the planting
density).

Data concerning commercial plantations were provided by
Lantméinnen Agroenergi AB (formerly known as Agrobrénsle
AB), which manages planting and administrates the harvest-
ing of willow plantations. The data consisted in harvested
records from each plantation (i.e., leafless above-ground dry
mass). In this case, plot area and plantation area referred to the
same area. Data with inconsistent records were excluded from
the calculations. All plots were geo-referenced to at least 1 km
precision. They covered the area from 55° 20’ N to 61° 29’ N
and from 11° 33" E to 18° 56’ E (Fig. 1), resulting in 2073
plantations during the period 1986-2005. All plantations stud-
ied had been cut back, in most cases after the first growing
season. The annual yield was calculated by dividing the har-
vest of each rotation (i.e., cutting cycle) by the number years
since the cutback or the last harvest (i.e., rotation length).

Methods

The measured area associated to each yield was used in the
calculations in the natural logarithm form, and the focus of the
analysis was aimed to find qualitative differences between
large and small measured areas. The mean yields from exper-
iments and commercial plantations were compared using a ¢
test. The relationship between yield and measured area was
explored using regression. A sensitivity analysis was per-
formed, recalculating the means and relationships from the
publications, excluding one at time. Trends along time were
also explored.

The yield ranges were compared in categories, similarly to
Hansen [22]. The results from trials and experiments were
divided in two groups, aiming at having a balanced number
of estimates between the groups: small (measured area up to
200 m?) and large (measured area larger than 200 m?). The
commercial plantations were further grouped for 1st and 2nd
rotations, and for those planted before 1996 and the rest. For
each group, the upper range was calculated using the 25 % of
the best yields, and the lower range, with the 25 % of the
lowest yields. As a reference, the average of the 10 % best
yields was also included.
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Table 1  Literature sources (16) and descriptors of the experiments included in the study. Mean and maximum (max) expressed in odt ha'! year
Reference Lat(N) Long(E) Estimates Mean Max  Main aim of the study
retrieved
[25] 56.93 12.38 7 14.3 17.0  Determine biomass production efficiency under different irrigation-fertilization
systems.
[26] 56.93 12.38 7 16.3  22.7  Maximize biomass production by combining fertilization methods with
different irrigation techniques.
[27] 59.48 16.07 159 6.4 11.3  Biomass production for different density, rotation cycles and pure vs.
mixed stands.
[28] 59.82 17.67 6 92 10.7  Biomass production for different rotation cycles.
[29] 55.75 13.03 20 11.0 16.2  Stem growth calculations for different fertilization regimes.
58.33 15.67 20 6.0 8.7
58.63 16.10 20 89 134
59.42 15.58 16 6.6 119
59.82 16.78 4 9.1 10.0
[30] 59.48 16.07 32 34 4.7  Determine an optimal plant arrangement regarding biomass yield as
well as traceability with tractors and machinery for different plant densities.
[31] 56.00 13.00 2 49 5.1  Early biomass production and stand dynamics under different systems.
9] 56.48 13.00 5 9.9 10.8  Establish a willow vegetation filter for nitrogen-polluted agricultural drainage water.
[32, 33] 59.62 16.80 48 7.4 9.8  Comparing destructive vs. non-destructive measurements of different clones.
[34] 59.82 17.67 12 43 8.0  Compare growth data from different trials and clones under different
environmental conditions.
57.60 18.45 6 44 5.2
[35] 59.17 17.64 12 9.2 17.8  Evaluate the effect of water availability on stand-level productivity.
[36] 59.82 17.77 5 148 159  Estimation of wood fuel quality under different management practices such
as the frequency of harvests and the fertilization with wastes.
59.82 17.77 5 11.3 129
[37, 38] 59.69 17.28 16 9.1 149  Determine biomass production under different management regimes.
59.53 17.05 16 1.7 19.2
59.97 17.56 16 57 116
60.02 17.31 16 102 135
59.98 17.58 16 122 174
[39] 9 72 8.58 Review of the performance of several trials for willow varieties released in the
market. The data is aggregated by clones.
Results performance of the trials and the area measured (Fig. 3c) that

The distribution of yields was different for the commercial
plantations and the trials (Fig. 2). There were in total 2073
records (1610 for st rotation, and 1524 for the 2nd rotation,
not always overlapping) from commercial plantations and 466
records from trials and experiments. The yield ranges of the
experiments and trials were wider than in commercial planta-
tions. The mean yield from experimental plots was significant-
ly higher than from commercial plantations (/=28.4481, p
value<0.001). The average for the 1st rotation in the commer-
cial plantations (harvested records) was 2.6 odt ha ' year
and for the 2nd rotation, 4.2 odt ha ' year ', whereas for
experimental plots was 7.7 odt ha ' year '

The average measured area for yields from experimental
plots was 38.86 m?, and the average plantation area was
4.34 ha (Fig. 3). There was an inverse trend between the

was significant (F=24.55 p value<0.001, slope=—0.974).
Similarly, it was also detected an inverse trend concerning
the yield records from commercial plantations and the
size of those plantations (F=5.705, p value=0.017,
slope=—0.122).

Since a single publication can have a strong effect on
the means and trends, the mean and the trends (Fig. 3)
were iteratively calculated, excluding a publication each
time. The results showed little variation: for the mean,
the highest value was 8.33 odt ha ' year ' (excluding
[27]) and the lowest was 7.24 odt ha ' year ' (exclud-
ing [37]). Concerning the relationship with measured
area, it was significant in all cases (highest p value<
0.005, excluding [26], otherwise p value<0.001).

The evolution along time showed yield improvements
in the commercial plantations (Fig. 4) in parallel with
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Fig. 1 Map of Sweden showing
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new varieties released to the market and the results
from experiments, although this tendency was not as
pronounced.

Finally, the ranges of the experimental plots and the com-
mercial plantations were analyzed as a continuum, similarly to
Hansen [22]. (Fig. 5). The lines show the range between the
lower quartile (average of the 25 % lowest results) and the
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Fig. 3 Yield as a function of the
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Fig. 4 Average yields from willow fast-growing plantations in Sweden
along time. a Averages from trials in five periods, by year of the trial
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in brackets: number of trials used for the average [40], and trend of the
averages (t: 2.143, p=0.069) ¢ trend of the yields from commercial
plantations during the first rotation, by year of plantation establishment
(t: 3.862, p<0.001)
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rotation, and between those plantations established before
1996 and after that year. Concerning experimental plots, there
were differences in the ranges according to the area measured
(the threshold was arbitrarily set at 200 m?).

The highest 10 % of the records were 8.21 odt ha ' year '
for commercial plantations (corresponding to those planted
after 1996, 2nd rotation) and 13.7 odt ha ' year ' for experi-
mental plots (corresponding to those whose measured area
was smaller than 200 m?) The analogous values using the
highest 5 % of the records would be 9.93 and 17.38 odt
ha ' year ', respectively.

Based on these ranges, we propose four categories of yield
levels: factual would correspond to those levels that have
already been reached in commercial experience and that the
results show as frequent and therefore reliable estimates. That
would include yields up to 5.8 odt ha ' year”. Best factual
would correspond to those yield levels that have also been
reached in commercial experience, but much less frequently,
and would include yields up to 8.2 odt ha'. These levels
would configure two realistic scenarios of what can be expect-
ed from commercial plantations in Sweden. The category
potential would entail those yield levels that have been fre-
quently found in experimental plots, although only
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Fig. 5 Yield level ranges in fast-growing plantations from commercial
plantations, and experimental plots. / 1st rotation, // 2nd rotation. The
lines show the range between the upper quartile (average of the 25 % best
results) and the lower quartile (average of the 25 % worst results). The
points represent the average of the 10 % best records in each group. The
years represent the period when the plantations were established, in two
groups: 1986-1996 and 1996-2006. The segments on the right propose
four categories of yield levels: factual and best factual (those yields have
been reached in commercial experience), potential (those yields have
often been reached in small trials), and speculative (those yields have
been reached in small trials, but seldom). The horizontal line refers to a
level of 6 odt ha ' year ' which corresponds to the estimated threshold of
profitability in Sweden [5, 6]

exceptionally in commercial plantations, and would reach up
to 9.9 odt ha '. Finally, the category speculative would go
beyond this threshold and would cover those yield levels that
have been reported in academic literature, but are rather
exceptional.

Discussion

This study focused on the assessment of yield levels reported
by trials and experimental plots during the period 1980-2010
in Sweden, compared to the performance of commercial plan-
tations during the same period. Concerning the reliability of
the data, it was difficult in some cases to retrieve all the po-
tential information about the experiment set-up, due to miss-
ing information about how the averages were calculated.
Concerning the commercial plantations, some human errors
or missing values were detected in the records from commer-
cial plantations and were excluded from the calculations.
However, in the case of experimental plots, all data relied on
academic publications, which are, as such, a source of
contrasted information and verifiable. In the case of commer-
cial plantations, the data covers reported harvested yields of
about 60 % of the area planted in Sweden during the period
studied.
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The results show that the yields reported from experimental
plots did not represent the actual yields obtained in commer-
cial experience, confirming previous studies: Zavitkovski [21]
found large overestimations due to the edge effect of small
plots. Hansen [22] showed that the production levels derived
from small-plot experiments could be 4 to 7 times higher than
the average yields from plantations. Searle and Malins [23]
reflected the same concern. The results of this study point at
the same direction, although the overestimation is in general
more conservative than in previous research, especially when
the yields result from large measured areas.

In this sense, the size of the measured area seems to be an
important variable, although it must be taken as a qualitative
factor, since it is rather difficult to estimate with precision the
actual area measured associated to each yield estimate. The
use of the logarithm scale was proposed in order to retrieve a
rather qualitative estimate, reducing the effect of the extreme
differences: in some cases, some yield estimates corresponded
to a few plants measured (e.g., ranging 1-10 m?), in other
cases, to the whole plot area (e.g., range 1010 m?), and
alternatively to the whole plantation area (e.g., range
10* m?). The analysis showed that a rough division between
“large” and “small” measured areas around the 10* m would
be worthy of further exploration. Although it must be con-
firmed whether this is a specific effect of the plots analyzed
or a general one, similar findings showing great differentiation
of willow yields based on plot size were reported by Searle
and Malins [23]. In addition to the effects associated to the
size of the plot, the effect due to measured area could be
explain by extrapolation errors: a sort of naive extrapolation
of measured yields in small areas in order to produce estimates
at plantation level can accumulate large measurement errors.
In addition, small variations in the assumptions of area cover
can result in large overestimations. The results of our study
show that reported yields resulting from very few samples or
small measured areas (less than ca. 200 m?) should be treated
very cautiously, taking into account that they may overesti-
mate yield performance whereas larger experiments seem to
be more representative.

In general, the overall yield overestimations can be attrib-
uted to several factors. Among others, we propose the follow-
ing: (1) Near-optimal management practices and choice of
land occurring in experimental trials compared to manage-
ment of commercial fields [19, 20], as in some cases, optimal
yield performance or establishment on optimal land does not
lead to the highest profitability [20] and it is not preferred by
the farmers [6]; (2) Edge effects of small-sized trials, as the
edge effect can result in much higher yields [21]; (3)
Differences in age when comparing experimental plots with
commercial plantations, e.g., experimental plots usually imply
shorter rotations (due to high implied management costs for
long-term experiments) compared to commercial plantations
that are grown for longer rotations: the average rotation length
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was 5.9 and 4.5 years for the first and second cutting cycles,
respectively [20], whereas experimental plots are often har-
vested earlier (2—4 years) to be cost-efficient; (4) Different
measurement methods used in trials and commercial fields
(e.g., destructive vs non-destructive); (5) Losses while har-
vesting commercial fields: results from short rotation poplar
plantations in Italy reported 0.6 odt ha™ ' in harvesting losses
[38], whereas in experimental plots, estimates often refer to
standing biomass or the harvest is done manually minimizing
the losses; (6) Increased mortality and hazard in large com-
mercial fields as they are tended for longer time frames; (7)
Extrapolation errors from limited measured area; and (8) Last
but not least, academic biases, as experiments that resulted in
low performance or failure are often not reported, e.g., in
Tahvanainen and Rytkdnen [19], 19 out of 35 plantations were
not reported as they failed and were excluded from the anal-
ysis. In the analyzed data, at least one plantation failed due to
frost [34] and was not included in the calculations. In other
cases, when the failure happens in the middle of the treatment
(e.g., [27]) it is often reported or included in the analysis,
although many other trial or partial failures may simply be
never published.

It is rather difficult to specify which of these factors are the
most responsible for the yield overestimations, and it is rea-
sonable to assume that combinations of them occur. It must be
taken into account that there are important differences in the
set up of the trials and in the objectives of each study that
obviously affect the yield levels. In some cases, some actions
are deliberately taken to enhance production and, by research
definition, challenge standard practices in order to improve the
current yields, e.g., use of intensive fertilization and irrigation
experiments, higher densities, new clones to be tested, etc.
However, for the purposes of the analysis, the differences in
set-up are not relevant: the analysis focuses as, generically,
these yields are a source of reliable information to deliver
accurate estimates at commercial level. This is especially im-
portant, as several models and calculations make use of ex-
perimental results as a basis for prognosis or for the quantifi-
cation of biomass production scenarios for energy crops as a
future energy solution to replace fossil fuels (e.g., [41-44]).

On the other hand, we must have into account that yields
from the first commercial plantations do not reach the optimal
levels: At the same time that experimental plots can overesti-
mate yield performance, initial results from the first planta-
tions established can underestimate it (due to lack of proper
tending, as observed in [20, 40, 45]). In this sense, to a certain
extent, results from small-size trials can serve as indicators of
the potential upper yield limit that can be reached in the future
or in case of best-practice management in commercial planta-
tions. Therefore, yield models using such yields as back-
ground data are in a sense correct (e.g., as in Aylott et al.
[16]) simply indicating that they do not reflect the initial nor
current situation but a potential (future) scenario of higher

commercial yields. This is strengthened by the fact that be-
sides a measured-size trend (as yields from larger measured
area get closer to the performance of commercial plantations),
the results show a chronological trend towards higher yields
in commercial willow plantations, e.g., higher yields during
the latter years compared to older plantations, as observed by
Mola-Yudego [45].

Judging from the findings, a rationalization of the projec-
tions for willow is possible, stressing that scenarios based on
small-size trials or limited measurements reflect the highest
potential range rather than an expected near-future perfor-
mance at commercial level. In the case of large-size trials,
using qualitative bias correction factors, reducing the expec-
tations to at least 50 % would provide realistic prognosis for
commercial yields. Large-scale experiments can therefore be
regarded as a window to the feasible future for willow energy
plantations.

We feel that our findings are with high probability applica-
ble not only for willow but also other lignocellulosic crops that
were identified for their potential to deliver biomass for ener-
gy, confirming reported overestimations [23], and will almost
certainly be the case in several countries where replacement of
fossil fuels is identified as a political target. Such yield differ-
ences need to get known and be shared with policymakers,
investors, and other non-specialists who may expect
commercial-scale yields being as high as those in field trials.
This will enable to avoid false impressions and expectations
when broader implementation of lignocellulosic energy crops
will not result in projected outcomes.
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