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Summary

Alley-cropping systems (ACSs) with energy wood production combine short rotation coppice
(SRC)-strips and crop alleys, which are arranged in parallel on the same arable field. They offer
the possibility to produce energy wood and food simultaneously, while enhancing structural
diversity, a fundamental condition for biodiversity. Thus, ACSs are well-adapted to the present
context of increasing global population, in which the biomass production for energy purposes
on arable land is criticized, as it is not considered as a priority for land use (“food vs. fuel”).

By establishing an ACS with SRC-strips, the growing conditions are modified within the agri-
cultural field due to the interactions between the tree and crop components, especially at the
tree/crop interface. The main purpose of this thesis was to study these modifications, as a
result of the above-ground interactions, and simultaneously, the yield effects on both, the tree
and crop components, in the ACS, which was established in 2008 at the Julius Kühn-Institute
in Wendhausen (Lower Saxony, Northern Germany). Furthermore, this work aimed at deter-
mining whether the whole ACS was positively or negatively influenced by these interactions.
This was achieved by comparing its productivity with the productivity of the sole-cropping
systems (SCSs) with only a crop or a tree component.

The ACS examined in this study consisted of nine poplar SRC-strips and eight crop alleys. Half
of the SRC-strips were harvested in winter 2010/11 and all of them in winter 2013/14. Before
and after the harvest, in 2013 and 2014, the microclimate, the solar radiation, the yields and
yield components of the tree (poplar) and crop (winter wheat and barley) components were
recorded in the ACS, for the different tree rows and at several distances from the SRC-strips.
These measurements were also carried out in two SCSs: an adjacent crop open field and a
SRC plantation. Additionally, different arrangement designs of the ACS were assessed: two
alley widths (narrow, 48 m; wide, 96 m), two rotation cycles of the SRC-strips (3- and 6-year)
and two SRC-strip designs (SRC, only energy wood; combined, combination of energy and
timber wood).

The growing conditions were changed the most at the tree/crop interface and in 2013, when
the trees were the tallest. During this year, the lowest wind velocities were measured next to
the SRC-strip on the leeward side (wind-sheltered area), especially in the narrow alley, and
the highest wind velocities on the windward side (wind-exposed area). However, differences of
air temperature and relative humidity between these areas and the middle of the crop alleys
were observed only on sunny days. In 2014, no wind velocity reduction was detected behind
the SRC-strips and almost no differences in the air temperature and relative humidity between
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the different measurement points were observed. Next to the SRC-strips, the incoming solar
radiation was reduced up to approximately 20 m into the crop alleys in 2013 and up to
approximately 5 m in 2014. High leaf ground coverage was also noticed in the vicinity of the
strips, especially on the leeward side, and mainly up to 8 m into the crop alleys, during autumn
2012 and 2013.

The yield of cereals (winter wheat and barley) was reduced next to the SRC-strips (values below
the alley mean were observed up to 10 m into the crop alley), mainly due to a reduced number
of ears per square meter. This effect was attributed to the high leaf ground coverage during
the emergence of the crop. The shadow cast on the crop next to the SRC-strip delayed the
phenological development of the plants, which remained small, developed grains with lower
thousand grain and hectoliter weights than in the middle of the alley. The grain moisture
contents were higher than the alley mean up to 10 m into the alley. More aphids, but also
more aphid mummies and slightly more beneficial insects were observed in the direct vicinity of
the SRC-strips. The outer rows of the SRC-strips (windward and leeward) showed higher shoot
numbers and larger diameters, which resulted in higher wood yields in both rotation cycles.
These effects came about mainly by an increased light and space availability. The middle rows
of the combined design showed a high yield in the 6-year rotation cycle and a quite low one
in the 3-year rotation cycle, whereas the middle rows of the SRC design showed low yields in
both rotation cycles.

In general, higher wood yields were recorded in the SRC-strips than in the SRC-control field
and with the SRC design than with the combined design. On average, the winter wheat yield
was slightly higher in the open field and in the wide alleys than in the narrow alleys, whereas
the winter oilseed rape yield was mostly higher in the wide alleys than in the narrow alleys
and in the open field. From 2009 to 2014, higher aggregated biomass and energy yields were
observed in the ACS (grain + wood) than in the open field, but the highest ones were achieved
in the SRC-control field. In the SRC-strips, better results were achieved in the 6-year than in
the 3-year rotation cycle, and more generally, in systems with winter wheat than with winter
oilseed rape.

These results show that ACSs with energy wood can contribute to the “sustainable intensifi-
cation” of agriculture: the yields observed in these systems were similar to the ones observed
in the open field, meanwhile the structural diversity was enhanced on the field and potentially
the biodiversity. Furthermore, these data can be used to improve ACS productivity. The width
of the SRC-strip should be reduced to maximize the proportion of outer rows. At the same
time, the crop alley width should be in a balanced relation to the total agroforestry field to
limit the proportion of competition zones with lower productivity for the annual crops. The
strip number, orientation and length must be adapted to the local wind directions in order
to reach optimum wind protection, and properly selected to ensure structural diversity. The
rotation cycle length should be selected to reach maximum wood biomass while keeping trees
small to reduce the shading effect (3 to 4 years).
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1 Introduction

1.1 Definitions of alley-cropping agroforestry systems and short
rotation woody crops

Agroforestry was defined by Nair (1993) as the deliberate combination of crop/animal pro-
duction and trees in a spatial mixture. In this system, there must be a positive or a negative
form of interaction between the different components, i.e. wind protection or competition,
and at least two outputs, i.e. wood and crop production. There are many types and various
forms of agroforestry, which Nair (1985) categorized in three main groups, based on their
components:

Agrisilviculture Combination of crops (including shrubs/tree crops) and trees (for instance
the alley-cropping system (ACS)).

Silvopastoralism Combination of pasture/animals and trees.

Agrosilvopastoralism Combination of crops, pasture/animals and trees.

Arrangements of components can vary in time or space and can have productive (crop, wood
or meat production) and protective (for instance erosion control or soil moisture conservation)
roles (Nair, 1985). A special form of agrisilviculture is the ACS, where woody species are
arranged in hedges and agricultural crops in alleys between the hedges (Nair, 1993). ACSs
can be differentiated by their wood production purposes, i.e. energy or timber (Grünewald
and Reeg, 2009). Energy wood is mainly cultivated in the form of short rotation coppice
(SRC)-strips, whereas timber wood is produced in the form of single tree rows.

Agroforestry systems in Europe can be divided into two categories: the agroforestry systems
of Northern Europe and the agroforestry systems of the Mediterranean area (Eichhorn et al.,
2006). The systems in Northern Europe are characterized by a limitation of light, whereas the
systems in Southern Europe are often limited by water availability. In Germany, agroforestry has
already been used for a long time, in the form of hedges (shelterbelts) or orchards (fruit trees)
combined with crop or animal production (Grünewald and Reeg, 2009). In these systems,
hedges were established to delimit fields or pastures, but can also be beneficial for wind
protection. They are cut generally every seven to twelve years, and the wood is used for heat
production (Knauer, 1993). However, these structures tend to disappear. Between 1880 and
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2012, 45 % of the hedge banks and field walls were cut down, which represents 2.5 million
kilometers (Müller, 2013).

SRC plantations are characterized by highly productive and fast-growing tree species, high
planting densities (around 10,000 trees per hectare) and full-mechanized harvest (Knust, 2009).
The harvest occurs in short rotation cycles (2-5 years). The main output of such plantations
are wood chips used for heat production. Coppicing is the action of cutting trees to their
base and thus create the re-growth of the shoots out of the stump (Blake, 1983; Sennerby-
Forsse et al., 1992). This process should increase the final biomass production (Auclair and
Bouvarel, 1992a) and intrinsic growth performance (Herve and Ceulemans, 1996). According
to Sennerby-Forsse et al. (1992), the species and/or clones of willows (Salix spp.), poplars
(Populus spp.), locust trees (Robinia spp.), eucalyptus (Eucalyptus spp.), alders (Alnus spp.)
and birches (Betula spp.) show good coppicing ability. Around 40,000 hectares across Europe
(Pecenka, 2015) and 6,000 hectares in Germany (Wirkner, 2015) were cultivated with SRC in
2015. In Germany, most of these plantations are situated in the state of Brandenburg, due to
the strong engagement of some energy suppliers (Strohm et al., 2012).

1.2 Agroforestry with energy wood in the political,
environmental and economic context

1.2.1 Energetic political context in Europe and Germany

Greenhouse gas (GHG) concentrations in the atmosphere, such as carbon dioxide, have in-
creased since 1750, largely due to human activity (fossil fuel and net land use change emissions)
(IPCC, 2013). At the same time, the fossil fuels resources are assumed to strongly deplete in
the next decades (Shafiee and Topal, 2009). In this context, there is a clear need of alternative
energy resources producing less GHG emissions (Karp and Shield, 2008), such as renewable
energies (Edenhofer et al., 2011). The European Union (EU) has set the 20-20-20 targets
for 2020: 20 % reduction of GHG emissions (from 1990 levels), to reach 20 % of renewable
energies in the share of final energy consumption and 20 % increase of energy use efficiency
(European Commission, 2010). The German government aims at even more ambitious targets
such as the increase of the share of renewable resources in the final electricity consumption to
60 % by 2035, and to 80 % by 2050 (BMUB, 2014). As a renewable energy source, besides
solar and wind energies, biomass has a great potential to help fulfilling these energetic political
objectives (McKendry, 2002).

Valentine et al. (2012) listed the different potential biomass sources for the production of
bioenergy (grain of food crops, crop residues, non-food crops or lignocellulosic perennial crops).
They suggested that the cultivation of perennial energy crops such as Miscanthus, poplars or
willows in short rotation coppice (SRC) would reduce land use competition compared to other
bioenergy crops as they do not compete directly with food, do not need much input, reduce
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GHG emissions efficiently and show high output to input energy ratios at low mitigation costs
(Federal Ministry of Food and Agriculture, 2007).

However, the debate on the cultivation of biomass and bioenergy crops on arable land is
still ongoing (Hertel et al., 2013), especially in the present context of a fast-growing world
population (United Nations et al., 2015). As suggested by Holzmueller and Jose (2012) for
the North Central Region of the United States and by Grünewald and Reeg (2009) for Germany,
agroforestry including perennial bioenergy woody crops is a way of cultivating energy wood for
renewable energy production whilst producing food or fodder. Moreover, Reisner et al. (2007)
showed the real potential to cultivate agroforestry systems in Europe. Notably the following
trees could be productively grown on 56 % of the European arable land: the walnut trees
(Juglans spp.), the wild cherry tree (Prunus avium), poplars (Populus spp.), the stone pine
(Pinus pinea) and the holm oak (Quercus ilex).

1.2.2 Environmental benefits of alley-cropping systems in Northern Germany

In Northern Germany and especially in Brandenburg, 30 to 40 % of the arable land is susceptible
to wind erosion (Richter and Gentzen, 2011). Wind erosion can be controlled by windbreak
hedges, such as short rotation coppice (SRC)-strips, as it reduces wind speed (Brandle et al.,
2004). As a matter of fact, several windbreak rows reduce wind erosion more than just one row
(Stoeckeler, 1962). Tree strips increase water infiltration and water storage, which may reduce
runoff and soil loss (Anderson et al., 2008), also thanks to the mechanical reinforcement of
slopes, notably by poplar roots (Jose, 2009). Palma et al. (2007) found out that agrisilvicultural
systems could reduce soil loss when trees are introduced in intensive crop rotations systems.
Furthermore, agroforestry systems can contribute to air quality improvement by removing
carbon dioxide and producing oxygen (Jose, 2009).

As a consequence of wind breaking and modified incoming solar radiation (i.e. tree shading),
the microclimate in alley-cropping systems (ACS) differ from the microclimate in a crop open
field (Brandle et al., 2004). In the sheltered area of hedges and tree strips, higher temperature
and air humidity, as well as reduced evaporation, could be observed (Cleugh, 1998). This
contributes to conserve soil water moisture (Tsonkova et al., 2012), which can be advantageous
where water is a limiting factor. However, as trees in SRC plantations can evaporate up to
90 % of the incoming precipitations (Strohm et al., 2012), they should thus not be planted
on sites experiencing very low rainfall (> 300 mm during the growing period) (Petzold et al.,
2010).

Due to the new tree structural element in the ACS, habitat diversity is increased compared to
an open landscape (Tsonkova et al., 2012). This might enhance biodiversity, especially in small
SRC structures (Baum et al., 2009), such as SRC-strips, and more generally in ACSs (Tsonkova
et al., 2012). Moreover, SRC-strips can contribute to habitat connectivity for arthropods and
bring ecosystem services by providing habitats for beneficial insects (Glemnitz et al., 2013).
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As a consequence of the greater structural diversity, Stamps and Linit (1997) suggested that
agroforestry systems could help to increase insect diversity and thus reduce pest problems on
the crop field. Furthermore, Gruss and Schulz (2008) observed an increased breeding birds
population, several years after the establishment of an SRC, suggesting that the same can be
expected in ACS with SRC-strips.

In ACSs, carbon is sequestered and stored in the soil (Quinkenstein et al., 2009), which
contributes to reduce GHG emissions and increase soil fertility. However, Jose (2009) precised
that the carbon sequestration potential of agroforestry systems varies depending on many
factors, e.g. the type of system, geographical location and management practices. Concerning
ACSs with energy wood production, the electricity production with poplar wood chips from
SRC produces less GHG emissions than the electricity production from biogas (Strohm et al.,
2012). Furthermore, nitrate leaching is reduced by the presence of the SRC-strips (Dimitriou
et al., 2009) and more generally in agroforestry systems (Palma et al., 2007), which limits
water pollution. More generally, tree species cultivated in agroforestry systems can enhance
soil physical, chemical and biological properties by adding significant amount of above- and
below-ground organic matter and by recycling nutrients (Jose, 2009).

1.2.3 Economic benefits of alley-cropping systems in Northern Germany

Many authors reported higher productivity in alley-cropping systems (ACSs) than in sole-
cropping systems (SCS, with only one component, tree or crop) (Dupraz and Liagre, 2008;
Graves et al., 2007). One indicator to compare the productivity between those two systems is
the Land Equivalent Ratio (LER), developed by Mead and Willey (1980). If this ratio is greater
than 1, the ACS is more productive than the SCS. In the review of Tsonkova et al. (2012),
the LERs of ACSs in different studies ranged between 0.98 and 2.40. These results show the
great potential of increasing productivity with such systems. This is notably explained by the
longer growing season of trees than annual crops, which increases nutrient use efficiency in
agroforestry systems (Jose, 2009).

The production of energy wood contributes to the decentralization of energy supply: in rural
areas, it offers the possibility of self-energetic supply, as well as an income diversification for
the farmer (Grünewald et al., 2007). Strohm et al. (2012) found out that the production of
wood chips was even more profitable than arable crops on marginal sites, where the yields of
arable crops are low.

Even though agroforestry systems and ACSs with energy wood entail many advantages, most
of the agroforestry fields in Germany remain experimental.
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1.2.4 Restraints and barriers for adopting alley-cropping systems in Northern
Germany

Kröber et al. (2008) assumed that other energy crops than fast-growing trees, i.e. maize
for biogas production or rape/wheat for biofuel production, are preferred by farmers because
the cultivation techniques for these crops are already well-known. The long-term cultivation of
trees on fields under lease agreements can also be a problem (Strohm et al., 2012). A customer
for the wood chips, such as a biomass power plant, but also suppliers for planting material and
tree harvester have to be available in the close area of the plantation. This is rarely the case
in Germany, because the whole supply chain for wood chip is not yet well-developed (Strohm
et al., 2012). Furthermore, in the last years, the prices for wood chips were not competitive
with the ones of some arable crops, and thus the wood chips production on arable land was not
profitable enough (Kröber et al., 2008). Faasch and Patenaude (2012) concluded from their
analysis that SRC plantations are not a viable an alternative in Germany under the current
investment conditions: without subsidies and by medium market prices, the short rotation
coppice (SRC) cultivation is only profitable on at least moderate site conditions.

Another constraint for a larger adoption of alley-cropping systems (ACSs) in the land use
is the potential crop yield reduction (Seiter et al., 1999), especially in the competition zone
at the tree/crop interface, resulting from the introduction of trees on the agricultural field
(Thevathasan and Gordon, 2004). Moreover, the need for additional management that require
trees (planting, pruning, harvest, etc.) is also presented as a barrier (Seiter et al., 1999).
Further restraints such as the difficulty to work with machines between trees, the tree stump
removal after the last rotation cycle and the interference of roots with drainage were named
by Doyle and Waterhouse (2008). More generally, the lack of technical knowledge (e.g. choice
of tree species, weed control, management) perceived among farmers and advisers (Doyle and
Waterhouse, 2008), but also the fear for enhancing weeds and rodents on the field and the
lack of certainty about ecosystem services (Jose, 2009) represent additional constraints for the
adoption of agroforestry systems.

Institutional factors can also explain the low implementation of agroforestry in temperate
regions (Doyle and Waterhouse, 2008). Already 10 years ago, Dupraz et al. (2004) pointed
out that the adoption of this system in Europe was limited by clear regulations: agroforestry
systems can be illegal in some countries, as they are not recognized as an arable system.
However, the political situation has evolved since, and the new agricultural policy in Europe
may be a chance to increase the attractiveness of agroforestry for farmers.
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1.2.5 New European Common Agricultural Policy 2014-2020: a chance for a
better integration of alley-cropping systems in Germany?

In the European Union (EU), the Common Agricultural Policy (CAP) provides subsidies for
each cultivated hectare, in the form of the basic payments. The cultivation of trees on the
arable land is accepted in the form of short rotation coppice (SRC), which is considered as a
permanent crop, and as a result, stays agricultural land eligible for basic payments (European
Parliament and Council, 2013c). However, during the cultivation time, the trees have to be
harvested in a maximal rotation cycle of 20 years (DirektZahlDurchfV, 2014). In Germany,
SRC-plantations/-strips are not considered as landscape features, because they are used as
a crop (AgrarZahlVerpflV, 2014) and they are not qualified as forest (BWaldG, 1975). Only
some genera and species are allowed for SRC in Germany: all the species of the genera Salix,
Populus, Robinia, Alnus and Betula, as well as Fraxinus excelsior, Quercus robur, Quercus
petraea and Quercus rubra, (DirektZahlDurchfV, 2014).

In the CAP, agroforestry is defined as “a land use system in which trees are grown in com-
bination with agricultural crops on the same lot of land” (European Parliament and Council,
2013a). However, as the maximum tree density per hectare is limited to 100 (article 9 of Dele-
gated Commission (2014)), ACS with SRC-strips cannot be considered as agroforestry systems,
because the tree density in these systems is above this limit. As a consequence, each SRC-strip
and each crop alley must be registered separately for obtaining basic payments. Moreover, the
minimum size of each SRC-strip is limited to 0.3 ha, just like each agricultural parcel (European
Parliament and Council, 2013b). Thus, the implementation of an alley-cropping system (ACS)
with SRC-strips on a farm is in accordance with the CAP and the field remains eligible for
basic payments, but, until now, no particular measure was foreseen to make the establishment
more attractive to farmers (e.g. grants to reduce the establishment costs).

From 2015, in the frame of the new CAP reform, each farm that receives basic payments should
respect “agricultural practices which are beneficial for the climate and the environment” (article
43 of the regulation No 1307/2013, European Parliament and Council (2013c)). In this context,
it is mandatory to implement ecological focus areas (EFAs) on the farm agricultural land (5 %
from January 1st 2015 and should increase to 7 %), which are expected to be beneficial
for the climate and the environment. The list of features considered as EFAs (article 46 of
regulation No 1307/2013, European Parliament and Council (2013c)) contains: “the hectares
of agroforestry that receive, or have received subsidies for their establishment” (Article 44
of Regulation (EC) No 1698/2005(2) and/or Article 23 of Regulation (EU) No 1305/2013
(European Parliament and Council, 2013a)). This measure was supposed to promote the
integration of agroforestry in the EU. However, each member state of the EU can decide to
implement the article 23 of Regulation (EU) No 1305/2013 in the rural development program,
and thus to fund or not the establishment of agroforestry fields. In Germany, this article
was not activated in any Federal Land for the period 2014-2020 (Blossey, 2015). For this
reason, agroforestry systems cannot be funded until the next CAP period (from 2020), and as a
consequence, agroforestry systems cannot be considered as EFA in Germany so far. Meanwhile,
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if some conditions are fulfilled (only use of listed tree species in DirektZahlDurchfV (2014),
as well as no use of fertilizer and pesticides), SRC-strips/plantation with a minimum size of
0.3 ha (minimum size of agricultural fields) can count as EFA with a factor of 0.3 (article
46 of European Parliament and Council (2013c)). This means that one hectare of SRC-
strip/plantation is considered only as 0.3 ha for the EFA calculation. All these conditions for
subsidies are summarized in table 1.1.

Table 1.1. Conditions for subsidies in Germany when establishing trees on arable land (EFA:
ecological focus area).

Production pur-
poses

Timber Energy (SRC)

Conditions for
basic payments

Maximum of 100 tree per
hectares (i.e. the field is con-
sidered as an agroforestry sys-
tem)

Rotation cycle of maximum 20
years, minimum size of 0.3 ha
for each plantation/strip, re-
spect of the genera list

Further subsidies Do not exist in Germany be-
cause no subsidies foreseen for
agroforestry systems, as defined
by the article 23 of regulation
1305/2013

Depends on the Federal State

Conditions for
the eligibility as
EFA (since 2015)

Do not exist in Germany be-
cause no subsidies foreseen for
agroforestry systems, as defined
by the article 23 of regulation
1305/2013

No fertilizer, no pesticide and
respect of the species list

Factor for calcu-
lation of EFA

1 0.3

Faasch and Patenaude (2012) recommended to improve subsidy sufficiency, efficiency and
consistency in order to promote the cultivation of SRC in Germany. Similar recommendations
can be made for a larger adoption of ACSs in Germany. Further activities of the different
stakeholders (researchers, politicians, farmers) are necessary in order to adapt the national
legislation.

1.3 Above- and below-ground interactions in alley-cropping
systems

Interactions occur when two organisms attempt to use the same resource at the same time
(Jose et al., 2004) and are defined in agroforestry as the effect of one component of the
system on the performance of another component and/or the whole system (Nair, 1993).
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In agroforestry systems, interactions can take place at the below- and above-ground levels,
influencing the system positively or negatively. The productivity of the system is the net result
of these positive and negative interactions among the components (Jose et al., 2004). The
crop yield in agroforestry systems will only increase if the positive effects are greater than
the negative ones (Cannell et al., 1996). According to the same authors, this objective can
be reached, if the trees utilize resources (e.g. water, light, nutrients) that the crop does not
acquire. In the competition zone situated at the tree/crop interface and which can be as large
as one to two times the strip height (Nuberg, 1998), the negative interactions are numerous.
The potential interactions that take place in alley-cropping system (ACS) with energy wood
at the below- and above-ground levels and that will be described in this section1 are presented
in fig. 1.1.

Figure 1.1. Above- and below-ground interactions occurring in alley-cropping systems.

1.3.1 Below-ground interactions

Negative below-ground interactions, such as water and nutrient competition, can influence the
whole system productivity. They are mostly due to the proximity of roots in the same soil
strata (Van Noordwijk et al., 2006). In temperate regions, the below-ground competition for

1Even though a lot of references reporting about silvoarable systems (with single tree rows) exists, it was here
focused on studies about ACS with energy wood, short rotation coppice (SRC) plantations, shelterbelts,
windbreak rows and hedges in temperate regions, and if possible with poplars. Given the different structure
of both systems (silvoarable systems with single tree rows and alley-cropping systems with SRC-strips) and
the different effects on climatic conditions, design, tree species, etc., it would not be precise, to describe all
possible effects in both systems.
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water, already observed by Gillespie et al. (2000), seems to be an important driving force of
productivity in ACS and will reduce productivity in regions where this resource is a limiting fac-
tor for plant growth (Jose et al., 2004). According to these authors, competition for nutrients
can also be expected where no fertilization occurs on the crop field. Some trees such as oaks,
hornbeams and also poplars can be more competing with crops because of their horizontal and
shallow root system (Röser, 1995), but with increasing age, the roots will probably use differ-
ent sets of nutrients horizons (Thevathasan and Gordon, 2004). Furthermore, allelochemicals
can be released through root exudation (Jose et al., 2004) and can delay or even suppress the
growth of other plants in the near environment (allelopathy) (Kohli et al., 2008). The negative
allelopathic effects of poplar leaves were already reported by Singh et al. (2001) and could be
extended to roots.

As a positive interaction, trees can act as “nutrient pumps” and bring nutrients, but also water,
from the subsoil to the topsoil, making these resources available for the crops cultivated in
agroforestry systems (Van Noordwijk et al., 2006). The latter authors defined some conditions
in order to guarantee this effect: a high amount of roots and mycorrhiza in deep soil layers,
which should contain a high amount of available nutrient, and a water content that should
allow for the diffuse transport to the roots. Van Noordwijk et al. (2006) precised that if roots
are developing under the crop alley, they could act as a “safety net”: catch leached nutrients
and bring them again to the topsoil through litter fall. Besides, poplars are able to fix nitrogen
(Wühlisch and Chauhan, 2011) and thus do not require nitrogen fertilization, meanwhile they
can rapidly take up and make use of this nutrient (Cooke et al., 2005). Therefore, they rooting
system can potentially act as a safety net.

Mycorrhiza produce some proteins which, combined with sugar from root exudates, forms the
glycoprotein glomalin. This latter is involved in the formation of soil aggregates and thus
improve soil structure (Hoorman et al., 2009). Poplars can develop both, ectomycorrhizal
and arbuscular associations, which are influenced by environmental conditions (Karlinski et al.,
2010), and notably reduced by fertilization (Baum and Makeschin, 2000). Moreover, it was
shown that the inoculation of ectomycorrhiza fungi and the ectomycorrhiza associated bacteria
enhanced growth of willows and thereby contributed to remediation of metal-contaminated
sites, as more elements were accumulated in the wood biomass (Zimmer et al., 2009). As
a result, the presence of poplars or willows trees influence the soil physical and chemical
properties. Further studies in poplar short rotation coppice (SRC) plantations in Germany
have shown that the bulk density was increased in the upper soil layers under SRC, already
few years after planting (Schmitt et al., 2010). Walter et al. (2015) observed no general trend
of soil organic carbon stock change by SRC establishment on cropland or grassland but the
organic carbon density in the first soil centimeters was significantly higher under SRC compared
to cropland soils.
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1.3.2 Above-ground interactions

Kort (1988) defined the effects of windbreak rows being mostly on snow distribution, reduction
of wind damage, modification of the microclimate and long-term soil retention. Windbreaks
can indeed create a consequent wind speed reduction on the agricultural fields as they increase
the surface roughness (Brandle et al., 2004). When the air flow is approaching the windbreak,
some passes through and the remaining part circles around or over the trees. Cleugh (1998)
and Brandle et al. (2004) described that around the windbreak, the air flow starts to slow
down already between 2 and 5 h (where h is the height of trees) at the windward side of
the strip (wind-exposed area). Directly at the leeward side (wind-protected area) behind the
windbreak, a quiet zone extends until 10 h (with the highest wind reduction), and further until
20 h (with only a slight wind reduction) (Cleugh, 1998; Brandle et al., 2004). Röser (1995)
also concluded from his review of German literature on windbreaks, that the limit of the quiet
zone on the leeward side lies between 15 to 25 h, but reaches 30 h at some places.

According to Cleugh (1998), Brandle et al. (2004), McNaughton (1988) and Grace (1988),
the air temperature and humidity are expected to be higher up to 8 h (h: tree height) on the
leeward than on the windward side during the day. Cleugh (1998) described the microclimate
modification being also the consequence of the tree shading, and especially the trapping of long-
wave radiation and turbulent exchanges of heat, water vapor and carbon dioxide. According to
Röser (1995), on the leeward side, the carbon dioxide might be at saturation in the night hours
and not enough delivered during the day hours, leading to reduced concentrations available for
the plant. Brandle et al. (2004) reported that the soil temperature is increased on the leeward
side except in the shaded zone. Moreover, in the direct vicinity of the windbreak, the rainfall
might be slightly less or more than in the open field, whereas snow can have less detrimental
effects and notably be stopped. Windbreaks might also protect against advective frost (very
cold wind forming ice spikes on leaves). According to Nuberg (1998), the soil moisture might
be higher in the shaded leeward side because of reduced soil water evaporation.

The extend of the shade into the crop alley depends on the windbreak orientation, height,
latitude, time of the year and day, etc. (Nuberg, 1998). The amount of biomass produced
under trees depends on the fraction of incident photosynthetically active radiation that is
intercepted, and the efficiency of the plant to convert the radiation by photosynthesis (Ong and
Huxley, 1996). Generally, the filtered light under deciduous trees is rich in orange, yellow, green
and infra-red, which are photosynthetically less active and more involved in cell elongation than
red and blue light rays (Krueger, 1981), which can lead to greater leaf area index. However,
Jose et al. (2004) reported that the competition for light was minor in several alley-cropping
systems.

The leaves that fall on the adjacent crop field also influence the system: they can enhance soil
organic carbon, but might also have a negative allelopathic effect, that inhibits seed germination
and growth of crop plants (Singh et al., 2001), and generally reduce crop productivity (Batish
et al., 2008). Allelopathic affects were mainly reported for angiosperms and were shown to be
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responsible for bare soils and loss of species diversity in forests (Batish et al., 2008).

1.4 Effects on productivity

1.4.1 Productivity of the crops alleys

Kreutz (1952), Kort (1988), Cleugh (1998), Nuberg (1998) and Brandle et al. (2004) reported
the positive effect of windbreaks on crop yield, especially for winter wheat, winter barley, rye
and millet. Furthermore, Bender (1955) reported yield increases of 6.2 % for rye, 12.5 % for
potatoes and 16.5 % for sugar beet thanks to windbreak hedges on a sandy soil in Northern
Germany. According to Cleugh (1998), the greatest yield increase occurs between 3 and 10 h
on the leeward side (where h is the height of trees)2.

According to Grace (1988), McNaughton (1988), Cleugh (1998) and Brandle et al. (2004),
due to the windbreak effect, for well-watered crops, photosynthetic activity tends to increase,
and hence water-use efficiency, until 8 h behind the windbreak (where h is the height of trees).
Thus, greater vegetative growth and greater leaf areas can be expected there, explaining
enhanced yields, without a significant change in water use. However, for not well-watered crops
growing behind the windbreak, a stomata closure could occur due to the temperature elevation,
and thus stop the photosynthetic activity. In the sheltered area, due the earlier maturity of
grain crops, the critical stages for yield formation (e.g., anthesis for cereals) are reached
earlier in the vegetation period compared to non-sheltered areas, when water availability is still
provided (Brandle et al., 2004). Cleugh (1998) reported other potential reasons to explain an
increased crop yield, as a consequence of the modification of the microclimate and windbreak
effect: less mechanical damage due to the wind, less stem lodging and modification of leaf
stomatal resistance (increased exchange with the atmosphere). However, there are unlimited
combinations of growth response to microclimate modification and the probability of one
combination to reoccur in different years is relatively small (Brandle et al., 2004). The effects
indeed depend on the climatic conditions which differ every year (Kreutz, 1973).

Shading also affects the plant growth directly, due to the reduced photosynthetic activity,
mainly in temperate climates. Chirko et al. (1996) reported the negative effects of reduced
light on the wheat yield in agroforestry systems in Northern China, whereas Brenner et al.
(1995) reported its beneficial effects in semi-arid climates. According to Krueger (1981), the
filtered light under deciduous trees can lead to greater leaf area index because more involved in
cell elongation. Gillespie et al. (2000) concluded from his study in mid-western USA that shade

2Until now, only few studies have been conducted to investigate the effect SRC-strips on cereal yields in
temperate regions. Studies on agroforestry systems focused mainly on systems with single or double tree
rows for timber use, which have a different influence on crop yield than SRC-strips, as they are not cut
regularly. However, many studies have been conducted to assess the effects of windbreaks on yield. As
SRC-strips have a very similar structure, the literature available about windbreaks was mainly considered,
as it has more similar interactions.
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did not have a significant effect on the yield of maize inter-cropped with red oak and walnut tree
rows. Indeed, when the below-ground competition was eliminated with polyethylene barriers,
the yield was higher, in spite of shading, highlighting the great effect of the below-ground
competition. Thus, depending on the region and the crop combination, different effects of
shading can be expected. Generally, shade is considered to be a negative factor in temperate
regions but can be managed with arrangement of trees (e.g. strip orientation) and maintenance
(e.g. pruning, which is the cutting of branches situated over the adjacent crop field) (Jose
et al., 2004). In alley-cropping systems (ACSs) with short rotation coppice (SRC)-strips, after
each strip harvest (i.e. every 3 to 5 years) the shade, and as a consequence the negative effects
on yield are reduced, due to the absence of branches and foliage.

Modifying the wind also changes the pathways for pollens and pathogens. Combined with
higher air humidity, the risk of pathogen and pest infestation could increase in the leeward
area (Cleugh, 1998; Brandle et al., 2004). This situation could occur in Northern Germany
especially in years with high precipitation: delayed drying of grains before harvest leading to
higher grain moisture contents and more chance of fungi infections (Röser, 1995). Furthermore,
more insects (e.g. aphids) prefer the sheltered area, because they can fly easier and find more
food and habitats (Pasek, 1988). Similarly to hedges, SRC-strips are suitable overwintering
grounds for arthropod predators (e.g. carabids, spiders), but also appropriate habitats for birds
and small mammals that feed on insect pests over winter and during the vegetation period
(Dix et al., 1995). In China, the eradication of the Eurasian tree sparrow was followed by great
insect outbreaks and crop damages (Dix et al., 1995). This suggests that the presence of the
natural enemies’ populations, favored by hedges, is indispensable for yield stability.

Negative allelopathic effects of eastern cottonwood (Populus deltoides) phenolics contained
in leaves on germination, plant height and biomass were reported for wheat by Singh et al.
(2001, 2012). However, not all wheat varieties are sensible to these phenolics (Nandal and
Dhillon, 2007). Additionally, these allelopathic effects of fallen leaves, but also the shading,
could be positive by reducing weed populations in agricultural fields (Batish et al., 2008), and
thus be interesting in ACSs with SRC-strips, in which the regular harvesting could favor the
weed development within the strip. Furthermore, high concentrations of salicylic acid were
found in the root zone of willows SRC plantations in Northern Germany (Kahle et al., 2011).
The effects of this compound was studied on tropical plants and showed positive effects on
plant growth and yield (Muhal et al., 2014), notably on wheat (Sakhabutdinova et al., 2003).
No information is available for the effects of this compound in ACS, but it is assumed that it
affects positively the plants in the vicinity of the SRC-strips.

1.4.2 Productivity of the short rotation coppice-strips

Fast-growing trees used in short rotation coppice (SRC), such as poplars and willows, can reach
dry matter yields between 8 and 10 t ha−1 year−1 on good sites, i.e. with good water and
nutrient availability, warm soil and climate conditions (Petzold et al., 2010). These authors
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proposed the black locusts as an alternative for dry sites. Tsonkova et al. (2012) assumed that
similar biomass yields to SRC plantations can be expected in SRC-strips, but only few studies
are available on alley-cropping systems (ACSs) with SRC-strips. Grünewald et al. (2007)
studied the productivity of different ACSs with poplar, black locust and willow SRC-strips in
combination with alfalfa on marginal sites in Germany. They found out that the black locust
was the most adapted tree species for post-mining sandy soils. Gamble et al. (2014) reported
that poplars were slightly more productive than willows on loamy soils in an ACS with several
herbaceous crops.

In an ACS with several SRC-strips, the number of outer rows is relatively high compared to
a SRC plantation. The outer rows of the SRC-strip experience eventually some competition
with adjacent crops, e.g. for nutrients and water, but less with other trees, e.g. for space,
light, nutrients and water, and thus can show a better growth (Gamble et al., 2014). Fast-
growing tree species have indeed especially high need of light (Petzold et al., 2010) and the
shade intolerance of poplars is a common knowledge (Farmer, 1963). More light availability
can result in better growth for the outer rows, but self-shading in the middle rows could lead
to a slower growth there. Strip orientation also plays an important role. With north-south
orientations, better results can be expected as greater apple tree growth and yield were reported
by Christensen (1979) and greater growth of crops was reported by Mutsaers (1980). Plant
spacing, which is greater for the outer rows due to the absence of neighbor on one side, also
strongly influence tree growth: several authors already reported the positive effect of increasing
plant spacing on poplar shoot diameter (Cannell, 1980; Auclair and Bouvarel, 1992b; DeBell
et al., 1996; Benomar et al., 2012).

Due to the wind velocity reduction, microclimatic conditions are more favorable in the leeward
zone with higher temperature and reduced evaporation (Brandle et al., 2004; Quinkenstein
et al., 2009). Higher temperatures favor the leaf development of fast-growing trees (Petzold
et al., 2010), and thus probably of the leeward rows, situated in the leeward zone. Conversely,
the wind velocity is the highest on the windward side of a windbreak (Brandle et al., 2004),
resulting in a greater potential leaf damage and evaporation (Grace, 1988), which could be
less favorable for the windward rows of the SRC-strip. For poplars and willows in SRC, the
most important growth factor is indeed water, because of their high evaporation rates (Petzold
et al., 2010).

Petzold et al. (2010) recommended furthermore high nutrient concentrations for the good
growth of fast-growing trees in SRCs. On arable sites where the ACSs are normally implanted,
a sufficient nutrient stock should be given and the tree uptake occur very slowly. Thus, it can
be expected that the growth of the trees in the SRC-strips will be not limited by nutrients,
at least in the first growing years. However, a nutrient competition may occur after several
rotation cycles, when the root system is well established, especially between outer and middle
rows of the strip.
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1.5 Scope of this thesis

As pointed out in this chapter, even though promising results are expected on the environ-
ment and on productivity with alley-cropping systems (ACSs) with energy wood production,
their adoption is still limited in Northern Germany. Doyle and Waterhouse (2008) mentioned
among others the lack of scientific knowledge as a restraint for the adoption of agroforestry
systems in temperate regions, because the handling of these systems is more complex than
conventional farming activities and includes the management of the component interactions.
These interactions can influence crop and tree yields positively or negatively and thus influ-
ence the productivity of the whole system, in a positive or a negative manner. To sustain
the productivity in an ACS, both components (i.e. crops and trees) should maximize resource
utilization (e.g. exploitation of different soil layers, use resources at different period), while
maintaining the complementary interactions (Thevathasan and Gordon, 2004). Furthermore,
Cannell et al. (1996) stated that the productivity can only be increased if the trees utilize
resources (e.g. water, light, nutrients) that the crop does not acquire. According to Ong and
Huxley (1996), the understanding of the biophysical processes and mechanisms involved in the
mutual utilization of resources, i.e. the interactions at the above- and below-ground level, is
essential for the development of ecologically sound agroforestry systems. Among others, the
following system parameters should be studied: optimal width between tree strips, as well as
the optimum arrangement of crop and trees (Cardinael et al., 2012).

Considering all this, the main objective of this thesis is to study the modifications of the
growing conditions, as a result of the above-ground interactions, and simultaneously, the yield
effects on both, the tree and crop components, in the ACS established in 2008 at the Julius
Kühn-Institute in Wendhausen (Lower Saxony, Northern Germany). The focus is laid on above-
ground interactions because they probably play a more important role on the experimental site,
due to the young age of the system in which trees have a less-developed root system. This ACS
is made of nine poplar short rotation coppice (SRC)-strips and eight arable crop alleys. Negative
effects on yield should occur especially at the tree/crop interface where the interactions are
mainly concentrated, i.e the competition zone (Thevathasan and Gordon, 2004; Jose et al.,
2004). The main above-ground interactions that are expected to occur in the competition
zone of the studied ACS are the same as presented in fig. 1.1: shading (reduction of solar
radiation), windbreak, microclimate modification and fall of leaves. Concerning the yield
effects, the measurements are concentrated on plant development and spatial distribution of
yield parameters for both components, tree and crop. The measurements focused on specific
years: 2008/2009, the establishment year; 2013, the year before the harvest of all SRC-strips;
and 2014, the year after the harvest of all SRC-strips. In doing so, the effects observed when
trees were present can be compared to the effects observed when trees were barely established
and, later on, when the above-ground tree biomass was removed, but the root system still
remained.
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This study aims furthermore at determining whether the productivity of the whole ACS is
positively or negatively influenced by the interaction of trees with agricultural crops. For this
reason, the ACS is compared to sole cropping systems (SCS), i.e. systems with only the
crop/tree component, as suggested by Huxley (1985). Additionally, different arrangement de-
signs of the ACS are assessed: two alley widths (narrow, 48 m; wide, 96 m), two rotation
cycles of the SRC-strips (3- and 6-year) and two SRC-strip designs (SRC, sole energy wood;
combined, combination of energy and timber wood). Thus, based on literature and the re-
sults of this study, design guidelines for optimizing the system productivity are proposed and
discussed on strip design, orientation and length, but also on rotation cycle and alley width.

The following questions summarize the main issues addressed throughout this thesis:

• What are the modifications of the above-ground growing conditions, especially in the
competition zone?

• What are the influences of these modifications on plant development and spatial distri-
bution of the yield in the crop alleys?

• What are the influences of these modifications on plant development and spatial distri-
bution of the yield in the SRC-strips?

• What is the potential total biomass and energy production of the alley-cropping system
compared to the crop and tree sole-cropping systems?
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2.1 Experimental layout and study site description

In the next section, a description of the experimental design will be provided, followed by a
description of the soil and weather conditions at the study site.

2.1.1 Design of the experimental alley-cropping system

The experimental agroforestry field of the Julius Kühn-Institute is situated in Wendhausen
(North 52° 19’ 54”, East 10° 37’ 52”), near Braunschweig in Lower Saxony, Germany. The
area lies at 85 m above sea level. The alley-cropping system (ACS) consists of eight crop
alleys within nine poplar (Populus spp.) short rotation coppice (SRC)-strips. An open crop
field without SRC-strips is situated south of the agroforestry field and is used as a control field
for the crop alleys. The SRC-strips are harvested in two different rotation cycles: a 3-year
rotation cycle (3y-RC) and a 6-year rotation cycle (6y-RC). A SRC plantation, situated west
of the ACS, is considered as a control field for the SRC-strips (70 x 70 m, only 3y-RC). The
whole experimental field covers approximately 30 ha. The open field and the SRC-control field
are sole-cropping systems (SCSs), which are compared to the ACS. Crop alleys and SRC-strips
cover 225 m in length and are north-south oriented to optimize the windbreak effect. SRC-
strips are always 12 m wide, whereas five crop alleys have a width of 48 m (narrow alley) and
three have a width of 96 m (wide alley). A space of 1.5 m between the edge tree row and
the boundary of crop alley is included in the 12 m width of the SRC-strip, so that the actual
widths from one tree row to the next one in the narrow and wide alleys are respectively 51 and
99 m. Fig. 2.1 gives a schematic overview of the ACS and SCSs and an aerial picture of the
experimental site is available in fig. A.1 in appendix A.
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Figure 2.1. Schematic overview of the alley-cropping system, the short rotation coppice
(SRC)-control field and the crop open fields (C1-C3) at the experimental site in Wendhausen
(Light green SRC-strips represent the 3-year rotation cycle and dark green SRC-strips represent
the 6-year rotation cycle; crop alleys are designated with Arabic numerals (1-8) and SRC-strips
with letters (A-I)).

2.1.2 Crop rotation and management

Two crop rotations correspond to each alley width. For the wide alley, the crop rotation entails
winter oilseed rape, winter wheat and winter barley and for the narrow alley, winter oilseed
rape, winter wheat, fava bean, maize and summer barley.

During the seasons 2007/08-2010/11, the winter oilseed rape Taurus (Breeder Norddeutsche
Pflanzenzucht Hans-Georg Lembke KG), the winter wheat Mulan (Breeder NORDSAAT Saat-
zuchtgesellschaft), the winter barley Kathleen (Breeder Ackermann Saatzucht), the fava bean
Scirocco (Breeder Norddeutsche Pflanzenzucht Hans-Georg Lembke KG), the maize DKC 2960
(Breeder Monsanto Technology LLC) and the summer barley cultivars Adonis (Breeder Lima-
grain UK Ltd) and Simba (Breeder NORDSAAT Saatzuchtgesellschaft) were cultivated.

For the seasons 2011/12-2013/14, the cultivars were changed because most of them were not
available anymore. The new selected cultivars were: the winter oilseed rape Visby (Breeder
Norddeutsche Pflanzenzucht Hans-Georg Lembke KG), the winter wheat Arezzo (Breeder
Ragt), the winter barleyMeridian (Breeder KWS), the fava bean Fuego (Breeder Norddeutsche
Pflanzenzucht Hans-Georg Lembke KG), the maize DKC 3094 (Breeder Monsanto Technology
LLC) and the summer barley Kathleen (Breeder Limagrain).

Concerning the cultivars assessed in this study (winter wheat, winter barley and winter oilseed
rape), Mulan was selected for its early ripeness, and for its suitability for early sowing and
marginal sites. Arezzo is an awned wheat cultivar, which was chosen for its low attractiveness
for wild animals, high number of grain per ear and early ripeness. The winter oilseed rape
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cultivars Taurus and Visby were chosen for their homogeneous ripening and high yield. The
multiline winter barley cultivar Meridian has a particularly high number of grain per ear and a
uniform maturation of grain and straw.

Table 2.1 presents the position of the different crops in the alley-cropping system (ACS) and
the open field in each year. In order to be able to repeat the measurements on one crop each
year, all crops of the rotation were grown in each year, that means that in one year each crop
alley (1-8) and each crop open field (C1-C3) had a different crop. In 2008, only the summer
barley was sown in the ACS, i.e., the rotation started there at the growing season 2008/09. In
order to cultivate winter barley in both widths, summer barley was replaced by winter barley
in the narrow crop alleys from the season 2012/13. For time management reasons, two crops
had to be exchanged in season 2012/13: since it was not possible to sow directly winter barley
after the maize harvest, it was decided to sow winter wheat instead and to sow winter barley
after winter oilseed rape. Later on, the crop rotation was carried on as shown in table 2.1.

Table 2.1. Position of the different crops (OSR = winter oilseed rape, WW = winter wheat,
WB = winter barley, FB = fava bean, Ma = maize and SB = summer barley) in the narrow
(1-5) and wide crop alleys (6-8) of the alley-cropping system and in the crop open fields (C1-
C3) at the experimental site in Wendhausen from 2007/08 to 2013/14 (Crops followed by *
were exchanged).

Alley Season
no. 2007/08 2008/09 2009/10 2010/11 2011/12 2012/13 2013/14
1 SB Ma SB OSR WW FB Ma
2 SB FB Ma SB OSR WB* OSR
3 SB WW FB Ma SB OSR WW
4 SB SB OSR WW FB Ma WB
5 SB OSR WW FB Ma WW* FB
6 SB WW WB OSR WW WB OSR
7 SB WB OSR WW WB OSR WW
8 SB OSR WW WB OSR WW WB
C1 OSR WW WB OSR WW WB OSR
C2 WW WB OSR WW WB OSR WW
C3 WB OSR WW WB OSR WW WB

Crops were managed under conventional agriculture and equally in the open field and in
the ACS. Most of the time, the fertilizers were applied for more precision with a pneumatic
fertilizer spreader but with a centrifugal fertilizer spreader in fields where the weather stations
were installed. In table 2.2, the amounts of nitrogen spread on the winter oilseed rape, the
winter wheat and the winter barley are presented, when data were available.
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Table 2.2. Amounts of nitrogen (t ha−1) applied on the winter oilseed rape and the winter
wheat from the growing seasons 2008/09 until 2013/14 and on the winter barley for the
growing seasons 2012/13 and 2013/14, in each field at the experimental site in Wendhausen
(ND: No data).

Season Winter wheat Winter oilseed rape Winter barley
2008/09 ND ND ND
2009/10 179 239 ND
2010/11 ND ND ND
2011/12 202 184 ND
2012/13 188 155 148
2013/14 185 180 163

2.1.3 Short rotation coppice-strip design and management

All trees were planted in the spring 2008, at a density of 10,000 trees per hectare (2 m by 0.5 m
within rows). Following designs were laid out (see fig. 2.2 (a)) and replicated once in each
short rotation coppice (SRC)-strip: a SRC design (six poplar rows, 2 x 0.5 m), a combined
design including aspen trees (Populus tremula L.) (two poplar rows 2 x 0.5 m, one aspen row
3 x 1 m, two poplar rows 2 x 0.5 m) and an ecological design (two rows with a mix of bushes
and four poplar rows 2 x 0.5 m). The aspen trees are harvested in a 10-year rotation cycle.
In each design, three poplar clones were planted on 25 m length each: “Max” (P. nigra L. x
P. Maximowiczii Henry), “Hybrid 275” (Populus maximowiczii Henry x P. trichocarpa Hook)
and “Koreana” (P. koreana J.Rehnder x P. trichocarpa Hook). These poplars clones were
selected for their compatibility for SRC plantations (Petzold et al., 2010). Neither irrigation
nor fertilization occurred in the SRC-strips. Weeds were controlled manually directly after
planting. The coppicing and chipping of the SRC-strips is fully mechanized in one combined
operation.

For the yield measurements of the SRC-strips, it was decided to focus on the “Max” clone
in the combined and SRC designs. This clone was selected for its high yields, low disease
susceptibility and high survival rate (Lamerre et al., 2015). The ecological design was not
measured, notably because the bushes were not well established, and thus the effect would
have not been homogenous and consistent between the strips. Only the SRC-strips C to F
(dashed area in fig. 2.2) and the SRC-control field were assessed. At the time of the study
in 2013, the SRC-strips which were in the 6-year rotation cycle (6y-RC) were not coppiced
(because not harvested yet), whereas the SRC-strips in the 3-year rotation cycle (3y-RC) were
already coppiced (one time harvested). For this reason, the comparison was done between
non-coppiced SRC-strips in a 6y-RC and coppiced SRC-strips in a 3y-RC.
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(a)

(b)

Figure 2.2. Schematic overview of the experimental layout of the SRC-strips at the experi-
mental site in Wendhausen: the position of the 3- and 6-year rotation cycles, the three designs
(short rotation coppice (SRC), combined and ecological) and the three poplar clones (Hybrid
275, Max and Koreana) (the measured SRC-strips are in the dashed area) (a); sketch of the
SRC and combined designs, as well as the measured rows (windward, middle of SRC design,
middle of combined design, leeward) (b).

2.1.4 Weather and soil conditions

The mean annual temperature at the experimental site is 9.2 °C and the annual precipitation
sum is 628 mm (average of 54 years at Braunschweig, data from the Germany’s National
Meteorological Service). Monthly precipitation sums and temperature of the period 2008-
2014 are presented in fig. 2.3. 2013 saw the highest precipitation sums, while 2011 and 2014
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had the lowest. The summers of 2009, 2010, 2013 and 2014 showed higher temperatures than
the mean of 54 years. The winter of 2009/10 and 2010/11 and spring 2013 were very cold
compared to the long-term trend.

Figure 2.3. Monthly mean temperature (°C) and precipitation sum (mm) from 2008 to 2014
and the average mean temperature and precipitation sum of the years 1961 to 2014 at the
Bundesallee in Braunschweig (data from the Germany’s National Meteorological Service).

The site presents heterogeneous soil conditions and the yield potential is qualified there medium
to low. In the alley-cropping system (ACS), the soil is mainly characterized by a silty clay
texture (Tu2 : 45-65 % clay, 15-30 % silt and 0-25 % sand, Ad-Hoc-AG Boden (2005)) and in
the crop open field by a clayey loam texture (Lt3 : 35-45 % clay, 30-50 % silt and 5-35 % sand,
Ad-Hoc-AG Boden (2005)). According to Sauerbeck (2008), from east to west, three parallel
main soil type zones can be distinguished: a Pelosol zone, a Pseudogley-Pelosol zone and a
Pseudogley zone (see fig. 2.4). A small zone of Kolluvisol-Gley is present south-east of the
crop alley no. 8, and the soil by short rotation coppice (SRC)-control field is a Pseudogley-Gley.
The precise soil type in the crop open field was not analyzed.

According to Ad-Hoc-AG Boden (2005), Pelosols are characterized by a subsoil-horizon con-
taining more than 45 % clay content and by the presence of desiccation cracks in dry condi-
tions, whereas Pseudogley-Pelosols are Pelosols with soil layers influenced by stagnant water.
Pseudogley and Pseudogley-Gleys soils gradually show more influenced layers under tempo-
rary stagnant water, notably of groundwater for Pseudogley-Gley, with some oxidation marks.
Kolluvisol-Gleys are similar to Pseudogley-Gleys, except that the soil is mostly made of sedi-
mented solum material rich in humus (Ad-Hoc-AG Boden, 2005).

The soil on the experimental site is thus strongly influenced by hydrological conditions (Sauer-
beck, 2008), and this gradually more from east to west. During dry weather conditions,
desiccation cracks of approximately 2 cm width and 30 cm depth appear, especially in the
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eastern part of the experimental field. During wet conditions, there is a higher risk of stagnant
water on the western side of the site. In winter, due to the high clay content and the stagnant
water at some places, there is a low traffic ability at the experimental site, unless the soil is
frozen. In 2008, before the tree planting, the main soil zone of the ACS (Pelosol) had a water
holding capacity of approximately 130 mm up to 1 m depth and a sufficient nutrient supply
(Sauerbeck, 2008).

Figure 2.4. Overview map of the different soil zones at the experimental site in Wendhausen
(1: Kolluvisol-Gley; 2: Pelosol; 3: Pseudogley-Pelosol; 4: Pseudogley-Gley; 5: Pseudogley; 6
Anmoor-Gley); the alley-cropping system (ACS) lays within the black rectangle (Sauerbeck,
2008).

In order to describe the modified growing conditions in the ACS, microclimate parameters,
tree shading and leaf ground coverages were measured in 2013, just before the harvest of all
trees, and in 2014, after the harvest of all SRC-strips. The methods will be described in the
following section.
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2.2 Measurement of modified growing conditions in the
alley-cropping system

2.2.1 Microclimate parameters

To describe the modified microclimate behind the short rotation coppice (SRC)-strip, wind
velocity, air temperature, air humidity and soil water tension were assessed.

Measurement sensors and layout

Wind sensors were used to measure wind speed and direction (wind velocity) in the crop alley,
at several distances from the SRC-strip (see fig. 2.5). In total, 14 wind sensors were used: five
mechanical anemographs (Woelfe 1482, LAMBRECHT meteo GmbH, Göttingen, Germany),
eight wind monitors (Model 05103, Young, Traverse City, USA) and one wind anemometer
(PESSL Instruments, Weiz, Austria). The wind velocity was measured simultaneously in the
narrow and wide winter barley alleys of the alley-cropping system (ACS) in 2013 (crop alleys
no. 2 and 6) from 06/01/131 to 07/10/13 and in the narrow and wide winter wheat alleys
(crop alleys no. 3 and 7) from 11/25/13 to 12/28/13. In 2014, the wind velocity was measured
only in the narrow winter wheat alley (crop alley no. 3) from 05/01/14 to 07/14/14. Wind
monitors and mechanical anemographs were installed alternately (see fig. 2.5). In doing so,
data collection at different distances from the SRC-strip was guaranteed, since wind monitors
were connected in a chain that is disrupted if one monitor fails. An additional measurement
was carried out in early autumn 2013 (from 08/28/13 to 09/18/13) using only the mechanical
anemographs, which were placed in narrow alleys no. 1, 2, 3, 5 and in the open field in order to
investigate the wind velocity reduction behind several SRC-strips (one, two, three and five).

Combined thermometers and hygrometers were implemented to measure air temperature and
relative humidity (RH) in the leeward SRC-strip and at different distances from the leeward
SRC-strip in the narrow alley (see fig. 2.5). Five combined air temperature and RH sensors
(Hygroclip 2, Rotronic Messgeräte GmbH, Ettlingen) and one temperature sensor (SMT16030,
PESSL Instruments, Weiz, Austria) were used. The temperature sensor had a measurement
error of 0.3 + 0.005 ∗ |temp|, where temp is the measured temperature while the RH sensor had
a measurement error of 0.8 %. Air temperature and RH parameters were measured in summer
2013 from 06/02/13 to 07/11/13 in the narrow winter barley alley (crop alley no. 2) and in
summer 2014 from 05/22/14 to 07/08/14 in the narrow winter wheat alley (crop alley no. 3).
Wind velocity, air temperature and RH measurements were carried out at 1.5 m above-ground
level.

1This present work is written in American English, therefore dates are written with first the month, than the
day and finally the year.
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In order to compare the soil water status in the SRC-strip, in the middle of the crop alley
and at 3 m distance from the SRC-strip, the soil water tension was measured at these three
points. Watermark sensors, developed by Larson (1985) (PESSL Instruments, Weiz, Austria)
were installed in the narrow crop alley (at 3 and 25.5 m) and in the adjacent leeward SRC-strip
in 2013 in the narrow winter barley alley (crop alley no. 2) from 06/01/13 to 07/11/13 (see
fig. 2.5). Four depths were selected to investigate the soil profile: 15, 30, 60 and 90 cm.

In order to compare the measurements carried out in the ACS with the conditions in the open
field, the following parameters were also measured in the comparative winter barley open fields
(C1) and winter wheat open fields (C2) over the same measurement periods than in the ACS:
air temperature and RH (Hygroclip 2, Rotronic Messgeräte GmbH, Ettlingen), wind velocity
(Wind anemometer, Firm PESSL Instruments, Weiz, Austria). As the soil texture is different
in the open field, the soil water tension was not compared to the one in the ACS. Data were
collected hourly by a data logger (iMeteos, PESSL Instruments, Weiz, Austria). In order to
achieve data comparability, air temperature and RH sensors were calibrated in August 2013,
and a correction formula was applied.

The following fig. 2.5 shows the positions of the different sensors installed in the narrow and
the wide alley of the ACS.
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(a)

(b)

Figure 2.5. Sketch of the different sensor positions for the measurement of microclimate
parameters (wind velocity, air temperature and relative humidity, soil water tension), in the
narrow (a) and wide alley (b) of the alley-cropping system in Wendhausen.

Analysis of microclimate data

The wind velocities collected at the measurement points in the ACS were related to the wind
velocity in the open field in percent (100 % is the open field wind velocitiy). Some days with
pronounced west, north/south and east directions in the open field were selected over the
measurement periods of 2013 and 2014 and analyzed separately from the whole data set.

Concerning air temperature and RH, the data were analyzed separately in three day periods
in order to keep data comparability: morning, noon and afternoon. For each day period, the
difference to the values in the open field was calculated. The upper and lower hour limits for
these periods were selected according to the position of the sun and are presented in table 2.3,
for each measurement period. The night hours were not included in the analysis. Additionally,
a sunny and a cloudy day were analyzed separately from the whole period.
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The air temperature and RH values were implemented in the calculation of the potential
evapotranspiration (pET) developed by Haude (1955) and synthesized by Löpmeier (1994):

pET = a(es − e) (2.1)

where a is an empirical monthly plant factor (here 0.38 for the winter wheat in June), es the
saturated vapor pressure and e the vapor pressure, both calculated with air temperature and
RH. The pET calculation requires the air temperature and RH value at 2:00 pm. However,
the mean air temperature and RH value of each of the three day periods was used instead.
Then, the pET was calculated at each measurement point for morning, noon and afternoon
hours (see table 2.3), over the whole measurement period, and for one sunny and one cloudy
day in summer 2013 and 2014. As no RH value was available for the open field and at 40 m in
the crop alley in 2013, the pET could not be calculated for these points. Moreover, no factor
was available for poplar cultivation, so the pET could not be determined for the SRC-strip
either.

Table 2.3. Upper and lower hour limits of the day periods used for the analysis of the air
temperature, relative humidity and potential evapotranspiration.

Measurement period Morning Noon Afternoon
Summer 2013 5 - 11 12 - 14 15 - 21

Summer 2014 (until 06/01) 5 - 11 12 - 14 15 - 20
Summer 2014 (from 06/02) 5 - 11 12 - 14 15 - 21

2.2.2 Reduction of solar radiation

The reduction of the global solar radiation in the vicinity of the short rotation coppice (SRC)-
strips was calculated using the Area Solar Radiation function of the Spatial Analyst Tools in
Esri® ArcMap™ 10.2. Firstly, the shapes of the SRC-strips were traced on the digital elevation
model of the Wendhausen site, as if being similar to walls with defined heights. The incoming
solar radiation on the crop alley was calculated with and without the SRC-strips, using the
same input parameters. Then, the reduction of incoming light as the percentage of solar
radiation in the open field, i.e. without trees, was obtained for the crop alley over the whole
growing season (from sowing to harvest). The tree heights and the sowing and harvest dates
are presented in table 2.4. The calculation focused on the narrow and wide alleys of winter
wheat and winter barley in the crop harvest years2 of 2013 and 2014.

2“Year” refers to “Harvest Year”, not only in this chapter, but also in the result section.
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Table 2.4. Input parameters for the solar radiation calculation: the short rotation coppice
(SRC)-strips heights and the sowing and harvest dates of winter wheat (WW) and winter barley
(WB) in both alley widths (48 and 96 m), for the growing seasons 2012/13 and 2013/14.

Season Crop Width Alley no. Height of SRC-strip (m) Date of
Leeward Windward Sowing Harvest

2012/13
WW

48 m 5 9.4 6.8 09/21/12 08/05/13
96 m 8 6.8 - 09/21/12 08/05/13

WB
48 m 2 5.8 7.3 09/18/12 07/17/13
96 m 6 5.8 7.9 09/18/12 07/17/13

2013/14
WW

48 m 3 1.2 1.4 09/30/13 07/21/14
96 m 7 1.4 1.4 09/30/13 07/21/14

WB
48 m 4 1.4 1.5 09/20/13 07/15/14
96 m 8 1.4 - 09/16/13 07/15/14

2.2.3 Leaf ground coverage

After the leaf fall in autumn 2012 and 2013, the spatial distribution of leaves on the ground
was recorded. Pictures of the ground were taken at several distances from the short rotation
coppice (SRC)-strips (without repetition) on the leeward and windward sides of the narrow and
wide alleys of the winter wheat and barley. Subsequently, each picture was analyzed using the
program DatInf® Measure (Datinf GmbH, Tübingen), in order to determine the percentage of
leaf coverage on the ground.

Moreover, in order to estimate the amount of the leaves which fell within the SRC-strip and
on the crop alley, baskets of 40 x 40 cm surface were installed in autumn 2012, in and next
to a SRC-strip in a 6-year rotation cycle (8 m height) and a SRC-strip in a 3-year rotation
cycle (5 m height). The leaves were collected every week, during a period of five weeks, from
10/12/12 to 11/13/12. The content of each basket was dried at 60 °C until constant weight
was reached, and subsequently weighed.

In the following section, the deployed measurements to assess the effects of the modified
growing conditions on yield in the crop alleys will be described.

2.3 Yield and quality measurements in crop alleys

The present section is divided into two main parts: firstly, the assessment method of spatial
distribution of yield and grain moisture content (MC) and secondly, the assessment methods of
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yield components, plant development, aphid infestation and hectoliter weight in the crop alley.
As for the microclimate parameters, the measurements in the crop alley focus on year 2013,
just before the harvest of all trees, and on the harvest year of 2014, after the harvest of all
SRC-strips. As research time was limited, only cereal crops (winter wheat and winter barley)
were evaluated, in both alley widths of the alley-cropping system (ACS), and compared to the
open field. Thus, the crop alleys no. 2 and 6 (winter barley) and 5 and 8 (winter wheat) were
studied in 2013 and the crop alleys no. 4 and 8 (winter barley) and 3 and 7 (winter wheat)
in 2014. The spatial distribution of grain yield and MC of summer barley in the ACS in 2008
(just after tree planting) was also analyzed (all crops alleys).

2.3.1 Spatial distribution of yield and grain moisture content

Collecting yield and grain moisture content data

During the crop harvest, the combine harvester (Lexion 430, CLAAS, Germany), equipped
with the volumetric flow sensor Quantimeter and a Global Positioning System (GPS) device,
simultaneously measured the yield, the MC and the geographical coordinates every 5 seconds.
The raw data collected by the combine harvester were subsequently screened in order to detect
and delete error data due to a low speed or measurement errors, such as all yield, MC and
speed values of 0 and speed values over 10 km h−1. Then, the raw yield was recalculated to
reach 14 % grain MC and allow for data comparison, using the following calculation:

Y 14% =
(100−MC

100 ) ∗ Y
100− 0.14 (2.2)

where Y14 % is the yield corrected to 14 % MC (dt ha−1), Y is the raw yield measured by
the combine harvester (dt ha−1), and MC is the moisture content measured by the combine
harvester (%). At the end, outliers that fell three standard deviations above and below the
mean were suppressed. The distance of each measured point to the adjacent leeward SRC-strip
was at last calculated using the Near function in Esri® ArcMap™ 10.2.

Parallel to the harvest data, the soil apparent electrical conductivity (EC), measured in mil-
lisiemens per meter (mS m−1), was recorded over all crop alleys and in the open field, after the
crop harvest in 2013. The sensor EM38 (Agri Con GmbH, Ostrau, Germany) equipped with a
GPS device was implemented. Thereafter, the EC was corrected to 25 °C (EC25). Since the
absolute EC25 values were not directly comparable, the data were normalized with the mean
value of all fields cultivated with the same crop (nEC25). Then, the tool Geostatistical Analyst
in Esri® ArcMap™ 10.2 was used to compute a kriging interpolation map of the nEC25 data
over the ACS and the open field in Wendhausen.
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Statistical analysis of the yield and grain moisture content data

In order to assess the effect of the short rotation coppice (SRC)-strips on the spatial distribution
of yield and grain moisture content (MC), and given the expected non-linear relationship
between the yield/MC and the distance from the leeward SRC-strip, generalized and general
additive mixed effects models were used, as they fit a smoothing curve through the data
(Zuur et al., 2007). Additional explanatory variables were width (narrow and wide crop alleys)
and crop (winter wheat and winter barley). In order to take the soil heterogeneity between
and within fields into account, the additional numerical explanatory variable normalized soil
apparent electrical conductivity corrected to 25◦C (nEC25) was included in the models. For
each yield/MC measured point, the nearest nEC25 value was selected. To consider the spatial
trend across the data, the coordinates of each point (X and Y) were also included in the
models as numerical explanatory variables, as suggested by Dormann et al. (2007). Mixed
effects models allow for non-independent errors that may occur due to the sampling within
one field. Hence, the crop alley and open field no. (1 to 8 and C1 to C3, see fig. 2.1) was
selected as random effect, to take differences in field cultivation history into account. As no
width treatment was available for the open field, two subplots, with respectively 48 m and 96
m widths and 200 m length, were cut out in each of the open fields C1, C2 and C3 (see fig.
2.1). Then, the distance from the west subplot boundary was calculated. The position of these
subplots are presented in appendix B. The base model used for each year (2008, 2013 and
2014) and each system (ACS and open field) was generated as in the following equation:

Y 14%i/MCi = γ + f1(Distancei) + f2(Distancei : Widthi) + f3(Distancei : Cropi)

+f4(nEC25i) + f5(Xi, Yi) + εi with εi ∼ N(0, σ2)
(2.3)

where each f() represents a smoothing curve for the response under each explanatory variable,
for each predicted point i in the alley/subplot (Zuur et al., 2007); Y 14%i and MCi are the
response variables for, respectively, the yield at 14 % moisture content and the grain moisture
content; f1(Distancei) is the smoother term for the distance from the leeward SRC-strip or
west subplot boundary, f2(Distancei : Widthi) the smoother term for the interaction between
the distance and the width, f3(Distancei : Cropi) the smoother term for the interaction
between the distance and the crop, f4(nEC25i) the smoother term for the normalized soil
apparent electrical conductivity corrected at 25 °C and f5(Xi, Yi) the spatial smoother. γ is
the intercept, ε represents the residuals and σ the standard deviation. The “mgcv” package
(Wood, 2011) was used to compute the models in the statistical software R (R Core Team,
2014). For 2013 and 2014, one model for the ACS and one for the open field system were
computed, whereas for 2008, only one model was computed for the ACS because no comparable
crop was cultivated in the open field.

A set of models with all possible numbers and combinations of smoothers (with the two
different crops and the two different widths) and linear effects (Crop,Width and nEC25),
were computed. To reach the most parsimonious model, a selection was applied, using the
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Akaike Information Criterion (AIC, Akaike (1978)), calculated with the following equation:

AIC = −2 log(L) + 2k (2.4)

where L is the Likelihood value and k the number of parameters in the fitted model. For each
computed model, the AIC value was calculated and the model with the lowest AIC value was
selected. For model validation, normal distribution and homogeneity of model residuals were
checked graphically. Subsequently, the yield/MC was predicted from Distancei = 1 m (next
to the leeward SRC-strip) for each meter up to the windward SRC-strip (48 m for the narrow
alley and 96 m for the wide alley). As additional input parameters, the mean nEC25 and the
mean X,Y coordinates of the crop alley/open field were used. Such a yield/MC transect was
predicted for each crop and each width, for each year and each system.

2.3.2 Yield components, plant development, aphid infestation and hectoliter
weight

In order to assess the effects of short rotation coppice (SRC)-strips on yield components, plant
development, aphid infestation and hectoliter weight over the crop alley, several sampling
points were installed at different distances from the SRC-strips. During the vegetation period
2013, these points were situated along a transect from one SRC-strip to another, including
the leeward side (3 and 8 m), the middle zone (16, 25.5 and 35 m in the narrow alley and 32,
49.5 and 67 m in the wide alley) and the windward side (43 and 48 m in the narrow alley and
91 and 96 m in the wide alley) of the crop alley (see fig. 2.6). During the vegetation period
2014, in both, the narrow and the wide alleys, only the leeward side (3 and 8 m) and one point
in the middle of the alleys were assessed.
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Figure 2.6. Positions of the sampling points for the assessment of yield components, plant
development, aphid infestation and hectoliter weight in the narrow and the wide alleys of the
alley-cropping system in Wendhausen (distances are indicated from the leeward short rotation
coppice-strip).

These transects were replicated four times within an alley. In 2013, two repetitions were
situated next to the SRC design and two next to the combined design of the SRC-strip, both
next to the “Max” clone. It was considered that the effect of the poplar clone would be
minimal after the strip harvest in January 2014. Thus, in 2014, the four transect repetitions
were situated only next to the SRC design, in order to avoid the effect of the remaining aspens
along the three clones. In both years, the same measurements were conducted in the open
field for four randomly selected points in the middle of the fields.

Yield components

Shortly before the harvests 2013 and 2014, 0.5 m2 parcels were sampled along the transects, as
presented in the previous paragraph and in fig. 2.6. From each sampled parcel, the ears were
counted to determine the ear number per m2 (EN). Additionally, the weight of all grains (GW)
was recorded. The thousand grain weight (TGW) was estimated with the average weight of
three subsets of 100 kernels. The water content of each grain sample was assessed by drying
it at 105 °C until constant weight was reached. The GW and the TGW were recalculated to
reach 14 %grain MC with the water contents of each sample, using equation 2.2.

In order to statistically determine which of the EN or TGW was mainly responsible for the
GW, linear regressions were applied. Linear mixed effects models and the package “nlme”
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(Pinheiro et al., 2014) in the software R (R Core Team, 2014) were used to fit GW, with EN
and TGW as explanatory variables, with and without interactions. The crop alley no. (1 to 8,
see 2.1) was included as random effect. The Akaike Information Criterion (AIC) of each model
was calculated, according to Akaike (1978) (see equation 2.4), and the most parsimonious
model was chosen (lowest AIC value). Normal distribution and homogeneity of residuals were
graphically checked. Analyses of variance were performed to test for the effect of both, EN
and TGW, and eventually their interactions, on the GW. The significance level was set at 0.05.
The same analysis was carried out for each cereal crop (winter wheat and winter barley) and
each year (2013 and 2014), at first for the whole data set and then for leeward, windward
and middle zones separately (see fig. 2.6). The points of the narrow and the wide alleys were
pooled together.

Plant development, aphid infestation and hectoliter weight

During the vegetation periods in 2013 and 2014, the plant development of winter wheat
and barley was recorded by assessing the phenological development stages at several dates,
using the Biologische Bundesanstalt, Bundessortenamt und CHemische Industrie (BBCH) scale
edited by Meier (1997). Additionally, at one or two dates, depending on infestation, aphids,
aphid mummies (parasitized aphids) and beneficial insects were counted on ten tillers (ear and
flag leaf) per point. As a quality parameter, which is important for the price of cereals, the
hectoliter weight was measured from samples taken directly out of the combine harvester at
each track (three repetitions per track). To determine the hectoliter weight, a known volume
was filled with the kernels and weighed (Egger, 1989).

The description of the methods used to assess growth and yield of the SRC-strips will be
presented in the next section.

2.4 Growth and yield measurements in short rotation
coppice-strips

The present section will be divided into two parts: the methods used to describe tree growth
and the methods used to describe yield of trees.
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2.4.1 Growth parameters

In order to record tree growth, several measurements were conducted on the leeward, middle
and windward rows of the short rotation coppice (SRC) and combined designs of the SRC-
strips C to F and in the “Max” clone, in winter 2009/10, 2013/14 and 2014/15 (see fig. 2.2).
In these SRC-strips, diameters at breast height (DBH) were measured at 1.30 m above-ground
level on shoots of 20 trees per row position (leeward, middle and windward), using a digital
calliper (Alpha tools, Germany, 0.1 cm accuracy). Moreover, shoot heights of selected DBHs
over the range of values were measured using a telescopic rule for each row position (mEssfix,
Nedo, Switzerland, 1 cm accuracy) and the numbers of shoots of 20 trees per row position were
counted. The same parameters were measured on 56 trees in the middle of the SRC-control
field.

To assess the effect of the row position in both designs (SRC and combined) and in the
control field (see fig. 2.2), linear mixed effects models were used to fit DBH with normal
errors (package “nlme”, Pinheiro et al. (2014)) and shoot number with Poisson errors and log
link (package “glmmADMB”, Skaug et al. (2012)), using the software R (R Core Team, 2014).
Separate analyses were performed for the 3-year rotation cycle (3y-RC) and the 6-year rotation
cycle (6y-RC) (control field only for 3y-RC). The tree no. (1-20 for the leeward and windward
and middle rows of the SRC and combined design, 1-56 for the control field) nested within
strips (C and E; D and F) were included as random factors. The model residuals were checked
graphically for normal distribution and variance homogeneity, and shoot numbers were also
checked for overdispersion. Since they were not normally distributed, the residuals of DBHs
measured in winter 2014/15 in the 3y-RC and in the 6y-RC were log transformed, whereas
data of the 3y-RC of winter 2013/14 had a double log transformation, followed by one inverse
square transformation. Subsequently, Post-hoc comparisons of the 95 % confidence interval of
mean difference (“Tukey” test) were performed using the function “glht”, in the “multcomp”
package (Hothorn et al., 2008) in R (R Core Team, 2014), with a probability level for rejection
of the null hypothesis of 0.05.

Linear mixed effects models were used to fit shoot height with DBH and row position in
each design and each rotation cycle (leeward, middle and windward rows of the SRC and the
combined design; additionally for the 3y-RC, the SRC-control field) as explanatory variables
were performed. The random factors tree number nested within strip were also selected and
the analysis was carried out with the software R (R Core Team, 2014). Separate analyses
were performed for each winter (2009/10, 2013/14 and 2014/15) and each rotation cycle
(3-year and 6-year). In order to assess the correlation between height and DBH, a pseudo-
correlation coefficient (R2) was calculated as a R2 of a regression between predicted and
observed values. The R2 was calculated at first using parameter coefficients for fixed effects
only and subsequently the parameter coefficients for fixed and random effects.
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2.4.2 Biomass estimation of outer and middle rows

A biomass estimation was carried out during winter 2013/14, in order to assess the biomass
production specifically of the outer rows, leeward and windward, the middle rows in both
designs (short rotation coppice (SRC) and combined) and the middle and leeward rows of the
control field, in both rotation cycles. As similar effects were expected in the leeward rows of
the SRC and the combined designs, the values of the leeward rows of both designs were pooled
together. The same operation was carried out for the windward rows. However, the middle
rows of the SRC and combined designs were assessed separately. Conversely to the previous
measurements, in which only two middle rows were measured in the SRC design, the four rows
were assessed for this estimation (Lamerre et al., 2015).

Firstly, the diameters at breast height (DBH) of 40 % of the trees were measured and sub-
sequently, 25 from these DBHs were chosen. Then, 25 shoots with these diameters were
manually cut (10 cm above the ground), chipped and weighed. In order to determine the
water content, a sample was taken and dried for several days at 60 °C, until constant weight
was reached. Allometric power equations were used to predict the shoot dry mass from the
DBH (see 2.5):

DM = α ·DBHβ (2.5)

with DM is the shoot dry mass and α and β are the equations’ coefficients. The models were
linearized using logarithms and subsequently the equations’ coefficients were calculated in R
(R Core Team, 2014). Thereafter, the DM of each measured DBH was predicted. Using the
mean stool method described by Hytönen et al. (1987), the yearly biomass production per
hectare was estimated for each row, on the basis of the average DM and the number of shoots
per hectare (Lamerre et al., 2015).

To assess the effect of row position (leeward, middle of the SRC design, middle of the combined
design, windward and additionally for the 3y-RC, control field) on biomass production, the same
statistical analyses were performed as for the DBH in the software R (R Core Team, 2014),
for both rotation cycles.

An overall evaluation of the alley-cropping system (ACS) and sole-cropping systems (SCSs,
crop open field and SRC-control field) was performed, in order to assess and compare their
productivity. The methods employed will be presented in the following section.

2.5 Overall evaluation of the systems

In order to compare the total biomass production of the ACS and the SCSs, the crop and tree
yield data were added over the harvest years. Within the ACS, the narrow and wide alleys
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were also compared. In the next section, the data collection of the crop and tree yield will be
described, followed by the method used for the system evaluation.

2.5.1 Yield data collection of crop-alleys

In both, the ACS and SCS (i.e. crop open field), grain yield data collected by the combine
harvester were available from 2008 to 2014. Data were prepared as presented in the first
paragraph of section 2.3.1, but the dry matter yields were used and averaged in each field.
As only the winter wheat and the winter oilseed rape were available in both alley widths and
in both systems over this time period, the evaluation was performed only for these two crops.
The yield data of 2008 could not be integrated in the evaluation because different crops were
cultivated in the open field (see fig. 2.1). Furthermore, no data were available for the winter
oilseed rape in 2013, because of technical problems regarding the combine harvester.

The yield means of each crop were tested within each year for significant differences between
the narrow alley, the wide alley and the open field, using the “Tukey” test in the “nparcomp”
package (Konietschke et al., 2015) in the software R (R Core Team, 2014).

2.5.2 Yield data collection of short rotation coppice-strips

The yield values of the short rotation coppice (SRC)-strips for the system evaluation were
estimated in a non-destructive way, using the estimation model developed by Röhle and Skibbe
(2012). This model is available as a program in internet (Röhle et al., 2014). It implements
an allometric function as presented in equation 2.5, but the coefficients α and β are adjusted
not only using the diameters at breast height (DBHs) but also the heights, which are entered
for 25 different DBHs. Using the field size and the planting density, the sampling size for
the measurement of DBH is calculated. Then, the required DBHs and heights are entered in
the program. The outputs are the produced wood biomass in t ha−1 and the yearly biomass
increment, which is the whole biomass divided by the age of the trees.

In the first place, the biomass productions of the leeward, middle and windward rows were
estimated separately, for the SRC and combined designs (see fig. 2.2), as well as for the
rotation cycles and the winter seasons of 2009/10, 2013/14 and 2014/15. It was carried
out only for the clone “Max” in SRC-strips C to F (see fig 2.1), in order to keep the data
collection feasible and to guarantee comparability between the years. The estimation was also
conducted for the SRC-control field in the same winter seasons. The estimation conducted in
winter 2009/10 represents the biomass production of two growing seasons (2008 and 2009).
However, only the average value of both years was considered, in order to guarantee data
comparability with the crop component, for which no data was available for the harvest year of
2008. The SRC-strips in the 3-year rotation cycle (3y-RC) were harvested in winter 2010/11.
As a result, the measurement of 2013/14 includes the growing seasons 2011, 2012 and 2013
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and thus, no data were available for the growing season 2010. The mean yearly growth
estimated in the 3y-RC from 2009 to 2014 was used to replace this missing value of 2010. The
SRC-strips in the 6-year rotation cycle (6y-RC) were first harvested in winter 2013/14. Thus,
the estimation of winter 2013/14 comprises the biomass production from 2008 to 2013. The
biomass production of 2008 was subtracted from the estimation of winter 2013/14, by using
the yearly increment of 2009.

It was considered that each row was 2 m wide and 50 m long (0.01 ha), as two SRC-strips
being in the same rotation cycle were combined (C and E; D and F). The same assumption was
applied for the SRC-control field. The planting density was 2 x 0.5 m (10,000 trees per hectare).
A homogeneous and very low mortality rate and an error of 10 % were assumed. Considering
these input parameters, the sampling size amounted to 20 trees per row. Subsequently, data
were collected and the biomass productions were calculated by using the program. Moreover,
eight aspen trees were randomly selected, cut and weighed during winter 2013/14, in order
to estimate the biomass production of the aspen trees. To determine the water content, one
sample per tree was dried at 60 °C, until constant weight was reached, and the resulting dry
weights were averaged.

To estimate the biomass production of a strip for each period, the following equations were
used:

• Biomass production of the SRC design (BSRC):

BSRC = LSRC + 4 ∗MSRC +WSRC

6 (2.6)

• Biomass production of the combined design (BComb):

BComb = LComb + 2 ∗MComb +BAsp +WComb

6 (2.7)

where LSRC , MSRC and WSRC respectively represent the biomass production (t ha−1) of the
leeward, middle and windward rows of the SRC design. LComb, MComb and WComb respectively
represent the biomass production (t ha−1) of the leeward, middle and windward rows of the
combined design, whereas BAsp represents the biomass production (t ha−1) of the aspen
trees.

2.5.3 System definition for evaluation

Four systems were defined for comparison: a sole-cropping system (SCS) with a crop open
field, a SCS with short rotation coppice (SRC)-control field, an alley-cropping system (ACS)
with two narrow crop alleys and three SRC-strips and an ACS with one wide crop alley and
two SRC-strips. The mensuration of the fields was calculated at a surface of one hectare for
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each system, in order to make both systems comparable. The widths, the lengths and the
proportion of SRC-strips and crop alleys in each system are presented in fig. 2.7.

Figure 2.7. Arrangements of the four evaluated systems (one sole-cropping system with crop
open field, one sole-cropping system with short rotation coppice (SRC), one alley-cropping
system with a wide alley and one alley-cropping system with narrow alleys) and their widths,
lengths and proportions of SRC-strips and crop alleys.

For each system, the proportions of SRC-strips and crop alleys were used to calculate the
yields (in t ha−1) of each component in each year, using the data as presented in section 2.5.1
and 2.5.2. Subsequently, the yearly crop and tree yields and were added to obtain aggregated
yields. The calculation of each system was made considering the two rotation cycles (3y-RC
and 6y-RC), the two SRC-strip designs (SRC and combined) and the two crops (winter oilseed
rape and winter wheat). In total, 22 values were calculated. The grain yields of the winter
oilseed rape in 2013 were not available, and thus only five years of aggregated yields were
considered for this crop (one yearly yield was subtracted for the tree component), whereas six
years were considered for the winter wheat systems.

The biomass values added over the years were subsequently converted into energy units, gi-
gajoules per hectare (GJ ha−1), using calorific values of dry weights for each component:
17.0 GJ t−1 for grains of winter wheat, 26.5 GJ t−1 for grains of oilseed rape and 18.5 GJ t−1

for poplar (Döhler, 2009). This way, the energy production of each system was compared.
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3.1 Modifications of growing conditions in the alley-cropping
system

The results of microclimate measurements, solar radiation calculation and leaf ground coverage
will be presented in the following paragraphs.

3.1.1 Microclimate parameters

In this section, the three assessed microclimate parameters will be presented: firstly, the wind
profiles over the crop alleys, secondly the air temperature and relative humidity (RH) evolution
within the short rotation coppice (SRC)-strips and in the narrow alley and thirdly the soil water
tension. Microclimate parameters of the crop alleys will be directly compared to these of the
open field, except for the soil water tension.

Wind profiles

The selected days with pronounced west, north/south and east wind directions in the different
measurement periods are presented in table 3.1. As no wind velocity reduction occurred during
summer 2014, it was decided not to analyze different wind directions. No day with pronounced
east direction was identified in winter 2013/14 and no day with pronounced north/south
direction was observed in autumn 2013.

Table 3.1. Selected days with pronounced west, north/south and east wind directions for the
analysis of the wind data of summer 2013, winter 2013/14 and summer 2014.

Measurement West North/south East
period direction direction direction

Summer 2013
06/14, 06/30 06/01-03, 06/25-26 06/05, 06/17-19

07/04 07/10 07/07

Winter 2013/14
11/28, 12/06-07 12/24-25 -

12/09 12/27
Autumn 2013 09/01-03, 09/15 - 09/05-08
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For each measurement period (summer 2013, winter 2013/14 and summer 2014), wind veloc-
ities in the alley-cropping system (ACS) relative to the open field velocity are presented in figs.
3.1, 3.2, 3.3.

Summer 2013

Over the whole measurement period, the winds blew mostly from the west and north-west (fig.
3.1 (a)). On selected days with west winds, wind velocities ranged mainly from 1 to 3 m s−1

(fig. 3.1 (b)). On selected days with north winds, wind velocities were quite high, mainly
between 2 and 3 m s−1 (fig. 3.1 (d)), whereas winds were quite calm on selected days with
east winds, mainly between 0 and 1 m s−1 (fig. 3.1 (e)).

Considering all wind directions, the relative wind velocity was in general lower in the narrow
than in the wide crop alley (see fig. 3.1 (c)). The lowest wind velocities were observed directly
on the leeward side of the SRC-strip and progressively increased with distance from the SRC-
strip. 50 % of the open field wind velocity was reached between 11 and 25 m in the narrow
alley and already between 3 and 11 m in the wide alley. In the narrow alley, the wind velocity
of the open field was not reached at all (highest relative velocity of 85 %), whereas in the wide
alley, the wind velocity of the open field was reached at 35 m, but stayed constant around
100 % up to the next SRC-strip.

When winds blew from the west, wind velocities in the ACS were lower than for winds coming
from all directions, and this reduction was stronger in the narrow than in the wide alley (see
fig. 3.1 (c)). 50 % of the open field wind velocity was reached roughly at 25 m in both alley
widths. The highest relative wind velocity was observed at 63 m in the wide alley (93 %) and
the lowest at 3 m in the narrow alley (1 %).

The effects of north winds in summer 2013 were similar to the effects of west winds (see fig.
3.1 (f)). 50 % was reached between 11 and 25 m in both alleys. However, 100 % of the open
field wind velocity was already reached in the wide alley at 63 m, whereas the highest wind
velocity in the narrow alley was 77 %.

Considering only east winds, a completely different wind profile was observed (fig. 3.1 (f)).
The lowest wind velocity was measured on the windward side (44 % at 87 m in the wide alley
and 23 % at 40 m in the narrow alley). Moreover, the highest wind velocities (more than
100 % in the wide alley) were measured on the leeward side and in the middle of the crop
alley.
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(a) (b)

(c)

(d) (e)

(f)

Figure 3.1. Windroses showing the proportion of wind velocities (%) in each direction over
the measurement period in summer 2013 (from 06/01 to 07/10) (a) and on the selected days
with west (b), north (d) and east (e) directions; relative wind velocity (% to the open field) in
the narrow and wide alley of the alley-cropping system, for all and west directions (c) and north
and east directions (f). Measurements at 74 m and 95 m failed over the whole measurement
period because of wrong sensor calibration.
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Winter 2013/14

In winter 2013/14, over the whole measurement period, winds came particularly from the west,
south-west and south, with wind velocities reaching 8.90 m s−1 (see fig. 3.2 (a)). On selected
days with south winds, the wind velocities mainly ranged from 4 to 7.12 m s−1 (see fig. 3.2
(c)) and on selected days with west winds, from 4 to 8.08 m s−1 (see fig. 3.2 (d)).

The relative wind velocities directly on the leeward side of the SRC-strip were in general higher
than in summer 2013 (see fig. 3.2 (b)). Indeed, considering all directions, the lowest relative
wind velocity was 40 %, at 3 m in the narrow alley and 58 %, at 3 m in the wide alley (see fig.
3.2 (b)). In general, velocities were lower in the narrow than in the wide alley. The highest
relative velocity was measured at 74 m in the wide alley (126 %), whereas in the narrow alley
values varied between 40 % and 66 % and in the wide alley between 58 % and 98 %.

When winds blew from the south, a reduction wind profile could be observed, with minimum
relative wind velocity at 3 m of 35 % in the narrow alley and of 48 % in the wide alley (see fig.
3.2 (e)). Then, the wind velocity increased up to 90 % in the narrow alley and up to 122 %
at 74 m in the wide alley. When approaching the windward side, the relative velocity in the
wide alley decreased to 66 % at 87 m and increased again up to 100 % at 95 m.

When only west winds were considered, the relative wind velocity increased from 56 % to 82 %
in the wide alley and from 44 % to 50 % in the narrow alley (see fig. 3.2 (e)).
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(a)

(b)

(c) (d)

(e)

Figure 3.2. Windroses showing the proportion of wind velocities (%) in each direction over
the measurement period in winter 2013 (from 11/25 to 12/28) (a) and on the selected days
with south (c) and west (d) directions; relative wind velocity (% to the open field) in the
narrow and wide alley of the alley-cropping system, for all directions (b) and south and west
directions (e). The measurement point at 11 m in the wide alley failed from 11/25 to 12/11
and was exchanged with the sensor at 63 m, resulting in missing values from 12/11 until 12/28
at 63 m.



3 Results 57

Summer 2014

During summer 2014, the winds came mostly from the west and velocities ranged mainly
from 0 to 3 m s−1, and increased up to 4.97 (see fig. 3.3 (a)). The relative wind velocity
ranged from 103 % directly on the leeward side and up to 127 % on the windward side of the
SRC-strips (see fig. 3.3 (b)).

(a)

(b)

Figure 3.3. Windrose showing the proportion of wind velocities (%) in each direction over the
measurement period in summer 2014 (from 05/01 to 07/14) (a) and the relative wind velocity
(% to the open field) in the narrow alley of the alley-cropping system, for all directions (b).

Behind several strips

During the measurement behind several strips in autumn 2013, winds mainly came from the
west (velocities ranged between 1 and 4 m s−1) and the east (velocities ranged between 1 and
3 m s−1) (see fig. 3.4 (a)). On selected days with west winds, velocities mainly lay between
2 and 5.25 m s−1 (see fig. 3.4 (c)), whereas on selected days with east winds, velocities were
mostly between 1 and 3 m s−1 (see fig. 3.4 (d)).

When considering all wind directions, the relative velocity ranged from 42 % behind one strip
to 38 % behind five strips and was the highest behind two strips (see fig. 3.4 (b)). When
considering only days with west winds, it was observable that the wind velocity was the lowest
behind five strips (25 %). However, when winds came from the east, the lowest relative wind
velocity was reached behind two SRC-strips (43 %) (see fig. 3.4 (e)).
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(a)

(b)

(c) (d)

(e)

Figure 3.4. Windroses showing the proportion of wind velocities (%) in each direction behind
several strips over the measurement period in early autumn 2013 (from 08/28 to 18/09) (a)
and on the selected days with west (c) and east (d) directions; relative wind velocity (% to
the open field) behind several SRC-strips for all directions (b) and the west and east directions
(e).
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Air temperature, relative humidity and potential evapotranspiration

Air temperature, relative humidity (RH) and potential evapotranspiration (pET) results were
divided into three day periods: morning, noon and afternoon (see table 2.3). The aver-
age, minimum and maximum air temperature and relative air humidity values at the different
measurement points over the two measurement periods are available in appendix C. Analysis
focused on air temperature, RH (as differences to the open field mean) and pET variation
from one short rotation coppice (SRC)-strip to another over the crop alley, over the whole
measurement period and additionally on one sunny day and one cloudy day. The weather
conditions on these days are presented in table 3.2.

Table 3.2. Meteorological conditions on the selected sunny and cloudy days in summer
2013 and 2014 at the experimental site in Wendhausen (* Data of Braunschweig, from the
Germany’s National Meteorological Service, when no data was available for Wendhausen).

Year Day Date
Mean air Sum of hourly Mean wind

temperature solar radiation velocity
(°C) (W m−2) (m s−1)

2013
all

06/02-
16.6 4358* 0.93

07/11
sunny 07/09 20.0 5545* 0.3
cloudy 06/25 12.8 1497* 1.4

2014
all

05/22-
15.6 4992 0.68

07/08
sunny 07/05 21.0 5308 0.72
cloudy 07/08 17.7 1476 0.36

In the next sections, the evolution of the air temperature, RH and pET values in the SRC-strip
and the narrow alley will be presented for all days, one cloudy day and one sunny day of each
measurement period (summer 2013: from 06/02 to 07/11; summer 2014: from 05/22 to
07/08) and for the three day periods separately (morning, noon and afternoon).
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Summer 2013

Considering all days (together), in the morning hours, the temperature was in general lower
in the crop alley than in the open field, as differences were negative. Over the crop alley,
the greatest negative differences (to the open field) were measured at 48 m (-1.7 °C) and
in the SRC-strip (-1.2 °C) (see fig. 3.5 (a)). On the cloudy day, temperatures were similar
in the alley-cropping system (ACS) and in the open field, as well as over the crop alley (no
differences to the mean). However, on the sunny day, greater temperature differences were
observed. The biggest negative difference to the open field (lowest temperature) was measured
at 48 m (-5.1 °C) and the smallest negative difference (highest temperature) at 3 m (-2.8 °C).
At noon, differences to the open field mean were only observed in the SRC-strip, where these
were negative (up to -1.8 °C on the sunny day). On the sunny day, a small negative difference
was also measured at 48 m. In the afternoon, the temperature was in general higher in the crop
alley than in the open field (positive differences). Considering all days together, the smallest
difference (lowest temperature) was measured on the leeward side, at 3 m from SRC-strip
(0.9 °C), and the greatest difference (highest temperature) at 40 m (2.2 °C). On the cloudy
day, the temperatures were very similar over the crop alley and slightly higher than in the
open field, with differences from 0.6 to 1.1 °C. On the sunny day, the temperature differences
to the open field were positive and higher than on the other days, and differences between
measurement points were greater (differences from 1.7 to 4.4 °C).

Concerning the RH, during the morning hours of all days, the differences to the ACS mean
(crop alley + SRC-strip) were around 0 % in the SRC-strip, negative at 3 m (-1.9 %) and
positively the highest at 48 m (2.7 %) (see fig. 3.5 (b)). On the cloudy day, the difference
to the ACS mean was negative in the SRC-strip (-1.4 %), whereas the values stayed around
0 % over from 3 to 48 m. Conversely, on the sunny day, the difference was positive in the
SRC-strip (2.4 %) and at 48 m (4.5 %), showing there higher RH compared to the ACS mean.
The greatest negative differences on this day (lowest RH) were measured at 3 m (-3.6 %) and
11 m (-3.7 %). During the midday hours, the RH was in general higher in the SRC-strip than
in the crop alley, as the greatest positive differences were measured mostly there. Considering
all days, the greatest negative difference (lowest RH) was measured at 11 m (-1.1 %), followed
by 3 m and the middle points. On the cloudy day, the greatest negative difference (lowest RH)
was measured in the middle (-1.2 %) and the greatest positive difference (highest RH) was
measured in the SRC-strip and at 48 m (0.9 %). When considering only the values of the sunny
day, the greatest positive difference (highest RH) was observed in the SRC-strip (5.2 %). The
difference at 48 m was around 0 %, whereas negative differences (low RH) were measured at 3
and 11 m (-1.7 %) and in the middle (-2.2 %). During the afternoon, considering all days, the
greatest positive differences (highest RH) was measured at 3 m (1.1 %). On all days and the
cloudy day, the other measurement points (11 m, middle, 48 m and 3 m for the cloudy day)
showed differences around 0 %. On the sunny day, the differences in the SRC-strip (1.3 %)
and at 3 m (2.7 %) were positive but decreased below the mean over the crop alley down to
the greatest negative difference at 48 m (-2.1 %).
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The pET was approximately the same over the crop alley in the morning hours (around
0.5 mm d−1 on the cloudy day and around 1 mm d−1 considering all days), except on the
sunny day, where it was slightly higher at 3 m and 11 m (1.8 mm d−1) (see fig. 3.5 (c)). In
the noon and afternoon hours, the differences between all days and the sunny/cloudy condi-
tions were quite remarkable but noticeable differences over the crop alley were observed only
on the sunny day. In sunny conditions, the highest pET was measured at 3 m, 11 m and in the
middle (7.3 mm d−1), whereas the lowest was measured at 48 m (6.7 mm d−1). The values
of the cloudy day ranged from 1.6 to 1.8 mm d−1 over the crop alley, and considering all days,
they ranged from 3.9 to 4.2 mm d−1. In the afternoon, this trend was inverted: on the sunny
day, the pET was the lowest at 3 m (5.7 mm d−1) and increased over the field up to 48 m
(6.9 mm d−1). On the cloudy day, the pET stayed around 1.5 mm d−1 over the crop alley.
Considering all days, the lowest values were calculated at 3 m (3.4 mm d−1) and were around
3.7 mm d−1 at the other points.
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Morning (hours 5-11) Noon (hours 12-14) Afternoon (hours 15-21)

(a)

(b)

(c)

Figure 3.5. Differences to the open field mean air temperature (°C, a), the alley-cropping system (ACS) mean relative humidity (%, b) and the potential
evapotranspiration (mm d−1, c), in the morning, at noon and in the afternoon, for all days, a sunny day and a cloudy day in 2013, at the different
measurement positions (0 = open field/ACS mean). Sensors failed on 06/14 (hours 14-15) and from 06/26 (hour 9) to 07/06 (hour 1).
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Summer 2014

Concerning the air temperature parameter in the morning hours of all days and the sunny
day, the differences to the open field mean were for both data sets around 0 °C at 48 m,
whereas the greatest positive differences (highest temperatures) were measured for all days in
the SRC-strip (0.4 °C) and at 11 m (0.5 °C) and on the sunny day in the middle of the crop
alley (0.4 °C) (see fig 3.6 (a)). On the cloudy day, all differences were around 0 °C. In the
midday hours, the differences to the open field mean followed approximately the same trend
on all days, the sunny and cloudy day: they were around 0 °C at 3 m and positive at the other
points. Between 11 m and 48 m, the temperature differences stayed around 0.3 - 0.4 °C when
considering all days, whereas they ranged from 0.2 to 0.7 °C on the sunny day, and varied from
0.1 to 0.4 °C on the cloudy day. In the afternoon, all differences were also around 0 °C for
all days, the sunny and cloudy day, except in the SRC-strip where the difference was slightly
greater when considering all days (0.3 °C).

Concerning the RH, in all conditions and all days, the greatest positive differences (highest
RH) were reached at 3 m, whereas the greatest negative differences (lowest RH) were reached
in the SRC-strip (see fig. 3.6 (b)). In the morning hours, the three data sets showed the
same trend, even though the greatest negative differences were measured in all days (-4.2 %
in the SRC-strip, 1.4 % at 3 m and then varying between -0.9 and 0 % up to 48 m). On the
cloudy day, the lowest difference value was -2.8 % in the SRC-strip, the highest 1.3 % at 3 m
and decreased from 3 m to 48 m down to 0.2 %. On the sunny day, the lowest difference
value was -1.8 % in the SRC-strip, the highest 3.4 % at 3 m, and it varied around 0 % for the
rest of the field. At noon, the cloudy day showed a great positive difference at 3 m (6.3 %),
a negative difference in the SRC-strip (-3.1 %) and differences around 0 % over the rest of
the crop alley. All days and the sunny day showed similar differences to the open field value
between 11 m and 48 m, varying from -1.1 to -0.6 %. In the SRC-strip, the greatest negative
difference was observed when considering all days (-4.4 %), and the smallest on the sunny day
(-1.5 %). At 3 m, the difference was around 0 %, when considering all days and the sunny day.
In the afternoon, the same trend as in the morning was observed, as the differences of each
data set were very similar. The greatest negative differences were -3.3, -1.8 and -2.0 % (in the
SRC-strip), and the greatest positive differences were 1.3, 2.9 and 1.7 (at 3 m), respectively
for all days, the cloudy and sunny day. The differences of the rest of the field stayed around
0 %.

The pET did not vary much between the measurement points but more between measurement
conditions: except for the afternoon hours, the pET was always higher on the sunny day and
all days than on the cloudy day (see fig. 3.6 (c)). A slightly lower pET was detected at 3 m for
all data sets. In the morning hours, the pET was around 0 mm d−1 on the cloudy day, around
1.1 - 1.3 mm d−1 over all days and ranged from 2.2 mm d−1 (3 m) to 2.7 mm d−1 (middle)
on the sunny day. At noon, the pET was the highest in sunny conditions, remaining around
7.0 mm d−1 by all points. No fluctuation between measurement points and to the open field
were observed when considering all days (values around 3.0 mm d−1). The lowest pET values
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were calculated on the cloudy day, ranging from 0.3 mm d−1 (3 m) to 0.8 mm d−1 (open
field, 11 m, middle and 48 m). Considering all days, the pET was the highest in the afternoon
hours (1.9 mm d−1). On the cloudy day, the pET was the lowest, ranging from 0.2 mm d−1

at 3 m to 0.4 mm d−1 for the open field, 11 m, middle and 48 m points. On the sunny day,
values ranged from 1.3 to 1.4 mm d−1.
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Morning (hours 5-11) Noon (hours 12-14) Afternoon (hours 15-20 until 06/01
and 15-21 from 06/02)

(a)

(b)

(c)

Figure 3.6. Differences to the open field mean air temperature (°C, a), relative humidity (%, b) and the potential evapotranspiration (mm d−1, c), in the
morning, at noon and in the afternoon, for all days, a sunny day and a cloudy day in 2014, at the different measurement positions (0 = open field mean).
Sensors failed on 06/05, 08 (hour 14-16), 12 (hour 22-23), 13, 15 (hour 8), 18 (hour 6), 20 (hour 10-12), 24 (hour 13), 25, 26 and 07/02, 06.
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Soil water tension

In fig. 3.7, the mean daily soil water tension over the soil profile (15, 30, 60 and 90 cm) is
presented for the measurements in the short rotation coppice (SRC)-strip (a), at 3 m from the
SRC-strip (b) and in the middle of the crop alley (c). In the SRC-strip, the soil water tension
was increasing uniformly over the soil depth profile from the 06/01/13 to the 07/11/13 (on
average, from 2 to 110 cBar). Three meters away from the SRC-strip, the tension increased at
30 cm and 60 cm depth (from 0 to 114 cBar at 30 cm and 72 cBar at 60 cm depth) and only
slightly at 15 cm (from 0 to 23 cBar). The soil water tension stayed around 0 cBar at 90 cm
depth. In the middle of the crop alley, at 25.5 meters away from the SRC-strip, the tension
reached its maximum (200 cBar) at the end of the measurement period at 15 cm depth, and
was still quite high at 30 cm depth (101 cBar). However, the maximum value reached at 60
and 90 cm depth was only 14 cBar. Under the SRC-strip and in the middle of the crop alley,
periodic recessions of the soil water tension were observed.

(a) (b) (c)

Figure 3.7. Mean daily soil water tension (cBar) from 06/01/13 to 07/11/13, at 15, 30, 60
and 90 cm soil depth, in the SRC-strip (a), in the crop alley at 3 m from the leeward SRC-strip
(b) and in the middle of the crop alley (c).

3.1.2 Reduction of solar radiation

In the narrow alley of the winter wheat, in the growing season 2012/13, the relative solar
radiation (to the open field solar radiation) was quite low (54 %) at 3 m from the western
alley boundary, then increased to 91 % at 14 m and was the highest (98 %) in the middle
of the crop alley (see fig. 3.8 (a)). Thus, it never reached 100 %. On the windward side,
the solar radiation was 97 % at 32 m from western alley boundary and decreased to 80 % at
45 m. In the narrow alley of the winter barley, the incoming solar radiation was not as low as
in the winter wheat (67 %) at 3 m from western alley boundary and was 75 % at 45 m but it
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also reached only 99 % in the middle of the crop alley. In the wide alley of the winter wheat,
the relative solar radiation was around 60 % at 3 m and reached 100 % from 30 m from the
western alley boundary to the next alley boundary, as no short rotation coppice (SRC)-strip
was existent on the windward side (see fig. 3.8 (b)). In comparison, the relative solar radiation
in the wide alley of the winter barley was 67 % at 3 m from the western alley boundary, 77 %
at 93 m and by 100 % from 27 m to 63 m.

During the growing season 2013/14, the relative solar radiation in the narrow winter wheat
alley was quite high at 3 m (95 and 99 %, respectively from the western and eastern alley
boundary) and 100 % from 7 m to 43 m from the western alley boundary (see fig. 3.8 (c)). It
was similar for the narrow alley of the winter barley, where the relative solar radiation reached
91 and 99 %, respectively at 3 m and 45 m from the western alley boundary and 100 %
between 8 and 43 m. In the wide alley of the winter wheat, the relative solar radiation reached
98 % at 3 and 93 m from the western alley boundary and 100 % between 6 m and 90 m (see
fig. 3.8 (d)). In the wide winter barley alley, only one SRC-strip was present on the leeward
side. The relative solar radiation was 97 % at 3 m and reached 100 % from 7 m to the next
alley boundary.

(a) (b)

(c) (d)

Figure 3.8. Relative solar radiation (% of solar radiation incoming in the open field) from the
western to the eastern alley boundary for the winter barley and winter wheat in the narrow
(a) and wide (b) alleys in growing season 2012/13 and in the narrow (c) and wide (d) alleys
in growing season 2013/14, calculated from the sowing to the harvest dates.
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3.1.3 Leaf ground coverage

Generally, in the narrow alley of the winter wheat, the highest leaf coverages were observed
on the leeward side and decreased with increasing distance from the short rotation coppice
(SRC)-strip (see fig. 3.9 (a)). The leaf coverages were 92 % (2012) and 98 % (2013) at 3 m
from the leeward SRC-strip, but were higher in 2012 (63 %) than in 2013 (46 %) at 8 m. At
16 m from the leeward SRC-strip, the leaves covered the ground only during autumn 2013.
At 43 and 48 m, no data were available in 2012 and no leaves were observed there in 2013.
For the wide alley of the winter wheat similar results were observed but leaves were blown less
far into this alley than in the narrow one (see fig. 3.9 (b)). They covered only 70 % of the
ground at 3 m in 2012, 96 % at 3 m and 38 % at 8 m in 2013.

In the narrow alley of the winter barley, the leaves covered the soil on both sides of the SRC-
strip, leeward and windward (see fig. 3.9 (c)). In autumn 2012, a higher coverage was observed
on the windward than on the leeward side, 27 % at 3 m and 76 % at 48 m from the leeward
SRC-strip. Conversely, in autumn 2013, 81 % leaf coverage at 3 m and 7 % at 8 m from the
leeward SRC-strip were observed, whereas only 26 % was observed at 48 m. In the wide alley
of the winter barley, only few leaves fell on the leeward and the windward sides in 2012 (36
and 13 %, respectively) (see fig. 3.9 (d)). Considerably more leaves covered the ground in
2013, however, only on the leeward side (76 % at 3 m and 14% at 8 m).

(a) (b)

(c) (d)

Figure 3.9. Leaf ground coverage (%) at several distances from the leeward SRC-strip in the
narrow (a) and wide (b) alleys of the winter wheat and in the narrow (c) and wide (d) alleys
of the winter barley, assessed during autumn 2012 and 2013.
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In the following pictures (fig. 3.10), leaf coverages of 98 % and of 27 % are represented as an
example.

(a) (b)

Figure 3.10. Pictures of the leaf ground coverage at 3 m: 98 % (a) on the narrow alley of
winter wheat in 2013 and 27 % (b) on the narrow alley of winter barley in 2012.

From the collected leaves out of the baskets next to the 8 m high SRC-strip, 7 g m−2 dry
matter of leaves were weighed at 2 m from the strip on the windward side, 46 g m−2 inside
the SRC-strip (between the fifth and sixth row from west to east) and 33 g m−2, 12 and
3 g m−2 respectively at 2, 6 and 10 m from the SRC-strip on the leeward side. More leaves
were weighed inside the 3-year rotation cycle SRC-strip: 56 g m−2, between the fifth and sixth
row from west to east. However, at 1 m on the windward side, only 1 g m−2 was collected.
At 1, 3 and 5 m from the SRC-strip on the leeward side, respectively 16, 5 and 3 g m−2 dry
matter of leaves were weighed.

3.1.4 Summary of the modifications of growing conditions in the
alley-cropping system

The greatest wind velocity reduction was observed during summer 2013, in the narrow alley
and with west winds, where 50 % reduction was observed up to the middle of the crop alley.
Except for east winds, the lowest wind velocities were measured on the leeward side of the
short rotation coppice (SRC)-strip and the highest on the windward side. Less wind velocity
reduction was observed during winter 2013, and in this period, the greatest reduction was also
given with west winds. Moreover, the wind velocity was more reduced behind several strips
than behind one. However, no reduction was observed in 2014.

Concerning the air temperature and relative humidity (RH), greater differences to the open
field mean between measurement points over the crop alley were observed in summer 2013
than in summer 2014, especially on sunny days. In 2013, in the morning hours, the temperature
and the potential evapotranspiration (pET) were in general the highest on the leeward and
the lowest on the windward side and in the SRC-strip, especially on the sunny day. The RH
followed the opposite trend. Furthermore, the temperature was lower in the crop alley than in
the open field, with differences from the mean temperature in the open field up to 5.1 °C. In
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the midday hours, the air temperature, RH and pET values were quite similar in the open field
and over the crop alley, but very high pET values were calculated on the sunny day, compared
to the other days. In the afternoon, the temperature was in general higher in the crop alley
than in the open field, especially on the windward than on the leeward side. The RH followed
again the opposite trend. The greatest pET was calculated on the sunny day on the windward
side. In summer 2014, the main difference over the crop alley was between 3 m and the other
measurement points, where lower temperature and pET as well as higher RH were measured
than at the other points. The other temperature and RH values of the crop alley and of the
open field were quite similar for the different conditions, but the pET values differed between
the sunny and cloudy conditions. The values of both, the air temperature and RH, within
the SRC-strip were similar to the windward points in the morning hours and to the leeward
points in the afternoon hours in 2013. In 2014, the SRC-strip showed the lowest RH values,
but similar temperatures than in the crop alley.

Under the SRC-strip, the soil water tension increased likewise over the measurement period
at each investigated depth, except for some decreases observed at 30 and 90 cm. At three
meters from the SRC-strip, the tension increased over the measurement period mostly at 30
and 60 cm depth, whereas in the middle of the crop alley, it increased mainly at 15 and 30 cm
depth. Under the SRC-strip and in the middle of the crop alley, periodic recessions of the soil
water tension were observed.

In both years and both crop alleys, the relative incoming solar radiation followed a bell-shaped
curve: it was reduced next to the SRC-strip, and increased progressively up to the middle
of the alley. The reduction of incoming solar radiation next to the SRC-strip was in general
greater and extended further into the crop alley in season 2012/13 (approximately 20 m) than
in season 2013/14 (approximately 5 m), especially on the leeward side of the winter wheat
narrow alley. No shade was cast on the windward side of the winter wheat wide alley in 2012/13
and on the winter barley wide alley in 2013/14. Furthermore, considerably more leaves were
observed on the ground next to the SRC-strips (mostly up to 8 m) than in the middle of
the crop alley, especially on the leeward side and in the autumn 2013. However, the greatest
amount of leaves was weighed within the SRC-strip.

3.2 Modifications of yield and quality parameters in crop alleys

The following section is divided into two parts: the results of the spatial analysis of yield
and grain moisture content and the results of yield components, plant development, aphid
infestation and hectoliter weight.
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3.2.1 Grain yield and grain moisture content spatial distribution

In the following sections, the results of interpolation of the soil conductivity values will be
firstly presented. Then, the measured and predicted yields/grain moisture contents (MCs)
of summer barley in 2008 and of winter wheat and winter barley in 2013 and 2014 will be
represented, depending on the distance from leeward SRC-strips. In each fig. (3.12-3.21), the
yield/MC distribution of one year and of one crop will be presented, firstly in narrow (a) and
wide (b) alleys of the alley-cropping system (ACS), and then in the narrow (c) and wide (d)
subplots of the open field (only 2013 and 2014). The statistical model results are available in
appendix D.1.

Soil conductivity

In table 3.3, the mean soil apparent electrical conductivity corrected to 25◦C values (EC25),
used to calculate the normalized soil apparent electrical conductivity corrected to 25◦C (nEC25),
are presented. The absolute EC25 values varied greatly depending on the crop which was
cultivated on the field.

Table 3.3. Mean soil apparent conductivity corrected to 25°C (EC25, in mS m−1) measured
in the crop alleys and open fields cultivated with the same crops at the experimental site in
Wendhausen.

Crop Crop alley and open field no. (see fig. 2.1) EC25 (mS m−1)
Winter oilseed rape 3,7,C2 30.72

Winter wheat 5,8,C3 25.51
Winter barley 2,6,C1 63.27
Fava bean 1 30.97
Maize 4 71.88

In fig. 3.11, the map of the interpolated nEC25 data is presented and shows a great variability
of the data (from 0.35 to 1.36), suggesting a high soil heterogeneity within one field. Moreover,
the three main soil zones Pelosol, Pseudogley-Pelosol and Pseudogley-Gley of the experimental
site (presented in fig. 2.4) were roughly identified, in the form of an east-west gradient. The
Kolluvisol-Gley zone was also identified south-east of the crop alley no. 8.
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Figure 3.11. Map of the interpolated normalized soil apparent electrical conductivity corrected
to 25°C (nEC25) values over the alley-cropping system (crop alley 1-8) and the crop open fields
(fields C1-C3) at the experimental site in Wendhausen (different colors of nEC25 correspond
to the range of one standard deviation, i.e. 0.18).

Grain yield in 2008

The yield model of 2008 for the summer barley had the significant terms of distance alone
and distance in interaction with the wide alley. Moreover, both the smoothers f4(nEC25i)
and f5(Xi, Yi) were significant. However, the model showed a quite low correlation coefficient
(0.30) (see appendix D.1).
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The measured yield in the narrow alleys varied greatly around the mean (53.7 dt ha−1), from
16.2 dt ha−1 to 91.5 dt ha−1 (see fig. 3.12 (a)) and the variability was quite similar over
the alleys, even though some extremes were observable around 40 m. The predicted yield was
almost a straight line up to the middle of the alleys but decreased slightly below the mean on
the windward side (48.5 dt ha−1). In the wide alleys, the mean yield was 54.8 dt ha−1 and the
values also showed a great range, from 14.6 to 78.2 dt ha−1 (fig. 3.12 (b)). The predicted
yield showed a slightly higher yield directly on the leeward side (60.0 dt ha−1) and at 51 m
(59.6 dt ha−1) and the lowest values on the windward side (46.3 dt ha−1).

(a) (b)

Figure 3.12. Distribution of the measured and predicted grain yield at 14 % moisture content
(dt ha−1) of the summer barley in 2008, from the leeward to the windward short rotation
coppice (SRC)-strip, in the narrow (a) and wide (b) alleys of the alley-cropping system.

Grain yield in 2013

The model used to predict the yield of the winter wheat and barley in the alley-cropping system
(ACS) in 2013 showed a significant effect of distance alone, in interaction with the narrow alley
and in interaction with winter wheat. Moreover, the smoothers f4(nEC25i) and f5(Xi, Yi)
were significant. In the model used to predict the yield of the winter wheat and barley in the
open fields, only the interaction of distance and the wide subplot and the spatial smoother
f5(Xi, Yi) were significant for yield spatial distribution. Both models showed a correlation
coefficient of 0.67 (see appendix D.1).

In the narrow alley of the winter wheat in the ACS, the predicted and measured yields followed
a bell-shaped curve (see fig. 3.13 (a)). The values were below the mean (84.1 dt ha−1) in
the first 10 meters close to the short rotation coppice (SRC)-strip, increased gradually above
the mean up to reaching their maximum (92.0 dt ha−1 for predicted yield and 106.4 dt ha−1

for measured yield) in the middle of the alley, and decreased again down to the windward
side where they reached a value around the mean. Concerning the wide alley of the ACS,
the predicted yield was around the mean on the leeward side (85.8 dt ha−1), the highest at
23 m (104.4 dt ha−1) and the lowest on the windward side (60.7 dt ha−1) (fig. 3.13 (b)).
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The measured yield followed a slightly different evolution than the predicted yield: it was
slightly below the predicted yield on the leeward side and mainly above on the windward
side. Moreover, the measured data showed a greater range from the middle of the alley up
to the windward side than on the leeward side. In the open field subplots, the measured and
predicted yields were similar over the distance. In the narrow subplot, the mean measured yield
was 96.7 dt ha−1, whereas the mean predicted yield was 101.1 dt ha−1 (fig. 3.13 (c)). In the
wide subplot, the mean measured yield (95.0 dt ha−1) was slightly below the predicted yield
(around 100 dt ha−1) (fig. 3.13 (d)).

(a) (b)

(c) (d)

Figure 3.13. Distribution of the measured and predicted grain yield at 14 % moisture content
(dt ha−1) of the winter wheat in 2013, from the leeward to the windward short rotation coppice
(SRC)-strip of the narrow (a) and wide (b) alleys of the alley-cropping system and from the
western to the eastern boundary of the narrow (c) and wide (d) subplots in the open field.

In general, the yields measured in the winter barley were lower than the ones measured in the
winter wheat (see fig. 3.14). In 2013, the winter barley showed a similar distribution of the
predicted yield in the narrow alley than the winter wheat. The predicted yield of the barley
ranged in this alley around the measured mean of 69.0 dt ha−1 (from 68-69 dt ha−1 next to
SRC-strips up to 73.3 dt ha−1 in the middle of the alley) (see fig. 3.14 (a)). The measured
yield was, however, in trend the lowest on the leeward (45.2 dt ha−1) and the highest on the
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windward side (with the second highest point 93.7 dt ha−1 at 39 m). The predicted yield
in the wide alley followed the same curve shape as the one in wide winter wheat alley (high
on the leeward and low on the windward side), but with less differences between minimum
(51.1 dt ha−1 at 96 m) and maximum (76.9 dt ha−1 at 20 m) (see fig. 3.14 (b)). As for
the winter wheat wide alley, the measured yield of the winter barley slightly differed from the
predicted yield, being lower next to SRC-strip and higher in the middle of the crop alley (bell-
shaped curve), ranging around the mean of 66.1 dt ha−1, from 35.1 dt ha−1 to 90.0 dt ha−1.
The results in the open field were the same as in the winter wheat, as almost no influence of
distance was detected (straight line without slope) (see fig. 3.14 (c)(d)). The mean predicted
yield was the same as the measured yield in both subplots (around 73 dt ha−1).

(a) (b)

(c) (d)

Figure 3.14. Distribution of the measured and predicted grain yield at 14 % moisture content
(dt ha−1) of the winter barley in 2013, from the leeward to the windward short rotation coppice
(SRC)-strip of the narrow (a) and wide (b) alleys of the alley-cropping system and from the
western to the eastern boundary of the narrow (c) and wide (d) subplots in the open field.

Grain yield in 2014

In 2014, for the model of the ACS, the smoothers distance alone, in interaction with winter
barley and the terms f4(nEC25i) and f5(Xi, Yi) were significant. A linear effect of width
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was detected, as slightly higher values were measured in the wide alleys of both crops in
the ACS, however not significant. In the open field, only a significant effect of the spatial
smoother f5(Xi, Yi) on the yield spatial distribution was detected. The model of the ACS
showed a correlation coefficient of 0.48 and the model of the open field, a coefficient of 0.18
(see appendix D.1).

For the winter wheat, the measured values ranged from 59.2 dt ha−1 to 102.2 dt ha−1 in the
narrow alley (mean: 84.4 dt ha−1) (see fig. 3.15 (a)) and from 40.5 dt ha−1 to 114.2 dt ha−1

in the wide alley (mean: 89.8 dt ha−1) (see fig. 3.15 (b)). The predicted yield followed in
general quite well the measured yield: in the narrow alley, it was the lowest on the leeward
(83.7 dt ha−1) and the highest on the windward side (89.3 dt ha−1); in the wide alley, the
highest predicted yield was 94.3 dt ha−1 at 61 m and the lowest around 87-88 dt ha−1 on
both sides next to the trees. In the open field, the predicted values followed a straight line
without slope (see figs. 3.15 (c)(d)). The mean measured yields in the open field were 93.9
and 93.2 dt ha−1, whereas the mean predicted yields were 96.3 and 96.7 dt ha−1, respectively
in the narrow and wide subplots.

(a) (b)

(c) (d)

Figure 3.15. Distribution of the measured and predicted grain yield at 14 % moisture content
(dt ha−1) of the winter wheat in 2014, from the leeward to the windward short rotation coppice
(SRC)-strip of the narrow (a) and wide (b) alleys of the alley-cropping system and from the
western to the eastern boundary of the narrow (c) and wide (d) subplots in the open field.
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In the narrow and wide alleys of the winter barley, the predicted and the measured values were
lower next to the SRC-strips than in the middle of the crop alleys (see figs. 3.16(a)(b)). The
measured yield ranged from 60.8 dt ha−1 to 98.9 dt ha−1 (mean: 76.0 dt ha−1) in the narrow
alley, and from 51.4 dt ha−1 to 121.5 dt ha−1 (mean: 90.6 dt ha−1) in the wide alley. The
predicted values were on average 66.2 dt ha−1 on the leeward side, 80.4 dt ha−1 in the middle
and 73.6 dt ha−1 on the windward side of the narrow alley, and thus followed quite well the
measured values. In the wide alley, the predicted yield was mainly above the measured mean,
ranging from 85.9 dt ha−1 on the windward side up to 104.7 dt ha−1 at 25 m. There was
no effect of distance in the open field, where the measured mean was 87.7 dt ha−1 and the
predicted mean was 91.8 dt ha−1 in both subplots (see figs. 3.16(c)(d)).

(a) (b)

(c) (d)

Figure 3.16. Distribution of the measured and predicted grain yield at 14 % moisture content
(dt ha−1) of the winter barley in 2014, from the leeward to the windward short rotation coppice
(SRC)-strip of the narrow (a) and wide (b) alleys of the alley-cropping system and from the
western to the eastern boundary of the narrow (c) and wide (d) subplots in the open field.
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Grain moisture content in 2008

Similarly to the yield model of 2008, the model fitting the grain moisture content (MC) of
the summer barley in 2008 had distance and distance in interaction with the narrow alley as
significant smoothers. The smoother f5(Xi, Yi) was also significantly involved, but nEC25

was only included as a linear factor. The model showed a correlation coefficient of 0.22 (see
appendix D.1).

In general, the measured and predicted grain MC was slightly higher next to the SRC-strips
than in the middle of the alleys (see fig. 3.17) and thus followed an inverted curve shape than
the yield. In the narrow alleys, the mean measured MC was 16.8 % and the measured values
ranged between 15.2 and 22.3 % (fig. 3.17 (a)). However, the predicted MC did not vary
much: it followed the measured mean over the alley and was only slightly above it on the
leeward (17.3 %) and on the windward side (17.1 %). In the wide alleys, the measured values
varied less around the mean (16.3 %) than in the narrow alleys, even though extreme values
were detected (minimum: 15.0 % and maximum: 23.6 %). The predicted values followed
the measured mean over the alley, and were only slightly higher on the leeward and on the
windward side (16.7 % for both sides) (fig. 3.17 (b)).

(a) (b)

Figure 3.17. Distribution of the measured and predicted grain moisture content (%) of the
summer barley in 2008, from the leeward to the windward short rotation coppice (SRC)-strip,
in the narrow (a) and wide (b) alleys of the alley-cropping system.

Grain moisture content in 2013

In the model fitting the grain MC in the alley-cropping system (ACS) for 2013, the smoothers
distance alone, in interaction with the narrow alley, in interaction with the crop winter barley
and the normalized soil apparent electrical conductivity corrected to 25◦C (nEC25) as a linear
factor were significant. The spatial smoother f5(Xi, Yi) was not included in this model. The
model used to predict the distribution of grain MC over the open field had two significant
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terms: the distance from SRC-strip in interaction with the crop winter barley and the spatial
smoother f5(Xi, Yi). Each of these models showed a high correlation coefficient: 0.95 for the
ACS and 0.86 for the open field (see appendix D.1).

In this harvest year, in the winter wheat alleys of the ACS, the mean grain MC was in general
higher in the narrow alley (19.4 %) than in the wide alley (17.7 %). Furthermore, the MC
was higher next to the short rotation coppice (SRC)-strips than in the middle of the alleys,
especially on the leeward side of the narrow alley (maximum measured MC 23 %) (see fig.
3.18 (a)), where the data spread was the greatest. The predicted MC in the narrow alley
ranged from its maximum (20.5 %) on the leeward side up to its minimum (18.5 %) in the
middle of the alley and was 19.8 % on the windward side, matching quite well the observed
values. In the wide alley, the highest MC values were observed on the leeward side (measured
MC 20 % and predicted MC 19.2 %) (see fig. 3.18 (b)). From approximately 20 m from the
SRC-strip, the measured and predicted values stayed around the measured mean over the rest
of the alley. In the open field, the predicted and measured MC of both subplots remained at
the value of measured mean (16.1 %) over the distance from the western boundary (see figs.
3.18 (c)(d)).
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(a) (b)

(c) (d)

Figure 3.18. Distribution of the measured and predicted grain moisture content (%) of the
winter wheat in 2013, from the leeward to the windward short rotation coppice (SRC)-strip of
the narrow (a) and wide (b) alleys of the alley-cropping system and from the western to the
eastern boundary of the narrow (c) and wide (d) subplots in the open field.

Concerning the MC in the winter barley in the ACS in 2013, the highest values were in
general observed on the windward sides in both alleys (see fig. 3.19). In general, the mean
measured MC was also higher in the narrow alley (14.1 %) than in the wide alley (13.2 %).
In the narrow alley, the minimum measured value (13.2 %) was observed on the leeward
side, whereas the minimum predicted value was calculated in the middle of the alley (13.5 %
at 25 m) (see fig. 3.19 (a)). The highest measured value in this crop alley (16.0 %) was
observed around 40 m and the highest predicted value (15.2 %) at 45 m. In the wide alley,
the measured and predicted MC remained around the measured mean (around 13 %) up to
83 m, and then the predicted MC increased up to 14 % on the windward side, where the
maximum MC value (15.3 %) was calculated (see fig. 3.19 (b)). As for the winter wheat,
the MC of the winter barley in the open field was the same over the distance (straight line
without slope), following the measured mean (13.8 % for both subplots) (see figs. 3.19 (c)(d)).
However, in the last meters of the wide subplot, the predicted MC increased up to 14.7 % and
the maximum measured MC up to 16.5 %.
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(a) (b)

(c) (d)

Figure 3.19. Distribution of the measured and predicted grain moisture content (%) of winter
barley in 2013, from leeward to windward short rotation coppice (SRC)-strip of the narrow (a)
and wide (b) alleys of the alley-cropping system and from the western to the eastern boundary
of the narrow (c) and wide (d) subplots in the open field.

Grain moisture content in 2014

In 2014, the model used to fit the MC data of the ACS had the following significant terms:
the smoother distance alone, in interaction with the narrow alley and with the winter barley.
The smoother f5(Xi, Yi) was also significant. nEC25 was integrated as a linear factor, but it
was significant for the model. The model used to fit the data in the open field also showed
the distance smoother, alone and in interaction with the winter wheat crop as significant. The
terms nEC25 and Width were significant as linear factors. The smoother f5(Xi, Yi) was not
integrated in this model. The correlation coefficients were high: 0.71 for the ACS and 0.84
for the open field (see appendix D.1).

The mean MC of the winter wheat in the ACS was similar in the narrow and the wide alley
(respectively 15.9 % and 15.6 %). As shown in fig. 3.20, the distribution of the values over
the alley was, however, quite different. In the narrow alley, the predicted MC was around
the measured mean up to the middle of the crop alley, from where it decreased to 15.2 %,
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and then increased again up to 16.6 % around 41 m and finally decreased to 14.5 % very
close to the SRC-strip (see fig. 3.20 (a)). The measured MC was a little more spread on the
leeward side, with the lowest (14.6 %) and the highest (17.4 %) values, but then followed the
mean up to the windward side. In the wide alley, the measured and predicted values were very
close to the measured mean, except on the leeward side, where the highest predicted MC was
calculated (16.2 %). The measured values ranged from 15.1 to 17.4 % (see fig. 3.20 (b)).
In the open field, the predicted and measured MC were the highest on the western boundary
and decreased progressively, reaching their minimum on the eastern boundary. In the narrow
subplot, the predicted MC ranged from 15.6 % to 14.7 %, whereas the measured MC ranged
from 14.3 % to 16.4 % (mean: 15.1 %) (see fig. 3.20 (c)). In the wide subplot, the predicted
MC ranged from 15.7 % to 14.7 % and the measured MC from 14.0 % to 17.5 % (mean:
15.0 %) (see fig. 3.20 (d)).

(a) (b)

(c) (d)

Figure 3.20. Distribution of the measured and predicted grain moisture content (%) of the
winter wheat in 2014, from the leeward to the windward short rotation coppice (SRC)-strip of
the narrow (a) and wide (b) alleys of the alley-cropping system and from the western to the
eastern boundary of the narrow (c) and wide (d) subplots in the open field.
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Concerning the winter barley, the measured MC showed a great spread in the narrow alley of
the ACS (14.0 to 19.3 %), and a higher mean (15.0 %) than in the wide alley, where values
ranged from 13.5 to 15.1 % around the mean of 14.0 % (see figs. 3.21 (a)(b)). In the narrow
alley, the distribution of the predicted values was also quite different from the one in the wide
alley: the values followed the measured mean up to the middle of the alley, decreased to 14.4 %
in the middle, increased again to the maximum 16.1 % at 42 m, and decreased quite quickly
to the minimum 14.0 % on the windward side. In contrast to the winter wheat, the MC in the
wide alley of the winter barley was slightly lower on the leeward side (13.8 %) and increased
progressively up to 14.3 % on the windward side. In the open field, the predicted MC followed
a straight line without slope in both subplots, having the same value than the measured mean
(13.4 % in both subplots) (fig. 3.21 (c)(d)). The measured values were slightly spread around
this mean, ranging from 13.1 % to 14.2 % in the narrow subplot, and from 13.0 to 14.9 % in
the wide subplot.

(a) (b)

(c) (d)

Figure 3.21. Distribution of the measured and predicted grain moisture content (%) of the
winter barley in 2014, from the leeward to the windward short rotation coppice (SRC)-strip of
the narrow (a) and wide (b) alleys of the alley-cropping system and from the western to the
eastern boundary of the narrow (c) and wide (d) subplots in the open field.
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3.2.2 Yield components

The results of the yield components will be organized per crop (firstly the winter wheat and
then the winter barley). For each crop and each harvest year (2013 and 2014), the mean
values and standard errors of the total grain weight (GW), the ear number per m2 (EN) and
the thousand grain weight (TGW) will be presented for each zone (leeward, middle, windward),
and for all points of the alley-cropping system (ACS) and the open field. Then, the correlation
graphs of the GW against the EN and the TGW will be presented, followed by the results of
the variance analyses. The statistical results of these analyses are available in appendix D.2.

Winter wheat

As presented in table 3.4, in 2013, the GW, the EN and the TGW of the winter wheat were
lower on the leeward (3 and 8 m in both alley widths) and the windward sides (43 and 48 m
in the narrow crop alley, 91 and 96 m in the wide crop alley from the leeward short rotation
coppice (SRC)-strip) than in the middle of the crop alleys (16, 25.5 and 35 m in the narrow
crop alley, 32, 49.5 and 67 m in the wide crop alley from the leeward SRC-strip, see fig.
2.6). Furthermore, the highest values were reached in the open field for all parameters. In
2014, almost no differences in the GW were observed between the different systems and zones.
However, the EN was lower on the leeward side than in the middle of the alley, whereas the
highest EN was observed in the open field. The TGW was higher in the ACS than in the open
field, whereas the highest TGW was reached on the leeward side.

Table 3.4. Mean ± standard error of the total grain weight (GW), the ear number per m2

(EN), the thousand grain weight (TGW) and number of observations (n) in the leeward (L),
the windward (W) and the middle zones (M) (see fig 2.6), for all points of the alley (ACS) and
in the open field (OF) of the winter wheat in 2013 and 2014 (GW and TGW are presented at
14 % moisture content) (ND: No data).

Position L W M ACS OF
Parameter 2013

n 15 7 24 46 4
GW (kg m−2) 0.66 ± 0.07 0.79 ± 0.08 1.02 ± 0.02 0.87 ± 0.04 1.13 ± 0.03
EN (per m2) 534 ± 39 568 ± 51 661 ± 11 606 ± 18 709 ± 17
TGW (g) 44.7 ± 0.9 44.4 ± 0.5 47.0 ± 0.5 45.9 ± 0.4 49.9 ± 0.6
Parameter 2014

n 15 ND 8 23 4
GW (kg m−2) 0.96 ± 0.04 ND 1.03 ± 0.03 0.98 ± 0.03 1.06 ± 0.04
EN (per m2) 570 ± 25 ND 613 ± 13 585 ± 17 632 ± 22
TGW (g) 50.5 ± 0.7 ND 49.3 ± 0.9 50.1 ± 0.6 46.7 ± 0.7
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In fig. 3.22, the correlations between the GW and the EN ((a) and (b)) and between the
GW and the TGW ((c) and (d)) are graphically shown for the leeward and windward points
together, and for the middle points, for 2013 and 2014. Generally, in both years, the values in
the leeward and the windward zones had a greater range than the values in the middle zone.
The measurement points at 3 m from the SRC-strip showed in general lower values of GW
and EN than at 8 m, in both years. Moreover, there was a clearer relationship between the
GW and the EN than between the GW and the TGW, especially for the windward and leeward
zone, in both years.

(a) (b)

(c) (d)

Figure 3.22. Correlation between the total grain weight (kg m−2) and the ear number per m2

in the leeward and windward (a) and the middle (b) zones, and between the total grain weight
and the thousand grain weight (g) in the leeward and windward (c) and the middle (d) zones of
the winter wheat alleys of the alley-cropping system in 2013 and 2014 (Distances are indicated
respectively from the leeward (L) and windward (W) short rotation coppice (SRC)-strips).
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Considering all data of 2013 (including the open field), both components, the EN and the
TGW, significantly explained the GW and there was no significant interaction (see appendix
D.2). When only the leeward points were considered, the TGW and the interaction of the
TGW and the EN were significant, whereas when only the windward points were considered,
only the EN was significant. By analyzing only the middle points (16m (L), 32m (L), Middle,
32m (W) and 16m (W)), no parameter was significant. For 2014, in the model including
all data, the EN and the TGW and their interactions, had a significant effect on GW. When
including only the leeward points in the model, only the EN had a significant effect on GW.
Concerning the middle points, again no parameter was significant. Each model fitted well the
data, as the correlation coefficients were all > 0.69 (see appendix D.2).

Winter barley

In the winter barley, the trends of 2013 were quite similar to the ones observed in the winter
wheat (see table 3.5). The total grain weight (GW) was the lowest on the leeward side (3 and
8 m from leeward short rotation coppice (SRC)-strip, in both alley widths), slightly higher on
the windward side (43 and 48 m in the narrow crop alley, 91 and 96 m in the wide crop alley
from leeward SRC-strip) and in the middle of the crop alleys (16, 25.5 and 35 m in the narrow
crop alley, 32, 49.5 and 67 m in the wide crop alley from leeward SRC-strip) and the highest
in the open field. The ear number per m2 (EN) was the lowest on the leeward side, followed
by the windward side, whereas the highest EN was observed in the middle of the crop alleys,
being slightly higher than the one in the open field. Within the alley-cropping system (ACS),
the thousand grain weight (TGW) was the highest on the windward side, but considering all
systems, it was the highest in the open field. In 2014, the GW and the EN were also the lowest
on the leeward side and the highest in the open field. In contrast to the winter wheat, the
differences between the measured values were similar to the ones observed in 2013. However,
in 2014, the TGW was the highest in the ACS.
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Table 3.5. Mean ± standard error of the total grain weight (GW), the ear number per m2

(EN), the thousand grain weight (TGW) and the number observations (n) in the leeward (L),
the windward (W) and the middle zones (M) (see fig 2.6), for all points of the alley (ACS) and
in the open field (OF) of the winter barley in 2013 and 2014. GW and TGW are presented
with 14 % moisture content (ND: No data).

Position L W M ACS OF
Parameter 2013

n 14 16 23 53 4
GW (kg m−2) 0.67 ± 0.02 0.73 ± 0.05 0.79 ± 0.02 0.74 ± 0.02 0.80 ± 0.04
EN (per m2) 356 ± 17 383 ± 14 410 ± 12 387 ± 8 406 ± 33
TGW (g) 49.2 ± 0.9 49.8 ± 0.9 48.9 ± 0.8 49.2 ± 0.5 54.2 ± 0.3
Parameter 2014

n 15 ND 8 23 4
GW (kg m−2) 0.60 ± 0.05 ND 0.70 ± 0.05 0.63 ± 0.04 0.76 ± 0.02
EN (per m2) 290 ± 22 ND 325 ± 22 302 ± 17 385 ± 17
TGW (g) 52.1 ± 0.6 ND 52.3 ± 1.0 52.2 ± 0.5 47.4 ± 0.2

In fig. 3.23, the correlations between the GW and the EN ((a) and (b)) and between the
GW and the TGW ((c) and (d)) are graphically presented in the three zones. The correlation
between the GW and the EN was stronger than the correlation between the GW and the TGW,
however, the spread of data was not so great as for the winter wheat.
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(a) (b)

(c) (d)

Figure 3.23. Correlation between the total grain weight (kg m−2) and the ear number per m2

in the leeward and windward (a) and the middle (b) zones, and between the total grain weight
and the thousand grain weight (g) in the leeward and windward (c) and the middle (d) zones of
the winter barley alleys of the alley-cropping system in 2013 and 2014 (Distances are indicated
respectively from the leeward (L) and windward (W) short rotation coppice (SRC)-strips).

After performing variance analyses with the whole data set (including the open field) and
separately for the leeward, the windward and the middle points, it appeared that in 2013 both,
the TGW and EN parameters, always significantly explained the GW (see appendix D.2). In
2014, including all data in the model, both parameters and their interactions were significant.
For the leeward and the middle points (without the open field), only the EN was significant.
The correlation coefficients were for almost all models higher when including the random
effects. They ranged from 0.64 to 0.91, showing a good fit to the data (see appendix D.2).
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3.2.3 Plant development, aphid infestation and hectoliter weight

Plant development

In table 3.6, the phenological stages assessed on different dates are presented for the narrow
and wide alleys of the winter wheat and the winter barley. Only the stages at 3 m from the
leeward and windward short rotation coppice (SRC)-strips and in the middle of the crop alley
and in the open field are presented. At the other measurement points of the transect, the
plants had rather the same development as at the middle points (data not shown).

In both years, the winter wheat and winter barley plants on the leeward and windward measure-
ment points reached in general later the phenological stages than the plants in the middle of
the alley and in the open field. However, the differences between the measurement points were
still quite small, in both years. The greatest differences were measured in 2014 in the narrow
winter wheat alley (05/20/14) and in the narrow winter barley alley (05/20/14; 06/12/14).

Table 3.6. Phenological stages according to the BBCH scale (Meier, 1997), assessed at several
dates, at 3 m on the leeward (L) and on the windward (W) sides and in the middle of the
narrow and wide alleys of the winter wheat and winter barley, in the alley-cropping system and
the open field (OF) (ND: No data).

Crop
2013 2014

Date 3 m (L) Middle 3 m (W) OF Date 3 m (L) Middle OF
Winter 04/24 22 24 22 25 04/16 30 32 32
wheat 05/21 37 38 37 38 05/20 54 59 58
narrow 06/26 65 65 66 67 06/12 75 75 75
alley 07/04 74 75 75 75 07/01 85 85 85
Winter 04/24 23 23 ND 25 04/16 30 31 32
wheat 05/21 38 38 ND 38 05/20 53 59 58
wide 06/26 67 68 ND 67 06/12 74 75 75
alley 07/04 75 75 ND 75 07/01 85 85 85
Winter 04/18 24 25 24 25 04/16 30 31 32
barley 05/21 50 51 50 51 05/20 60 69 70
narrow 06/20 75 76 75 75 06/12 78 83 86
alley 07/04 85 87 85 85 - - - -
Winter 04/18 23 24 24 25 04/16 31 33 32
barley 05/21 49 51 50 51 05/20 70 71 70
wide 06/20 76 76 75 75 06/12 85 85 86
alley 07/04 85 87 85 85 - - - -



3 Results 90

Aphid infestation, aphid mummies and beneficial insects

In 2013, in the winter wheat, a lot of aphids were observed in the crop alley during the first
counting on the 06/18 (from 61.5 aphids on 10 tillers at 45 m up to 174.3 aphids on 10 tillers
at 3 m in the narrow alley, data not shown). However, after one application of insecticide
(Pirimor®, Syngenta), the whole population died and almost no aphids were observed on the
second date of counting (07/02/13). Some aphid mummies and beneficial insects (mainly
ladybug and its larva, green lacewing and its larva and syrphid flies) were observed all over
the crop alley on both dates, however, only maximum 3 at one point (mean of 4 counts on 10
tillers).

In the winter barley alleys, on the first counting date (06/18/13, see fig. 3.24 (a)), some
aphids were also counted in both alleys (from 1.3 to 13.0 aphids observed on 10 tillers). No
insecticide was applied and the population grew especially at 3 m next to the short rotation
coppice (SRC)-strips, on both, the leeward and the windward sides, and in both, the narrow and
the wide alleys, reaching populations of 88.3 aphids on the second counting date (07/02/13,
see fig. 3.24 (b)). On both counting dates, few aphid mummies and beneficial insects were
also observed next to the SRC-strips, but not at all at the other measurement points in the
crop alley and in the open field.
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(a)

(b)

Figure 3.24. Mean counts of aphids (± standard error), aphid mummies and beneficial insects
on 10 tillers at different distances from the leeward short rotation coppice (SRC)-strip, in the
winter barley narrow and wide alleys of the alley-cropping system and in the open field (OF)
on the 06/18/13 (a) and on the 07/02/13 (b).

In 2014, aphid populations stayed very small in both, the narrow and the wide alleys, of the
winter wheat and the winter barley, next to the SRC-strip and in the middle of the alley (data
not shown). The number of aphids on 10 tillers ranged from 0.5 to 3.3 in the winter barley
and from 0.5 to 2.3 in the winter wheat.

Hectoliter weight

In fig. 3.25, the distribution of the hectoliter weight over the alley is presented for both
crops and both widths of the alley-cropping system (ACS) and for the open field, in 2013 and
2014. The winter wheat showed higher values than the winter barley (respectively around 80
and 60 kg hL−1). Moreover, for each crop, the values were lower in 2013 than in 2014 (for
the winter wheat, around 81 kg hL−1 in 2013 and 86 kg hL−1 in 2014 and for the winter
barley around 61 kg hL−1 in 2013 and 65 kg hL−1 in 2014). Generally, the distribution of the
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hectoliter weight over the alley, from the leeward side next to the SRC-strip to the windward
side, was different in 2013 than in 2014, for both crops and both widths. In 2014, similar
values were observed over the alley whereas in 2013, lower hectoliter weights were measured
next to the SRC-strips. For the winter wheat in 2013, the minimum value (77.1 kg hL−1) was
measured in the first track of the narrow alley, on the leeward side, whereas the maximum
value of the ACS (82.6 kg hL−1) was measured in the middle track of the wide alley. The
values of the open field were slightly above the maximal value of the ACS (82.8 kg hL−1).
Concerning the winter barley in 2013, the lowest value was also measured in the first track of
the wide alley (57.9 kg hL−1), whereas the highest value was measured in the middle of the
narrow alley (63.8 kg hL−1). In the open field, the hectoliter weight was slightly below the
highest value of the ACS (63.4 kg hL−1). In 2014, no value was available in the last track of
the winter barley wide alley.

Figure 3.25. Hectoliter weights (kg hL−1) of the winter wheat and the winter barley at each
track of the combine harvester from the leeward to the windward side of the narrow and wide
alleys of the alley-cropping system and in the open field (OF), in 2013 and 2014.

3.2.4 Summary of the modifications of yield and quality parameters in crop
alleys

Concerning the alley-cropping system (ACS), in 2008, the measured and predicted yield and
grain moisture content (MC) values were almost following a straight line over the alleys, with,
however, a slight reduction of yield on the windward side of the wide alleys. In 2013, for both
crops (winter wheat and winter barley) in the ACS, the yield was following a bell-shaped curve
with lower values next to the short rotation coppice (SRC)-strip, on both sides, than in the
middle of the crop alleys. This effect was amplified for the predicted values on the windward
side of the wide alleys, even though the measured values followed a different evolution. In
general, the winter wheat showed higher yield values and a greater data range than the winter
barley. The grain MC also showed in the ACS a bell-shaped curve, but inverted: higher values
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were observed next to the SRC-strip than in the middle of the crop alley. This effect was for
the MC more amplified for the narrow alleys, where the grain MC was in general higher. The
reduced values (below the mean) of the yield and the MC were mainly extending up to 10 m
into the alleys. A significant effect of distance, alone, in interaction with the alley width and
the crop was detected for both yield and MC models of the ACS. Furthermore, the smoothers
f4(nEC25i) and f5(Xi, Yi) were significant for the yield, whereas only the normalized soil
apparent electrical conductivity corrected to 25◦C (nEC25) as a linear factor was significant
for the MC. In 2014, the bell-shaped curve of predicted yield in the ACS was observed only for
the winter barley yield, where the distribution of values over the crop alleys was similar to the
one in 2013. Moreover, in the narrow alley of the winter barley, quite high MC values were
measured and predicted at 40 m.

Conversely, the measured and predicted yield and MC values in the open field were mostly
following a straight line without slope over the distance, in both years and for both crops.
However, the yield in the wide subplot of both crops showed a light curved line, and slightly
higher MC were predicted at the eastern boundary of the winter barley wide subplot. In 2013,
a significant effect of distance in interaction with the subplot width was indeed detected for
the yield model and a significant effect of distance in interaction with crop was detected for
the MC model. A distance effect in interaction with the crop was detected for the MC model
in both years, and an additional sole distance effect was detected in 2014. Furthermore, the
measured and predicted means were in general quite similar. For the yield model, the spatial
smoother f5(Xi, Yi) was significant in both years and only in 2013 for the MC model.

In 2013, the total grain weight (GW), the ear number per m2 (EN) and the thousand grain
weight (TGW) of the winter wheat and the winter barley were lower and showed a greater
range on the leeward and the windward sides than in the middle of the crop alley and in the
open field. In general, for both crops, a stronger correlation between the GW and the EN than
between the GW and the TGW was observed graphically. However, for all and the middle
points of the winter wheat, both, the EN and the TGW, explained significantly the GW. The
EN had more effect on the GW than the TGW on the windward side, whereas the TGW
affected more the GW on the leeward side. Concerning the winter barley, all parameters and
their interactions had significant effects on the GW at all points, and separately in the three
zones: leeward, windward and middle.

In 2014, the GW differences between the measurement points were not as big as in 2013 for
the winter wheat. For both crops, the EN was slightly low on the leeward side, but the TGW
was in general higher in the ACS than in the open field. Similarly to 2013, when considering
all points together, both, the EN and the TGW, significantly explained the GW of the winter
wheat and the winter barley. However, when considering only the leeward points, only the EN
had a significant effect on the GW in both crops, and additionally on the GW of the middle
points for the winter barley.
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In both years, both crops showed in general smaller phenological stages next to the SRC-strip
than in the middle of the crop alley and in the open field on the same date. Moreover, when
no insecticide was applied, greater populations of aphids, and slightly more beneficial insects,
were recorded next to the SRC-strip than in the middle of the crop alley and in the open
field. Furthermore, the winter wheat showed higher values of hectoliter weight than the winter
barley. For both crops, the values were in general higher and more similar over the crop alley
in 2014 than in 2013, where lower values were recorded next to the SRC-strips than over the
rest of the alleys.

3.3 Modifications of growth and yield in short rotation
coppice-strips

In the following section, the results of the growth measurements will be presented, i.e. the
diameters at breast height (DBHs), the shoots heights and the number of shoots per tree. Sub-
sequently, the results of the biomass estimation conducted in winter 2013/14 will be reported
as in Lamerre et al. (2015).

3.3.1 Diameters at breast height

In winter 2009/10, the data were not differentiated regarding the rotation cycle as no harvest
was carried out yet. The significantly largest DBHs were observed in the leeward rows of the
short rotation coppice (SRC) design (3.1 cm), whereas the smallest were measured in the
SRC-control field (1.8 cm) (see fig. 3.26 (a)). Generally, the DBH range was greater and the
values lower in the combined than in the SRC design.

Concerning winter 2013/14, two different ranges1 of DBHs were observed depending on the
rotation cycle; however, no significant differences could be detected (see fig. 3.26 (b)). In
the 3-year rotation cycle (3y-RC), the values mostly ranged from 1 to 3 cm. In this rotation
cycle, the DBHs were the largest in the outer rows of the SRC design (leeward and windward,
respectively 2.6 and 2.5 cm). The DBHs measured in the SRC-control field were similar to the
ones in the middle rows of the SRC and combined design (around 2.2-2.3 cm). In the combined
design, the largest DBHs were observed in the windward rows (2.5 cm). In the 6-year rotation
cycle (6y-RC), most of the values ranged from 4 to 8 cm. The DBHs in the combined design
were in general larger than in the SRC design. Within the combined design, the largest DBHs
were situated in the leeward rows (6.6 cm), whereas in the SRC design, the largest DBHs were
observed in the windward rows (6.4 cm). The smallest DBHs were measured in the middle
rows of the SRC design (5.0 cm).

1In the box and whiskers plots, the gray bold line in each box represents the median, the crosses represent
the mean, the bottom of the box represents the first quartile and the top of the box the third quartile. The
ends of the whiskers represent ± 1.5 x interquartile range.
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In winter 2014/15, the DBHs were around 1 cm in both rotation cycles (see fig. 3.26 (c)).
In the 3y-RC, within each design, the DBHs of the windward rows (1.1 cm) were significantly
larger than the ones of the middle rows (for both designs 0.9 cm). In the 6y-RC, the values
measured in the middle rows of the SRC design (mean of 0.9 cm) were the smallest, and
significantly different from the ones measured in the windward (mean of 1.2 cm) and the
leeward rows of the combined design (mean of 1.1 cm). The statistical results of the variance
analysis for the DBHs measured in winter 2009/10, 2013/14 and 2014/15 in both rotation
cycles are available in appendix D.3.

(a)

(b) (c)

Figure 3.26. Box and whiskers plots of the diameters at breast height measured in the leeward,
windward and middle rows of the combined and short rotation coppice (SRC) designs, in winter
2009/10 (a), 2013/14 (b) and 2014/15 (c) in the 3-year rotation cycle (3y-RC) and the 6-
year rotation cycle (6y-RC) SRC-strips and in the SRC-control field (Control field). Different
letters at the top of each box and whiskers indicate a statistical difference at the 0.05 level of
probability.
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3.3.2 Shoot heights

In fig. 3.27, the predicted shoot heights for several diameters at breast height (DBHs) are
presented for the different designs and rotation cycles (for each rotation cycle and each design:
leeward, middle and windward rows; additionally for the 3-year rotation cycle (3y-RC), the
short rotation coppice (SRC)-control field). For almost each model, the correlation coefficient
(R2) was higher with than without random effects. Moreover, the R2 values were > 0.80,
showing a good fit to the data.

In winter 2013/14, the shoots in the 3y-RC with similar DBH and > 2 cm were the tallest in
the middle rows of the SRC design and in the SRC-control field, whereas they were the smallest
in the leeward and middle rows of the combined design (see fig. 3.27 (a)). In contrast, shoots
with a DBH < 2 cm were taller in the leeward and middle rows of the combined design than
in the SRC-control field and the windward rows of the SRC design. For trees in the 6-year
rotation cycle (6y-RC), the shoots with a similar DBH had the smallest heights in the windward
rows of both designs, for the whole DBH range (see fig. 3.27 (b)). For DBH < 4 cm, the
tallest shoots were found in the leeward rows of the SRC design and the middle rows of the
combined design. For DBHs > 4 cm, the tallest shoots were located in the middle rows of the
SRC design.

In winter 2014/15, a similar trend as in 2013/14 was observed; however, less distinctively when
DBH showed smaller values. In the 3y-RC, for DBHs < 1 cm, shoots were the tallest in the
windward rows of the SRC design and the smallest in the control field, whereas for DBHs >
1 cm, the opposite was observed: the tallest shoots were situated in the SRC-control field,
in the leeward rows of the SRC-strips in both designs and the middle rows of the combined
design (see fig. 3.27 (c)). The smallest heights of this rotation cycle were observed for DBHs
> 1 cm in the windward rows of both designs and the middle rows of the SRC design. In the
6y-RC, slopes and intercepts for the different rows and designs were very similar to each other,
as prediction lines were very close and parallel (see fig. 3.27 (d)). Only the middle rows of
the combined design showed slightly taller shoots than the other rows for DBHs < 1 cm, and
slightly smaller ones for DBHs > 1 cm.
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(a) (b)

(c) (d)

Figure 3.27. Predicted shoot heights (m) for several diameters at breast height (cm) from
measured values in winter 2013/14, in the 3-year rotation cycle (a) and the 6-year rotation cycle
(b), and in winter 2014/15 in the 3-year rotation cycle (c) and the 6-year rotation cycle (d),
for the leeward, windward and middle rows of the short rotation coppice (SRC) and combined
designs, as well as for the SRC-control field (Control field) for the 3-year rotation cycle (R2:
correlation coefficient. First R2, of fixed effects; second R2, of fixed and random effects).

3.3.3 Number of shoots per tree

In winter 2013/14, the trees in the 6-year rotation cycle (6y-RC) had considerably less shoots
than the trees in the 3-year rotation cycle (3y-RC), which were already harvested once (around
1.1 shoot per tree in the 6y-RC and 4.2 in the 3y-RC) (see table 3.7). Almost no differences
were observed in the shoot number between the row positions and the desings for the 6y-RC.
However, in the 3y-RC, the trees situated in the windward and leeward rows had more shoots
(up to 5.5) than the trees in the middle rows, especially in the short rotation coppice (SRC)
design (2.9). The SRC-control field showed on average 3.6 shoots per tree. Here, no significant
differences could be detected.

In winter 2014/15, one growing season after the harvest of all SRC-strips, the trees in the
3y-RC showed on average 7.1 shoots, whereas trees in the 6y-RC had on average 5.9 shoots.
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Similar tendencies as in winter 2013/14 were observed, such as higher shoot numbers in the
windward and leeward rows (up to 8.3) than in the middle rows (5.0 to 6.5), in both rotation
cycles and both designs. However, no significant differences between rows was detected. The
trees in the SRC-control field showed on average 7.4 shoots and thus had more shoots than
the middle rows but less than the outer rows.

Table 3.7. Shoot numbers per tree in the windward, middle and leeward rows of the combined
and short rotation coppice (SRC) designs, for both rotation cycles (3-year: 3y-RC; 6-year: 6y-
RC), in winter 2013/14 and 2014/15 (Mean ± standard error) (ND: No data).

Design Row
2013 2014

3y-RC 6y-RC 3y-RC 6y-RC

Combined
Windward 4.6 ± 0.4 1.1 ± 0.1 8.3 ± 0.8 5.2 ± 0.5
Middle 4.0 ± 0.3 1.1 ± 0.1 6.5 ± 0.5 5.0 ± 0.5
Leeward 4.5 ± 0.4 1.1 ± 0.1 7.5 ± 0.5 6.5 ± 0.9

SRC
Windward 5.5 ± 0.5 1.1 ± 0.1 6.9 ± 0.5 6.5 ± 0.5
Middle 2.9 ± 0.2 1.1 ± 0.1 5.2 ± 0.4 5.7 ± 0.4
Leeward 4.8 ± 0.5 1.3 ± 0.1 8.2 ± 0.8 6.9 ± 0.7

SRC-control field 3.6 ± 0.2 ND 7.4 ± 0.7 ND

3.3.4 Biomass estimation of outer and middle rows

The estimated yearly biomass productions of winter 2013/14 for each row position and in both
rotation cycles (leeward, middle of the short rotation coppice (SRC) design, middle of the com-
bined design, windward and additionally for the 3-year rotation cycle (3y-RC), control field) are
presented in fig. 3.28. In general, the significantly highest biomass productions were reached
in the leeward rows of the SRC-strips in both rotation cycles (3y-RC: 16.0 t ha−1 year−1 and
6-year rotation cycle (6y-RC): 16.1 t ha−1 year−1), but the leeward row of the control field
showed also a high value (13.6 t ha−1 year−1). The windward rows presented a high biomass
production only in the 3y-RC (15.7 t ha−1 year−1) (Lamerre et al., 2015).

In the 6y-RC, the values predicted for the windward rows were significantly lower than the ones
of the leeward rows, but still similar to the ones of the middle rows of the combined design
(respectively 12.8 and 13.8 t ha−1 year−1). In this rotation cycle, the predicted biomass pro-
duction in the middle rows of the SRC design was significantly the lowest (8.6 t ha−1 year−1).
In the 3y-RC, the predicted biomass productions of the middle rows of the SRC and of the
combined design were both significantly the lowest (respectively 8.0 and 9.6 t ha−1 year−1)
(Lamerre et al., 2015).

Moreover, each allometric equation showed a high adjusted correlation coefficient (> 0.92),
showing that equations fitted well the observed data. The correlation and the equations’
coefficients are presented in appendix D.4.
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Figure 3.28. Mean yearly biomass production of poplars (t ha−1 year−1) in the different short
rotation coppice (SRC)-strip row positions and designs of the alley-cropping system and in the
SRC-control field (Control field) (Mean of all rows ± standard error, bars with different letters
are statistically different (p < 0.05)) (Lamerre et al., 2015).

3.3.5 Summary of the modifications of growth and yield in short rotation
coppice-strips

In winter 2009/10, the diameters at breast height (DBHs) were the largest in the leeward
rows of the short rotation coppice (SRC) design, whereas the smallest were observed in the
SRC-control field. In winter 2013/14, higher values were observed in the 6-year rotation cycle
(6y-RC), especially in the leeward rows and in the combined design, whereas the lowest were
recorded in the middle rows of the SRC design. Conversely, in the 3-year rotation cycle (3y-
RC), slightly larger DBHs were measured in the windward rows of both designs than in the
others rows, even though the leeward row of the SRC design showed almost similar DBHs.
In winter 2014/15, all DBHs were quite small, but higher values, sometimes even significant,
were detected in outer rows than in middle rows.

From the measurement in winter 2013/14, greater shoot heights were detected in the middle
rows of the SRC design and in the SRC-control field than in the other rows, for DBHs > 2 cm
in the 3y-RC, and for DBHs > 4 cm in the 6y-RC. In winter 2014/15, the shoot heights were
quite similar in all row positions, even though similar trends as in 2013/14 were detectable.

Concerning the number of shoots per tree, similar trends were detected for both designs, in the
3y-RC in winter 2013/14, and in both rotation cycles in winter 2014/15: the trees in the edge
rows (leeward and windward) had more shoots than in the middle rows. However, the trees in
the middle rows of the combined design showed in general a higher shoot number than in the
middle rows of the SRC design. The trees in the 6y-RC in winter 2013/14 (not harvested yet)
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had in all rows only one or more rarely two shoots per tree.

The leeward rows of the SRC-strips in both rotation cycles and of the SRC-control field and the
windward rows in the 3y-RC showed a great yearly biomass production. However, the middle
rows of the SRC design showed in both rotation cycles the significantly lowest yearly biomass
production, similarly to the other SRC-control field rows. The middle rows of the combined
design showed a high yearly biomass production in the 6y-RC and a quite low in the 3y-RC.

3.4 Overall evaluation of the systems

In this last section, the results of the overall system evaluation will be presented. The grain
and wood yields of the different years used in the calculation will be described in the first
place, followed by the biomass and energy yields of the systems aggregated over the years.
The compared systems are two alley-cropping systems (ACSs), one with narrow and one with
wide alleys, and two sole-cropping systems (SCSa), the crop open field and the SRC-control
field.

3.4.1 Grain and wood yields at the experimental site

Concerning the winter wheat, the yield in the open field was in 2012 significantly the lowest
compared to the narrow and wide alleys, but it was significantly the highest in the other years
(see table 3.8). The yields in the narrow and wide alleys were each year significantly different,
except in 2009. In 2009, 2011, 2012 and 2014, the yield was higher in the wide than in the
narrow alley, whereas in 2010 and 2013, the yield was higher in the narrow than in the wide
alley of the ACS. When considering the sum of all years, the highest cumulative yield was
measured in the wide alleys of the ACS, followed by the values of the open field and of the
narrow alley.
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Table 3.8. Crop yields (t dry matter ha−1, mean ± standard error (number of observations))
in the narrow and wide alleys of the alley-cropping system (ACS) and in the crop open field
of the sole-cropping system (SCS) for the winter wheat, from 2009 to 2014 (different letters
within one year indicate a statistical difference at the 0.05 level of probability between the
means).

System ACS SCS
Design Narrow alley Wide alley Open field
Year
2009 7.54 ± 0.06 (232) a 7.67 ± 0.03 (452) a 7.94 ± 0.04 (901) b
2010 7.67 ± 0.08 (225) a 6.99 ± 0.07 (494) b 7.74 ± 0.07 (445) a
2011 5.69 ± 0.07 (231) a 7.16 ± 0.03 (461) b 7.37 ± 0.03 (659) c
2012 7.49 ± 0.05 (275) a 7.75 ± 0.03 (515) b 5.10 ± 0.07 (974) c
2013 7.22 ± 0.06 (235) a 7.18 ± 0.07 (472) b 7.52 ± 0.06 (620) c
2014 7.25 ± 0.03 (235) a 7.59 ± 0.04 (500) b 7.83 ± 0.05 (654) c
Sum 42.8 44.5 43.4

For the winter oilseed rape, in 2010 and 2011, the significant highest yield was measured in
the wide alley of the ACS (see table 3.9). In 2009 and 2010, the yield was slightly higher in
the narrow alley than in the open field, even significantly in 2010. Conversely, in 2011 and
2014, the yields in the open field were significantly higher than the yields in the narrow alley.
In 2012, no significant difference was observed between the fields. In 2014, the yield in the
wide alley was significantly higher than the yield in the narrow alley but both were significantly
lower than the yield in the open field. However, over the years, the highest accumulated yield
was calculated in the wide alley, followed by the open field and the narrow alley values.

Table 3.9. Crop yields (t dry matter ha−1, mean ± standard error (number of observations))
in the narrow and wide alleys of the alley-cropping system (ACS) and in the crop open field of
the sole-cropping system (SCS) for the winter oilseed rape, from 2009 to 2014 (ND: No data)
(different letters with one year indicate a statistical difference at the 0.05 level of probability
between the means).

System ACS SCS
Design Narrow alley Wide alley Open field
Year
2009 3.31 ± 0.04 (263) a 3.02 ± 0.03 (511) b 3.14 ± 0.03 (677) a
2010 3.50 ± 0.03 (216) a 4.15 ± 0.03 (435) b 3.35 ± 0.07 (470) c
2011 1.94 ± 0.05 (284) a 2.67 ± 0.04 (523) b 2.16 ± 0.03 (864) c
2012 3.00 ± 0.02 (265) a 3.03 ± 0.03 (515) a 3.01 ± 0.02 (670) a
2013 ND ND ND
2014 2.48 ± 0.03 (239) a 3.27 ± 0.02 (489) b 3.43 ± 0.03 (779) c
Sum 14.2 16.2 15.1
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The dry wood biomasses produced in the different designs and in both rotation cycles are
reported for the short rotation coppice (SRC)-strips of the ACS and the SRC-control field as
a SCS in table 3.10. From winter 2009/10 to winter 2013/14 (except winter 2010/11 for the
3y-RC because no data was available), the highest amount of wood biomass was recorded in
the ACS in both rotation cycles, and especially in the SRC design. In winter 2014/15, a lower
wood biomass production was estimated in the ACS than in the SRC-control field. Between
the rotation cycles, slightly more biomass was produced yearly in the 6-year rotation cycle
(6y-RC), especially in the SRC design. The average biomass production of the aspen trees in
the combined design was 4.5 t ha−1 year−1 (Lamerre et al., 2015).

Table 3.10. Dry wood biomasses (t ha−1) produced in the different designs and in both
rotation cycles (3-year: 3y-RC; 6-year: 6y-RC) in the alley-cropping system (ACS) and in the
short rotation coppice (SRC)-control field in the sole-cropping system (SCS) (ND: No data;
Cont.: SRC-control field).

Rotation cycle 3y-RC 6y-RC
System ACS SCS ACS
Design Combined SRC Cont. Combined SRC
Period Period
2009/10 4.2 5.9 3.5

2009/10-2013/14 42.4 44.7
2011/12-2013/14 21.7 25.3 23.6

2014/15 10.7 10.0 13.8 2014/15 11.4 12.8
Sum 36.6 41.2 40.8 Sum 53.9 57.5

Yearly growth 7.32 8.25 8.17 Yearly growth 8.98 9.59

In each figure of the following section (figs. 3.29 and 3.30), the biomass/energy yields ag-
gregated over the years and calculated with the proportions presented in section 2.5.3 will be
presented for each of the four compared systems (narrow alley-cropping, wide alley-cropping,
sole-cropping with crop and sole-cropping with tree) with each crop (winter oilseed rape and
winter wheat), each rotation cycle (3-year and 6-year) and each SRC-strip design (SRC and
combined).

3.4.2 Calculated biomass production of the four systems

Considering the systems with the winter wheat (see fig. 3.29 (a)), slightly higher yields were
reached in general in the alley-cropping systems (ACSs) than in the crop open field over the
years (2009-2014). In the 3-year rotation cycle (3y-RC), slightly more biomass was produced
in systems with the wide alley and the short rotation coppice (SRC) design (respectively for
the narrow and wide alleys systems with the combined and SRC design: 43.15, 44.27, 44.67,
45.38 t ha−1). Concerning the sole-cropping systems (SCSs), the value of the open field was
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slightly above the narrow ACS with SRC design (43.51 t ha−1), whereas the value of the
SRC-control field was the highest, over the ones of the ACS (49.00 t ha−1). With the trees
in the 6-year rotation cycle (6y-RC), the values in the ACSs were slightly higher than with
the 3y-RC. The ACSs with the narrow and the wide alleys showed similar values within each
SRC-strip design, but were slightly higher in the SRC design (respectively for the narrow and
wide alley systems with the combined and SRC design: 45.86, 46.26, 46.86, 46.99 t ha−1).

Concerning the winter oilseed rape systems, higher yields were also calculated in the ACSs
than in the open field (but not than in SRC-control field), especially in the systems with the
narrow alleys (see fig. 3.29 (b)). The general trend was also that systems with the SRC design
produced slightly more biomass than with the combined design. In the systems with the 3y-
RC and the combined design, 20.33 t ha−1 was reached with the narrow alleys and 20.23 t
ha−1 with the wide alleys, whereas with the SRC design 21.59 and 21.15 t ha−1 was produced,
respectively with the narrow and wide alleys. The open field showed only 15.09 t ha−1, whereas
the SRC-control field produced almost two times more biomass (40.84 t ha−1) from 2009 to
2014 (but without 2013 because this value was for not available in this year for the winter
oilseed rape). Concerning the systems with the 6y-RC, 22.59, 21.88, 23.42 and 22.49 t ha−1

were produced, respectively with the narrow and wide alleys in the combined and SRC design.
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(a) (b)

1 - Narrow alley-cropping system with combined design (27 % SRC-strip; 73 % Crop)
2 - Wide alley-cropping system with combined design (20 % SRC-strip; 80 % Crop)
3 - Narrow alley-cropping system with SRC design (27 % SRC-strip; 73 % Crop)
4 - Wide alley-cropping system with SRC design (20 % SRC-strip; 80 % Crop)
5 - Crop open field (100 % Crop)
6 - SRC-control field (100 % SRC)

Figure 3.29. Aggregated grain and wood dry yield (t ha−1) from 2009 to 2014 (without 2013
for the winter oilseed rape) for the alley-cropping systems (ACS) with narrow and wide alleys,
the crop open field and the short rotation coppice (SRC)-control field of the sole-cropping
systems (SCS), with winter wheat (a) and winter oilseed rape (b), with SRC-strips in the 3-
year rotation cycle (3y-RC) and the 6-year rotation cycle (6y-RC) and the combined (Comb.)
and SRC (SRC) designs (*the 2010 yield of the tree component in the 3y-RC was estimated
because of missing values).

3.4.3 Calculated energy production of the four systems

In fig. 3.30, the converted aggregated biomass yields into energy yields (in GJ ha−1) is
presented. In the winter wheat systems, the trends of energy yields were quite similar to the
ones of the biomass yields. Concerning the 3-year rotation cycle (3y-RC), greater yields were
observed with the wide than the narrow alleys and, generally, in the alley-cropping systems
(ACSs) than in the open field (see fig. 3.30 (a)). The energy yields in the ACS ranged from
751 to 766 GJ ha−1 for the combined design and from 780 to 786 GJ ha−1 for the short
rotation coppice (SRC) design (narrow and wide alleys, respectively). The energy production
was much lower in the open field (740 GJ ha−1) than in the SRC-control field, where it was the
highest (907 GJ ha−1). In the 6-year rotation cycle (6y-RC), the values were also higher than
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in the 3y-RC, similarly to the biomass yield. The lowest energy production was identified in
the systems with the narrow and wide alleys and the combined design (802 and 803 GJ ha−1,
respectively). The highest energy yield was measured in the systems with the SRC design (820
and 816 GJ ha−1, respectively for the narrow and wide alleys).

After converting the winter oilseed rape yields into energetic outputs, the values were closer to
the ones of the winter wheat than for the aggregated biomass yields (see fig. 3.30 (b)). More-
over, the share of the crop in total energy production was higher than when considering grain
biomass yield. In the 3y-RC, the highest energy yield was measured for the SRC-control field,
which was almost the double of the yield in the open field (respectively, 755 and 400 GJ ha−1).
In the ACSs, the values were higher in the systems with the wide alley and the SRC design
(respectively for the narrow and wide alley systems with the combined and SRC design: 459,
477, 482, 495 GJ ha−1). In the 6y-RC, the values of the ACSs were slightly higher than in
the 3y-RC. The energy yields were also slightly higher in systems with the wide alleys and the
SRC-design than with the narrow alleys and the combined design (respectively for the narrow
and wide alley systems of the combined and SRC designs: 501, 508, 516 and 519 GJ ha−1).
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(a) (b)

1 - Narrow alley-cropping system with combined design (27 % SRC-strip; 73 % Crop)
2 - Wide alley-cropping system with combined design (20 % SRC-strip; 80 % Crop)
3 - Narrow alley-cropping system with SRC design (27 % SRC-strip; 73 % Crop)
4 - Wide alley-cropping system with SRC design (20 % SRC-strip; 80 % Crop)
5 - Crop open field (100 % Crop)
6 - SRC-control field (100 % SRC)

Figure 3.30. Aggregated grain and wood energy yield (GJ ha−1) from 2009 to 2014 (without
2013 for the winter oilseed rape) for the alley-cropping systems (ACS) with narrow and wide
alleys and the crop open crop field and short rotation coppice (SRC)-control field of the sole-
cropping systems (SCS), with winter wheat (a) and winter oilseed rape (b), with SRC-strips
in the 3-year rotation cycle (3y-RC) and the 6-year rotation cycle (6y-RC), and the combined
(Comb.) and SRC (SRC) designs (*the 2010 yield of the tree component in the 3y-RC was
estimated because of missing values).

3.4.4 Summary of the overall evaluation of the systems

Except in 2014, higher wood biomass yields were recorded in the short rotation coppice (SRC)-
strips than in the SRC-control field, especially with the SRC design. For the winter wheat, the
yield was in general slightly higher in the open field and in the wide alleys, except for 2012
and 2013. For the winter oilseed rape, the yield was the highest in the wide alleys, except in
2009 and 2014.

Concerning the system evaluation, from 2009 to 2014 (without 2013 for the winter oilseed
rape), higher biomass (crop grain and wood) and energy yields were reported in the alley-
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cropping systems (ACSs) than in the crop open field, but the highest were produced in the
SRC-control field. Better results were reached with SRC-strips in a 6-year rotation cycle (6y-
RC) than in a 3-year rotation cycle (3y-RC), and in systems with winter wheat than in the
systems with winter oilseed rape.

Furthermore, for the winter wheat systems with the 3y-RC, higher biomass and energy yields
were calculated for the wide ACS with the SRC design, whereas with the 6y-RC, similar biomass
and energy values were observed with both alley widths, but in general also slightly more in
the SRC design.

Concerning the systems with winter oilseed rape, lower biomass yields were produced in the
wide ACS than in the narrow ACS, with both rotation cycles and both designs, and even less in
the crop open field. The greatest biomass and energy yields were observed in the sole-cropping
system with the SRC-control field, without crop component. In both rotation cycles, slightly
more energy was produced in the ACS with the SRC design than in the combined design and
also with the wide crop alleys.



4 Discussion

The several measurements carried out at the experimental site of the Julius Kühn-Institute
aimed at assessing the modifications of the growing conditions (mainly regarding microclimate,
light and leaf coverage) in the alley-cropping system (ACS), and especially in the competition
zone, at the tree/crop interface. Moreover, the productivity of the tree and crop components
and of the whole system was assessed. In the following sections, these issues will be discussed:
the description of the modified growing conditions, their effects on the productivity of each
component, as well as on the productivity of the whole system. The results presented in the
previous sections also allow to discussing the different designs and arrangement options in
ACSs, in order to maximize the productivity of ACSs.

4.1 Modifications of growing conditions in the alley-cropping
system

4.1.1 Modifications of wind velocity

The wind velocity reduction on the leeward side (wind-sheltered area) of the crop alley was
substantial in 2013, when the short rotation coppice (SRC)-strips were the tallest. In 2014,
as the SRC-strips were much smaller because of the previous harvest, almost no wind velocity
reduction occurred, in any direction. As expected, these results show that the presence of SRC-
strips on the crop field creates a windbreak effect, depending on the height of the SRC-strip.
Böhm et al. (2014), who also assessed the windbreak effects in ACSs, observed similarly that
wind velocity reduction increased with tree height. Besides, less wind velocity reduction was
observed during winter 2013 than during summer. This effect is attributed to the increased
porosity due to the absence of leaves, which determines the amount of wind velocity reduction
(Cleugh, 1998).

Several authors who studied the effect of hedges and windbreak on wind velocity stated that
on the leeward side, the quiet zone extends mostly up to 10 to 20 h, where h is the tree height
(Cleugh, 1998; Brandle et al., 2004). The leeward zone could even extend up to 30 h (Röser,
1995; Wang and Takle, 1995; Cleugh, 1998). Kreutz (1952) considered that 15 h would rather
be the average under German conditions. 20 to 30 h would be the leeward zone length with
multirow windbreak, such as an ACS with several SRC-strips. During summer 2013, the SRC-
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strips on the western side of the wind velocity measurements (leeward side) at the experimental
site were 6 m high on average. According to the studies cited above, the quiet zone should
have been given up to at least 60 m (10 h) from the leeward SRC-strip. When considering the
wind from all directions, in the wide crop alley, the open field velocity (100 %) was reached
at 35 m (5 h), whereas in the narrow alley with 48 m width (8 h) it was not reached at all.
Thus, only the results of the narrow alley are quite in line with the literature concerning the
size of the quiet zone. Besides, Kreutz (1973) estimated that there is a wind protection up to
50 % of the open field wind velocity. Stoeckeler (1962) observed a wind reduction > 50 %
up to 10 h on the leeward side, with a hedge porosity of 50 %. In the studied ACS, during
summer 2013, 50 % of the open field wind velocity was measured up to approximately 25 m
(4 h), in both alley widths with north and west winds, and up to approximately 5 and 15 m (1
and 2.5 h) regarding the wind from all directions, respectively for the wide and narrow alleys.
The size of the wind-protected area in the present ACS was thus lower than the observations
of other authors.

These results show that the narrow alley offered a better wind protection than the wide al-
ley. This is notably explained by the fact that the measurements in the narrow alleys were
situated behind several SRC-strips, whereas only one strip was present in front of the wide
alley measurement. This indicates a better wind protection behind several SRC-strips, which
was also confirmed by measurements carried out in early autumn 2013 and the observations
of Kreutz (1952). The fact that the size of the leeward zone was smaller than in the obser-
vations of other authors is probably due to the low velocities observed on the experimental
site in general. Furthermore, in the studied ACS with north-south oriented SRC-strips, the
greatest wind reduction was observed with west winds, which are the main winds in long-term
measurements at the experimental site. This result corresponds to the statements of Kort
(1988) who suggested that the wind velocity reduction is optimized when the strip is oriented
perpendicular to the main winds.

4.1.2 Modifications of light

Another important interaction in ACSs is the competition for light (Jose et al., 2004): trees
are shading crops in their vicinity, and this phenomenon increases with tree height. The results
of the calculation of solar radiation conducted in this study reflected this shading effect, as a
greater light reduction was measured next to the SRC-strip and when trees were the tallest in
2013. In this year, the shade of the SRC-strips was cast up to 20 m into the crop alley, on
the leeward and windward sides, for both crops and both alley widths. But the greatest light
reduction (> 90 % of open field solar radiation) was measured up to 10 m into the crop alley.
The size of the shade was the greatest on the leeward side of the winter wheat narrow alley
because trees were the highest there, due to the different rotation cycles of the SRC-strips.
The absence of shade on the windward side of the winter wheat wide alley in 2013 and of the
winter barley wide alley in 2014 is simply due to the absence of SRC-strip there. According
to Krueger (1981), in the shaded area, mainly orange, yellow, green and infra-red rays reach
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the crop, which are photosynthetically less active than red and blue light rays. Thus, a yield
reduction was expected in the shaded area, especially in a zone of 10 m, at least in 2013.

4.1.3 Modifications of air temperature and relative humidity

The air temperature and relative humidity (RH) values over the crop alley, separately analyzed
for different day periods and different day conditions, differed most from the values in the
open field, but also between the measurement points, in 2013, when trees were the tallest.
This suggests that, as a consequence of wind velocity and light reduction, the presence of
the SRC-strips had an effect on these parameters. Several authors reported that hedges, and
by extension SRC-strips, influence microclimate by increasing temperature (several degrees
celsius) and humidity in the wind reduction zone, up to 8 h on average (where h is the strip
height) (McNaughton, 1988; Grace, 1988; Cleugh, 1998; Brandle et al., 2004). According to
these authors, the zone of increased temperature and RH was expected to be 48 m wide for
6 m high trees in 2013, which is the width of the narrow alley.

However, when the hourly temperature and relative humidity (RH) values were averaged over
the measurement period, almost no differences were observed between the measurement points
in the alley-cropping system (ACS), and between the measurement points and the open field
(see appendix C). The differences just appeared when the values were separately analyzed
for different day periods (morning, noon, afternoon) and different weather conditions (cloudy,
sunny). As the results showed, the temperature and RH values mainly followed the course of
the shadow. In the morning, as the sun rose in the east, the leeward side of the crop alley
received the solar radiation first and warmed up, while the windward side was still in the shade
and stayed cool. At noon, when the sun was at its zenith, there was almost no shade, and the
temperature and humidity was quite similar throughout the whole alley. In the afternoon, the
shadow was cast on the leeward side of the crop alley, resulting in a decrease of temperature
there, while the temperature increased on the windward side, where the sun shone. The RH
followed the opposite trend of the air temperature (where the air temperature increased, the
RH decreased). Due to the important effect of light on microclimate modifications, these
effects were stronger on sunny days than on cloudy days.

The above mentioned results differ completely from what was observed for hedges by Mc-
Naughton (1988), Grace (1988), Cleugh (1998) and Brandle et al. (2004), i.e. higher temper-
ature and humidity in the vicinity of the SRC-strip. Several explanations are proposed. Cleugh
(1998) suggested that the shade modifies the heating in the quiet zone and, depending on
the orientation of the windbreak, can offset the warming there. In that case, shade could be
a more important factor for the modification of microclimate than wind reduction. Besides,
at the Wendhausen site, the wind velocity values in the open field were quite low in summer
2013 (between 0.59 and 1.91 m s−1), as this site is surrounded by a forest and other hedges.
So it is assumed that the wind velocity reduction was not so relevant for the modification of
the microclimate but rather the shading effect. Moreover, Bätjer et al. (1967) indicated that
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the microclimate changes behind a hedge are especially identifiable close to the ground level,
but the present measurements were conducted at 1.5 m height above ground level.

Furthermore, the differences between temperature and RH values are only notable, when they
exceed the measurement error, which was 0.4 °C for the temperature and 0.8 % for the RH
in this study. In both years, differences up to 5 °C between the ACS and the open field values
were measured, mainly on sunny days. In 2013, these differences might have influenced plant
growth, as the observed values in ACS lay out of the range for optimum growth of winter wheat
(between 15 and 20 °C, Diepenbrock et al. (2005)). However, as sunny days represent only
few days in the vegetation period, this effect was probably only small on total yield. Moreover,
as the incoming solar radiations and the tree heights differ from year to year, this effect cannot
be generalized. In 2014, the temperature and RH differences between the sunny and cloudy
days were also observed, however, they were smaller than the ones observed in 2013 and were
only present at 3 m from the SRC-strip. At this measurement point, no wind reduction but
reduced solar radiation was measured, as trees were already between 1.2 and 1.5 m tall at the
end of the vegetation period, resulting in the lower temperature and higher RH there. Once
more, these findings support the theory that shade was more responsible for the microclimate
modifications than the windbreak effect on the experimental site.

Within the SRC-strip, the temperature and the RH followed similar trends than the measure-
ment points in the shaded area in 2013: on sunny days, values were lower than the ones of the
open field, but on cloudy days, they were quite similar to the ones of the open field. Similar
results were reported by Ringler et al. (1997). In 2014, as the measurement was conducted at
1.5 m height in the SRC-strip (i.e. over the trees), air temperature and RH values were not
so representative for the SRC-strip and more similar to the ones measured in the crop alley.

4.1.4 Modifications of potential evapotranspiration

Conversely to the effects presented in Cleugh (1998) and Brandle et al. (2004), who always
observed reduced evaporation on the leeward side of a windbreak, the potential evapotran-
spiration (pET) parameter in this study followed the same tendencies as the air temperature
and RH over the crop alley and over the day, i.e. it showed the highest values on sunny days
and the lowest on cloudy days and in the shaded area, on the windward and leeward sides.
The reason for this contrast is similar to the ones proposed for the temperature and relative
humidity (RH) parameters: the shading effect was more responsible for the modification of the
microclimate parameters than the windbreak effect on the experimental site. Cleugh (1998)
affirmed in his study that shading may reduce evaporation and pointed out the complexity
of the changes of microclimate parameters on evaporation. The pET is not only affected by
temperature and RH, but also by radiation.

The results of the pET should be, however, interpreted carefully. Since the data were separated
into day periods, it was not the temperature and the RH values at 2:00 pm that were used (as
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described in the method of Haude (1955)), but the mean temperature and the mean RH for
each day period. It was important to divide the data into day periods in order to be able to find
out whether different effects exist at different times of the day, depending on shade. Moreover,
each used sensor has its own measurement error, which cannot be corrected (approximately
0.4 °C for air temperature and 0.8 % for RH). For this reason, it must be kept in mind that this
error could be also included in the final calculated pET value. Furthermore, poplar roots could
have had a considerable competition for water with crops, and thus influence the microclimate.
But the effect of the poplar roots could not be taken into account in the calculation of the
pET because no month factor was available for this crop.

4.1.5 Modifications of soil water tension and leaf ground coverage

The soil water tension indicates the energy which plants need to extract soil water (Webster,
1966) and thus provides information on the presence of roots in the assessed soil layer. A ten-
sion value of 0 means a wet soil, whereas a higher value (in this study up to 200 cBar) indicates
a drier soil. Within each assessed depth beneath the trees, the soil dried out homogeneously
over the measurement period. This demonstrates that the poplar roots grew down to at least
90 cm depth. As already reported in International Poplar Commission (1979), poplars show a
high proportion of horizontal surface roots from which develop vertical plunging roots, which
can grow very deep, depending on water table and soil texture. Furthermore, it is common
knowledge that poplars have a large water requirement and a great need for light and oxygen
especially regarding their roots (International Poplar Commission, 1979; Dillen et al., 2011).
The soil layer at 90 cm depth under the short rotation coppice (SRC)-strip could have been
influenced by ground water, explaining the fluctuations of soil water tension.

In the crop alley, at 3 m into the leeward zone, the soil dried out especially at the depths of
30 and 60 cm, indicating the presence of roots in both soil layers. The barley plants around
the sensors were damaged during the instrument installation and thus grew badly at this spot,
explaining the very low soil water tension values at 15 cm. In the middle of the crop alley,
most of the soil water was absorbed in the first soil layer, down to 30 cm. Thus, the winter
barley plants were probably taking water down to 30 cm depth but not at 60 and 90 cm,
testifying to the presence of winter barley roots down to at least 30 cm depth, but not at
60 cm depth anymore. However, in the measurement at 3 m from the SRC-strip, it was
observed that at 60 cm depth, the soil dried out, although winter barley roots did not reach
this depth. This suggests that poplars rooted under the winter barley at this depth, 3 m away
from the SRC-strip. Crow and Houston (2004) also observed that poplar roots mostly develop
in the plowed soil horizon, and that poplars in outer rows tended to develop larger roots.
Thus, they could have been in a direct competition for water and nutrients with the adjacent
cultivated crop, as suggested in previous paragraphs and by (Jose et al., 2004) more generally
for agroforestry systems. Some decreases in the soil water tension values were observed in the
upper soil layers of the three measurement points, almost at the same dates, corresponding
with precipitations.
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Poplar leaves were identified mostly up to 8 m next to the SRC-strip, in the autumn of both
years, and especially in 2013, shortly before the harvest of the SRC-strips, when trees were
taller than in autumn 2012. At the experimental site, poplar leaves showed surfaces up to
176 cm−2 and a leaf area index of 2 (data not shown), indicating big sizes of leaves. This is
due to the fact that the poplars clones used in this study were bred to have great leaves in
order to catch as much light as possible. This property of poplar leaves, but also their known
allelopathic interference (Singh et al., 2001), could have caused damage to the young cereal
and oilseed rape plants, which were just emerging at the time of litter fall. This effect was
especially strong on the present experimental site, because here, the sowing is carried out very
early, just before litter fall, due to the low traffic ability from October.

To sum up, the main abiotic stresses in the vicinity of trees were in this study the lack of light
(especially on sunny days, resulting in reduced temperature), leaf coverage and eventually root
competition. This competition zone was observed approximately up to 10 m into the crop
alley. The effects of these modifications on yield will be presented in the following section.

4.2 Effects of modified growing conditions in the alley-cropping
system on yield and quality parameters in crop alleys

In this section, the effects of the modified growing conditions, as discussed in section 4.1, on
the yield and quality parameters of the crop alleys will be presented.

4.2.1 General effects on yield and quality parameters in crop alleys

Effects of assessment year and distance from short rotation coppice-strips

The model predictions of 2013 and 2014 presented bell-shaped curves for yield and inverted bell-
shaped curves for grain moisture content (MC), regarding both crops (winter wheat and winter
barley) and both alley widths (48 and 96 m) in the alley-cropping system (ACS). These shapes
were more curved in 2013 than in 2014, suggesting a stronger effect in 2013, when the trees
were the tallest. Conversely, the curve shapes in the open fields (without trees) in 2013 and
2014 and in the summer barley of the ACS in 2008 (when trees were just planted) were straight
lines without slope, showing the absence of effect there. This suggests that the short rotation
coppice (SRC)-strips had an effect on both, the yield and the MC. The significant effects of
distance, alone and in interaction with the alley width and the crop, which were detected for
both, the yield and the MC models of the ACS, are also consistent with this effect. The other
measurement parameters, related to crop yield and quality (yield components, phenological
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stages, aphid infestation and hectoliter weight) were also more affected by the SRC-strips in
2013 than in 2014, especially in their vicinity. However, it is assumed that the bell-shaped
curve of the predicted for the winter barley in the ACS and the quite high MC values at 40 m
in the narrow alley of the winter barley, both observed in 2014, were not directly an effect of
the SRC-strip, but of a compaction damage. During the tree harvest in winter 2013/14, the
trailer drove over the crop alley, next to the SRC-strip. As the frozen soil started to thaw after
a while, a compaction damage was created on the soil and the crop.

Kreutz (1973) as well as Kowalchuk and de Jong (1995) stated that a negative effect on yield
should appear up to 1.5 h (where h is the strip height) from the hedge. Akbar et al. (1990),
Puri and Bangarwa (1992) and Chirko et al. (1996) measured wheat yield reductions up to
at least 5 m from the trees. Müller (1956) also observed the lowest yield next to the hedges,
for different crops. Bruckhaus and Buchner (1995) reported a yield depletion of winter cereal
crops within 2 h for wet years. For cereals, Marxen-Drewes (1987) observed a reduced yield
at the field edges, in both fields, with and without hedge, but a greater reduction next to the
hedge. In the present study, a yield reduction zone was identified on both. the leeward and
windward sides of the crop alley, next to the SRC-strip. In 2013, yield values below the mean
were mainly observed on the leeward side up to 10 m into the narrow alley of the winter wheat.
This distance corresponds to approximately 1 h, as the SRC-strip was 9.4 m high. Thus, the
results of the present study are consistent with other studies. Moreover, the yield reduction
zone corresponds to the size of the competition zone identified on the experimental area, where
the growing conditions were modified. Therefore, the yield reduction next to the SRC-strips
can be attributed to these modifications, and notably the reduction of incoming solar radiation,
also suggested by Chirko et al. (1996), high leaf ground coverage and air temperature on sunny
days, as concluded in the previous sections.

Effects of crop species and strip height

Independently of the SRC-strip effect, higher yields and hectoliter weights were observed for
winter wheat than for winter barley, which is common under German conditions (Diepenbrock
et al., 2005). The significant effects of the crop species which were detected in 2013 and 2014
in the models of yield and MC are consistent with these conclusions. Concerning the yield
components of the winter barley in 2013, both, the ear number per m2 (EN) and the thousand
grain weight (TGW), significantly affected the total grain weight (GW), whereas the GW of
the winter wheat was only affected by the EN or the TGW. This shows that the lower GW of
the winter wheat was due to a lower EN. The winter wheat had indeed a higher tiller number
at 8 m than at 3 m from the SRC-strip, which is attributed to the shading effect at 3 m during
tillering and later on during stem elongation, as similarly found by Marxen-Drewes (1987).
Conversely, the winter barley produced a higher tiller number and reached higher yields than
the winter wheat, already at 3 m distance from the SRC-strip. This crop might have been less
affected by the shading effect than the winter wheat, due to the earlier tillering in the growing
season before the full development of the poplar leaves.
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The width effects observed on yield and MC distribution and also on quality parameters in 2013
were mostly a result of the different SRC-strip heights. The SRC-strips next to the winter wheat
and winter barley were in different rotation cycles on the leeward and the windward sides of
the crop alley, in both, the narrow and the wide alleys of the ACS. This explains that for
winter wheat, the yield reduction was greater on the leeward than on the windward side in
the narrow alley (strip heights were 9.4 m on the leeward and 6.8 m on the windward side).
However, it was decided to keep both crops in the models in order to obtain more information
about the general effect of the SRC-strips on crop productivity. Also because of the different
strip heights, the points of the narrow and the wide alleys were pooled together in the yield
components analysis. This was carried out for both crops, in order to obtain comparability in
the analysis. Thus, no width effect could be tested on yield components.

In the following paragraphs, the yield modifications will be discussed separately for the com-
petition zone in the vicinity of the SRC-strips, where the strongest effects were observed, and
for the middle of the crop alley, where the weakest effects were observed.

4.2.2 Effects of modified growing conditions on yield and quality parameters
in the competition zone

Modifications of plant development, yield and yield components

Wheat and barley plants are the most vulnerable to abiotic stress in the early reproductive
phase: from floral meristem development to anthesis (flowering) (Dolferus et al., 2011). Ac-
cording to the scale of Meier (1997), the stage of flowering is represented by the phenological
stage number 60. In 2013, this phenological stage was reached in the middle of the crop alley
and in the open field at the end of May for the winter barley, and in the middle of June for the
winter wheat. Fischer (2011) stated that May is the month with the best growth in Northern
European latitudes. However, in both months, the trees already had their full leaves. Thus,
it can be assumed that the wheat and barley plants suffered from the shading effect at that
time, at least shortly before the flowering. This effect probably explains the delayed plant
development and thus the lower yield observed in the vicinity of the short rotation coppice
(SRC)-strips than in the middle of the crop alley and in the open field. Puri and Bangarwa
(1992) also found out that the development of winter wheat was delayed under trees and
Marxen-Drewes (1987) observed a different plant growth between the edge and the middle of
the field, in both fields, with and without hedges.

In 2013, the total grain weight (GW), the ear number per m2 (EN) and the thousand grain
weight (TGW) of the winter wheat and the winter barley were lower on the leeward and the
windward sides than in the middle of the crop alley and in the open field, and those of the
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winter wheat showed a greater value range. The closer correlation between the GW and the
EN than the one between the GW and the TGW of both crops observed on the leeward and
windward sides shows that yield reduction in the vicinity of the SRC-strip was mainly caused by
the reduction of the EN per m2, especially for the winter wheat. As suggested by Friend (1966),
the lower EN, as a result of a lower plant number per m2, can be attributed to the lower light
intensity and temperature in the vicinity of the SRC-strips. Similarly, Marxen-Drewes (1987)
observed at an experimental site in Northern Germany that the number of winter wheat and
winter barley plants was reduced in the vicinity of the hedge compared to a measurement point
at 66 m from the hedge. Moreover, Dufour et al. (2013) also observed a yield decrease due
to shading in an alley-cropping system (ACS), as a result of the reduction of both, the grain
number per ear and the total grain weight, whereas the mean grain weight per ear was affected
only moderately. This is consistent with the statements of Dolferus et al. (2011). According
to them, the grain number per m2 is the main component directly linked to the yield in cereals
like wheat. Marxen-Drewes (1987) found out that the number of ears was decisive for the
yield, but also that the TGW decreased with increasing tree height. The TGW provides the
best indications about grain size. Furthermore, a grain sample with low TGW will have a high
hectoliter weight (Milatz, 1970), which is consistent with the observed results. This suggests
that the grains harvested next to the trees were smaller than in the middle of the crop alley.

At the experimental site in Wendhausen, the winter cereals have to be sown very early, at the
end of September, because of the low traffic ability on the field from October. Consequently,
the winter crops are already at the stage of small plants when the poplar leaves start to fall.
Poplars are characterized by big leaves, resulting in great leaf ground coverages next to the
SRC-strips. Thus, these high leaf ground coverages observed in the vicinity of the SRC-strips
might also have been responsible for a lower number of plants, and thus a lower EN. This effect
is even stronger for the winter wheat in both years during which greater leaf coverage and tree
height were reported. Thus, it seems that the leaf coverage effect increases with increasing
strip height. The trees were harvested in January 2014 and thus were tall from September
2013 (sowing) until January 2014 and quite small until the harvest in July 2014. Nevertheless,
in 2014, there was still an effect of the EN on the GW for both crops, confirming the important
influence of leaf coverage at the beginning of the plant development. But until now, no study
exists to confirm the present results. This important effect of leaves on productivity could be
avoided by later sowing dates, after the litter fall, and the incorporation of leaves in the soil.
However, this depends on the soil traffic ability of the field in winter.

Singh et al. (1998) observed a yield reduction of wheat up to 12 m away from the shelterbelt
(less than 1 h, where h is the strip height) in the southern area (with maximum incoming
light) of an east-west oriented Populus deltoides tree row of 16 m height, compared to the
unsheltered zone (further away). This reduction was attributed to potentially because of a
competition and phytotoxic interference with poplar trees. The allelopathic effect of poplar
leaves could also explain the negative effects on yield but was not directly assessed in this
study. The influence of weed competition could also be a reason for yield depression in the
competition zone. According to other observations in this study (data not shown), more weeds
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were detected in the margin between the SRC-strip and the crop alley than within the crop
alley.

Modifications of aphid population density

In the growing season of 2013, when no insecticide was applied, greater populations of aphids
and slightly more beneficial insects (mainly ladybug and its larva, green lacewing and its larva
and syrphid flies) were recorded next to the SRC-strip than in the middle of the crop alley
and in the open field. Winged aphids can better control their landing when the air does not
move (Dixon, 1998) and can thus land more easily in the vicinity of the SRC-strips (Lewis
and Stephenson, 1966), as the wind velocity is reduced there. Moreover, because the plants
in the shaded area were delayed in their development, they stayed green for a longer time
and thus were more appropriate for aphids than the plants in the middle of the crop alley
which became senescent earlier. Consistently with the present results, Marxen-Drewes (1987)
observed that the infestation of aphids was higher at the field edge, independently of the height
of the hedge. In the middle of the crop alley and in the open field in 2013 and everywhere in
2014, the number of aphids only had a negligible effect on crop growth, as it was clearly below
the economic threshold (approximately 20 per tiller, Dixon (1987)).

Modifications of quality parameters

In 2013, higher grain moisture content (MC) values were measured and predicted in the vicinity
of the SRC-strips than in the middle of the crop alley. Moreover, the grain MC was higher in
the narrow alleys than in the wide alleys. Some MC values in the narrow alleys and next to
the trees were even > 17 %, which could have led to a bad grain storage (Diepenbrock et al.,
2005). These results can be attributed to the modified microclimate conditions, especially
the higher relative humidity (RH) and lower potential evapotranspiration (pET) next to the
SRC-strips. As a matter of fact, due to the weak air movement and evaporation in this zone,
but also because the plants remain in an earlier stage of development, the grains cannot dry
as fast as in the middle of the crop alley (Röser, 1995). The MC values in the winter wheat
wide alley were higher on the leeward than on the windward side, as there was no SRC-strip at
this place. Furthermore, the influence of SRC-strips on the MC is supported by the fact that
all observed values in the open field were similar over the subplot.

Concerning the hectoliter weight, it was reduced next to the SRC-strips, suggesting smaller
grains and/or higher grain moisture contents there than in the middle of the crop alley (Milatz,
1970; Egger, 1989). In Germany, this parameter is used to set the price of fodder cereals and
the minimum value that should be reached for winter barley is 63 kg.hL−1 (Diepenbrock et al.,
2005). However, values over this threshold were measured only at a few measurement points
in 2013.
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Other quality parameters of cereals, which were not assessed in this study, might also be
affected by SRC-strips. For instance, the reduced pET and higher RH next to the SRC-strips
observed on sunny days could contribute to increased disease infestation (Brandle et al., 2004).
Furthermore, five years after the tree planting, Jung et al. (2014) measured an increased protein
content in summer barley grains directly next to the SRC-strip. These authors reported an
increased mycotoxin content next to the SRC-strip, even though it was below the critical value
set by the European legislation.

4.2.3 Effects of modified growing conditions on yield in the middle of the
crop alleys

Many authors reported the positive effects of wind protection on the yield in the non-shaded
area of the crop alley, which should be above the field mean, due to the reduction of potential
evapotranspiration (pET). For instance, Kowalchuk and de Jong (1995) observed an increase
of yield above the field mean between 1.5 and 3 h from the hedge (where h is the strip height)
under dry conditions. Stoeckeler (1962) recorded a small but consistent yield increase of 2 %
up to 10 h from the hedge, and mostly in the first 5 h. Müller (1956) observed the highest yield
at 3 h, and then a constant decrease of the yield down to the mean with increasing distance
from the hedge. Furthermore, Kort (1988) reported in his review that shelterbelts always have
positive effects on winter wheat and barley. These positive effects appear up to 20 h, but are
most pronounced between 3 and 10 h, which correspond to the quiet zone on the leeward side
defined by Cleugh (1998). Bruckhaus and Buchner (1995) supposed that the yield increase
should occur only in dry years.

At the experimental site, in 2013 and for both crops, the predicted yield and sometimes the
measured yield was above the mean of the measured yield in the middle of the narrow alleys and
at 20 m from the leeward short rotation coppice (SRC)-strip in the wide alleys (approximately
3-4 h). These findings are in line with previous studies. However, it is problematic to attribute
this yield increase to the effect of the wind protection, as it is not possible to directly compare
the values observed in the middle of the crop alleys with the values of the open field. On
the experimental site of this study, the crop alleys and the crop open fields show different
soil textures and as a consequence potentially different water holding capacities. However,
this parameter influences the yield. Further research with similar soil conditions in both, the
alley-cropping system (ACS) and the open field, is necessary to find out whether the yield
increase in the middle of the crop alleys is really above the potential yield of the open field.

4.2.4 Influence of soil conditions and spatial location of the crop alley on
yield and grain moisture content distribution

The soil apparent electrical conductivity (EC) was measured at the experimental site and in-
tegrated in the models for yield prediction. This parameter provides information about soil



4 Discussion 119

differences as it is influenced by soil parameters, such as soil moisture, pore size and distri-
bution, temperature of soil water and the amount of colloids and their composition (McNeill,
1980). Moreover, this parameter is also strongly influenced by soil temperature, bulk density
and soil texture (especially clay content) (Domsch and Giebel, 2004; Sudduth et al., 2001).
Consequently, the EC is supposed to be directly correlated to the yield (Anderson-Cook et al.,
2002). This is consistent with the fact that the smoother for soil conductivity (f4(nEC25i))
was a significant term in almost all models used to predict the yield in the crop alleys and the
open field. By including the mean normalized soil apparent electrical conductivity corrected to
25◦C value (nEC25) of each crop alley as parameter in the model for the yield predictions, the
effect of the soil heterogeneity within the alleys and open fields at the experimental site could
be partly corrected. In doing so, the predicted yield within one alley or subplot should only be
influenced by the distance from the short rotation coppice (SRC)-strips.

In 2013, the smoother f4(nEC25i) significantly influenced the yield, whereas only nEC25 as
linear factor was significant for the grain moisture content (MC). This is due to the fact that
the grain MC is probably less influenced by soil conditions than the yield, but more directly
by the SRC-strip itself, mainly through shading. This also explains the lower variation in the
MC data than in the yield data. In 2008, almost no effect of the SRC-strip on the yield
was detected and the slight curved line that was predicted is attributed to soil heterogeneity
because all fields were pooled together. The great data variation is also attributed to this
effect.

Moreover, as a spatial auto-correlation was detected in the yield and the MC data, the spatial
smoother (f5(Xi, Yi)) was included in the models used to predict these parameters. This was
done in order to correct the effects caused by the position of the points in the alley and over the
whole area, similarly to the considerations for the soil heterogeneity with the EC. However, this
sometimes created predicted yield and MC values which deviated from the measured values,
resulting in a curve following another trend than the curve of the measured values, as for
instance, for the yield values in the wide alleys of the winter wheat and the barley in 2013.
There, the predicted yield was strongly influenced by the small zone of Kolluvisol-Gley in the
crop alley 8, which affected the yield negatively. This also explains why the predicted yield
was sometimes slightly higher than the actual measured mean.

The effects on the yield of the SRC-strips as a consequence of the modified growing conditions
will be discussed in the next section.
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4.3 Effects of modified growing conditions in the alley-cropping
system on yield of short rotation coppice-strips

4.3.1 General effects of modified growing conditions and rotation cycle on
yield of short rotation coppice-strips

In general, tree growth and biomass production were different between edge and middle rows
within the alley-cropping system (ACS) and between the ACS and the short rotation coppice
(SRC)-control field, in the different assessed years. These effects were already detected on
the diameters at breast height (DBHs) in 2009, as trees were two years old. In 2014, after
the first harvest of the SRC-strips in the 6-year rotation cycle (6y-RC) and the second harvest
of SRC-strips in the 3-year rotation cycle (3y-RC), small differences on DBH and height were
detected between rows. The greatest differences between rows and systems, however, were
detected in 2013, but statistical significant differences were only observed in 2009 and 2014,
when the numerical differences were the smallest. This absence of statistical effect is attributed
to the great data range in 2009 and 2013.

The greatest differences between both rotation cycles were observed in 2013 for the DBHs.
They were much larger in the 6y-RC than in the 3y-RC. The number of shoots per tree also
differed in both rotation cycles. Trees in the 6y-RC showed mostly only one shoot, whereas
trees in the 3y-RC had more than 4 shoots per tree. Indeed, as trees in the 3y-RC were
already coppiced, they regrew in a shrub-like shape (Sennerby-Forsse et al., 1992). Thus, the
differences between the rotation cycles can be mainly attributed to the fact that one rotation
cycle was already harvested once.

Even though the rotation cycles presented different structures, this did not affect much the
yearly biomass production of trees, which was very similar between both rotation cycles. How-
ever, as Auclair and Bouvarel (1992a) suggested that biomass production is greater after
coppicing and Herve and Ceulemans (1996) found better intrinsic growth performance on cop-
piced trees, a greater biomass production was expected in the 3y-RC. This different result is
attributed to the higher mortality observed in this treatment after the first harvest (data not
shown). The change in phenol content after coppicing (less phenols predispose to rot fungi
and thus mortality) (Sennerby-Forsse et al., 1992), but also the fact that poplars are highly
susceptible to disease and insect infestations (Dillen et al., 2011) can explain this effect. The
results of 2014 showed similar regrowth in both rotation cycles in the first year after the har-
vest. Further observations are thus needed to find out how the rotation cycle influences the
yield over the years.
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Similarly to the results of the crop alleys, the effects of the modified growing conditions on
SRC-strips will be discussed separately for the outer (leeward and windward) rows, in the
competition zone, and the middle rows.

4.3.2 Effects of modified growing conditions on edge rows of short rotation
coppice-strips

In 2013, in both designs, the outer rows of the poplar short rotation coppice (SRC)-strips within
the alley-cropping system (ACS) showed larger diameters at breast height (DBH) than the
middle rows. This result is attributed to the bigger available space next to the alley boundary,
which is known to influence poplar shoot diameters positively (Cannell, 1980; Auclair and
Bouvarel, 1992b; DeBell et al., 1996; Benomar et al., 2012). The high biomass production in
edge rows is thus a result of the large DBHs, as this parameter was proportional to diameter
growth in this study, but also of the high number of shoots (Lamerre et al., 2015). This
effect was already observed for the same clone in the study of Gamble et al. (2014). Higher
survival rate of branches for large plant spacing was also measured by DeBell et al. (1996)
for the poplar hybrid P. trichocarpa x P. deltoides. These findings confirm the importance of
increased space availability at edge rows for the positive impact on biomass production.

Light is also an important factor for poplar growth (Farmer, 1963; International Poplar Com-
mission, 1979). The higher light availability at edge rows led to a higher number of shoots
but lower shoot heights, as suggested by Ringler et al. (1997). Furthermore, poplars show a
high apical dominance and an important phototropism and thus incline in the direction of the
light intensity (International Poplar Commission, 1979). This reaction was also observed on
the experimental field (data not shown), confirming the important impact of light in growth
differentiation between rows in the present ACS. It should be mentioned, that this effect is
only valid for the north-south orientation.

Even though the SRC-strips were not fertilized in this study, it was expected that a higher
nitrogen concentration could be available at the edge rows, due to the proximity of the fertilized
crop alley and the casual use of centrifugal fertilizer spreader with low precision (Lamerre et al.,
2015). Nitrogen should positively enhance poplar biomass production, as reported by Curlin
(1967), Liu and Dickmann (1992), Heilman and Fu-Guang (1993) and Hofmann-Schielle et al.
(1999). These last authors found, however, positive effects on biomass production of a balsam
poplar clone only in the first rotation period, while Heilman and Fu-Guang (1993) observed a
decisive role of nitrogen until the third rotation period. But the effect of fertilization differs
with site characteristics (Kauter et al., 2003). Moreover, according to Wühlisch and Chauhan
(2011), poplars should be able to fix nitrogen with the help of endophytic bacteria. For these
reasons and as the middle rows of the combined design did not receive fertilizer and still
produced great biomass, it can be considered that the effect of nitrogen in this study was
minimal compared to the positive effects of light and space.
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Furthermore, in 2013, in the 6-year rotation cycle SRC-strips, leeward rows tended to produce
slightly more biomass and showed larger DBHs than the windward rows. A favorable effect
on poplar growth in the leeward rows can be attributed to the casual higher temperature
observed on sunny days, which would contribute to a higher growth rate and higher leaf
area index (Grace, 1988). Conversely, higher wind speeds on the windward side would cause
higher transpiration rates of trees (Taylor et al., 2001), as well as potential damage of the leaf
cuticle (Dixon and Grace, 1984), explaining the slower tree growth observed there. However,
the higher diameters observed on the windward rows than on the leeward rows in the 3-year
rotation cycle contradict the previous results, and can be mostly attributed to shading effect.
As formerly concluded for the effects on crop alleys, the wind velocity reduction probably did
not play an important role at the experimental site of Wendhausen, as the wind speeds were
quite moderate, and the assessed SRC-strips were already situated in a protected area behind
several SRC-strips. This supports the conclusions that light and space explain the present
results.

4.3.3 Effects of modified growing conditions on middle rows of short rotation
coppice-strips

In both rotation cycles, the middle rows of the short rotation coppice (SRC)-strips in the SRC
design were characterized by a low number of shoots with small diameters, contributing to the
low biomass production measured there compared to the edge rows. The reduced available
space in these rows compared to the one available for the edge rows can partly explain this
effect. As poplars are considered as shade intolerant (Farmer, 1963; International Poplar
Commission, 1979), the reduced light availability in the middle rows of this design might also
have been implicated in the reduced biomass production. Narrow spacing for trees also means
higher competition for others resources such as water, which was identified as relevant for
poplar growth in SRC (Ceulemans and Deraedt, 1999). This increased competition could be
also responsible for the low biomass production in these rows. The same explanation can be
given for the results of the SRC-control field, which were similar to the ones observed in the
middle rows of the SRC design.

Concerning the combined design, the biomass production in the middle rows was different
in the 3-year rotation cycle (3y-RC) and in the 6-year rotation cycle (6y-RC). This result is
unlikely to be linked to the rotation cycle, but rather to the SRC-strip structure at the time
of measurement. A greater distance between aspen and poplars trees was provided, leading to
more space for the poplar trees in the middle rows of the combined design. The high biomass
production of the middle rows in the 6y-RC is thus consistent with our expectations, but the
low biomass production of the middle rows in the 3y-RC are not. As an explanation, it is
suggested that these trees could have suffered from the shading of aspen trees after the first
harvest.



4 Discussion 123

4.4 Effects of modified growing conditions and system design on
total productivity of the alley-cropping system compared to
the sole-cropping systems

4.4.1 Effects of system and crops species

Regarding biomass and energy production purposes, the alley-cropping systems (ACS) with
narrow and wide alleys produced higher aggregated crop grain and tree yield over the years
than the crop sole-cropping system (SCS). These results are generally attributed to the higher
yields of trees than of crops (only grain yield was considered). The higher yields observed in
some years in the crop alleys in comparison to those measured in the open field, and the higher
yields observed in the short rotation coppice (SRC)-strips, especially in 2009, compared to the
ones measured in the SRC-control field, also explain these results.

However, these observations should be interpreted with caution, notably because a strong year
effect was perceived in the data. Moreover, different soil conditions were present between the
ACS, the open field and SRC-control field. The lower winter wheat yields observed in the open
field compared to the ones measured in the ACS in 2012 can be explained by soil differences
and the dry weather conditions, that could have been less unfavorable in the ACS due to the
high clay content and subsequently its high water holding capacity. Furthermore, the straw
production of wheat and winter oilseed rape, that can also be used for energy production,
was not included in the calculation. The reason for this choice is notably that the straw was
not harvested in the present context but stayed on the field to be incorporated in the soil.
However, if the straw was included, the yield proportion of the crop component would have
been doubled in each system, as both crops have a minimum of 50 % straw content.

The grain yields and energy yields in the system evaluation were higher for winter wheat
than for winter oilseed rape, which commonly produces lower grain yield than winter wheat
(Diepenbrock et al., 2005), but shows a higher calorific value in grain (Döhler, 2009). In
winter wheat systems, the trends between the systems for energy yields were similar to those
for biomass yields, because poplar and winter wheat have similar calorific values. Interestingly
enough, concerning the winter oilseed rape system in the 3-year rotation cycle (3y-RC), the
highest energy production was reached with one hectare of poplar SRC. Thus, even though the
winter oilseed rape grains have high calorific values, the yields are still too low to compete with
a SRC plantation. Stone and brown coal still present higher calorific values (respectively 29.7
and 20.6 GJ t−1) than poplar wood and winter wheat grain (Döhler, 2009), and would thus
stay more competitive in terms of energy production than an ACS. However, they have quite
high ash contents (Döhler, 2009). Including the straw production in the system calculation
would double the total biomass and energy production of the ACS with winter oilseed rape,
which would be subsequently similar to the production of a SRC plantation.
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4.4.2 Effects of alley width and strip design

Regarding both crops, higher summed grain yields were observed in the wide alleys than in the
narrow alleys of the alley-cropping system (ACS) over the years. However, as trees were the
tallest (in 2013), similar yields were measured in both alley widths. Thus, these differences
were rather attributed to a year effect than to a width effect. Different cultivars were used
in 2008-2011 compared to 2012-2014, but these cultivars had similar properties. Concerning
the winter wheat, Mulan and Arezzo are both adapted to marginal sites such as Wendhausen,
show an early ripeness and should thus have similar yields. The winter oilseed rape cultivars
Taurus and Visby are both characterized by high yields and early ripeness. The differences
observed between the narrow and the wide alley-cropping systems in the system evaluation
of winter wheat are thus attributed to the different yields measured over the years in both
alleys widths (higher biomass and energy production in the wide alleys), mostly due to the
different weather conditions. Furthermore, as the differences between the narrow and the wide
alley-cropping systems in the system evaluation of the winter oilseed rape were smaller than for
the winter wheat, the greater values of the tree component in the narrow alleys might explain
the greater biomass and energy production of this system. Further measurements should be
done in the future to find out whether there is a width effect on total productivity.

Concerning the short rotation coppice (SRC)-strips, the SRC design, in general, produced
more biomass than the combined design. This is due to the low biomass production of the
aspen trees per hectare, notably caused by their low planting density. Moreover, aspens have a
different inherent growth pattern and considerable biomass increment was recorded first in the
eighth to tenth year of growth on other sites (Liesebach et al., 1999). Slightly higher yields
were reached in the systems with the 6-year rotation cycle than in the systems with the 3-year
rotation cycle, which is explained by the slightly higher yearly biomass production of poplars
observed in this rotation cycle. These results marginally differ from the precedent results of
the biomass estimation conducted in 2013, notably because a different method of estimation
was used. The rotation cycles should be compared carefully because the average yearly growth
in 2010 was only estimated.

4.4.3 Conlusions on the system evaluation

In general, it can be concluded that the yields/energy outputs (grain and wood yield) of ACSs
with narrow or wide alleys can be similar to the ones of sole-cropping systems, and even higher
than the ones of an crop open field. However, the results on the economic level could be
different. Each component of an ACS needs specific inputs and harvest techniques, which can
be accompanied by additional costs. Moreover, poplar trees have a considerably higher water
content when harvested (approximately 55 %) than winter wheat grains (approximately 14 %)
and winter oilseed rape grains (approximately 9 %), which can cause additional costs for the
transport. The customer should be situated in the close area of the ACS in order to avoid
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long transports of wood chips. All these parameters should be taken into account to analyze
the presented systems on the economic level, which is decisive for the adoption of ACSs. The
present study provides the basis for such an analysis.

4.5 Limits of the study

4.5.1 General limits of the study site

Alley-cropping systems (ACSs) such as the one assessed in this study are difficult research
objects, as suggested by Stamps and Linit (1999). The observed yield effects are the result
of several interactions between trees and annual crops. These interactions were only partly
assessed in this study because not all of them can be integrated in such a study work. For this
reason, any final conclusions about which single factors mostly influenced the yields cannot
be drawn. Furthermore, the year effect cannot be excluded from the results. This work only
aimed at the description of some selected above-ground interactions between the trees and the
annual crops and their effects on the yield of both components. Some coherency was found
between the mechanisms that modified growing conditions and the yield effects, however, this
has to be interpreted with caution. Moreover, it should be clear for the reader that the present
conclusions are only valid for the experimental field assessed in this study, notably because of
its special soil conditions, and cannot be generalized to other soil and climate conditions. A
process-based model such as “Yield-SAFE” (Van der Werf et al., 2007) would be necessary
to be able to predict the yield of each component in each design situation for different site
characteristics. However, this model is not appropriate for short rotation coppice (SRC)-strips
yet.

A major difficulty in designing experimental agroforestry systems is to ensure the independence
of treatments by randomization (Stamps and Linit, 1999). Moreover, real statistical replica-
tions of the systems would implicate their reproduction somewhere else in the landscape, which
is not possible for obvious financial reasons. Some questions were difficult to answer due to
certain arrangements of the design of the ACS in Wendhausen. As the rotation cycle of every
second SRC-strip was different, it was not possible to compare windward and leeward effects
in one crop alley due to divergent tree heights on both sides. Additionally, the fact that all
crops were cultivated each year favored the repeatability of the measurements over the years,
but prevented the use of real statistical repetitions (one in several fields). The use of different
crop cultivars over the years also limited data comparability.

The sole-cropping systems (SCSs), the open field and the SRC-control field, used to compare
performance of crop alleys and SRC-strips, were situated south and west of the ACS. However,
as presented in section 2.1.4, different soil types characterize both areas, are also differ from the
ones in the ACS. This soil effect probably influenced the results of the system evaluation, which
should be thus only interpreted as tendencies. Moreover, one of the fields is influenced by a
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hedge and another one by the near forest on the western side (see appendix A). Concerning the
yield component analysis, the values in the ACS and in the open field should also be compared
with caution, as small-sized samples, used in this assessment, are even more influenced by
soil differences than big sample areas. The place of sampling was always carefully selected to
avoid turnaround paths or damaged area, but the variability in such a big field is still great
and probably influenced the final results.

4.5.2 Limits of the employed methods

Since the study was only conducted over two years, a year effect is included in the main observed
yield effects. Furthermore, the methods of assessment in this study are also debatable. As
suggested by Müller (1956), the soil conditions along the transect from the windbreak should
be exactly the same, in order to only assess the effects of the modified microclimate on yield.
As it was not possible to fulfill this condition, it was decided to measure the soil apparent
electrical conductivity (EC) and to integrate this parameter into the yield and grain moisture
content (MC) models, in order to correct different soil conditions. The EC offers the possibility
to rapidly assess local soil differences in high resolution, but a complete soil cartographic
assessment in very high resolution would be more precise. However, this was not manageable
due to limited time and resources. In the end, it was only possible to describe a tendency
regarding the yield distribution over the crop alley, because the yield was also influenced by
other parameters than the EC, for example the nutrient availability.

In the solar radiation calculation, which was carried out in the period between sowing and
harvest, the growth of trees over the season was not included, as well as the fact that from the
sowing of the crop to the harvest of trees at the end of 2013 trees were taller than between
January 2014 and July 2014. It was assumed that the reduction of light was less important
in autumn than in spring. For this reason, the tree heights measured between May and June
2013 and 2014 were used for the calculation. The obtained values should be mainly indicative
for the potential light reduction next to the SRC-strips and its extension into the crop alley,
but cannot totally represent the reality.

Concerning the biomass estimation of trees, only four short rotation coppice (SRC)-strips were
selected in the alley-cropping system (ACS) in order to keep data collection feasible. These
strips were chosen because they showed a good and homogenous growth. It was also important
that these strips were situated next to each other to have similar soil conditions. But, as a
result, they were all situated in the area most protected from the wind (eastern part of the
ACS). For this reason, the presented results of the SRC-strips may not be applicable to windy
conditions.

In the overall system evaluation, only the grain yield of winter wheat and winter oilseed rape
was considered, although the straw is also a component of the system. This was decided in
order to stay in line with the production scheme at the experimental site, where only grains
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and wood are exported and the straw is incorporated into the soil. Obviously, if the straw had
been taken into account, different results would have been obtained. Moreover, the analysis
was performed with only one crop over years, which was cultivated on different fields. This
situation is clearly far from reality and an analysis including the different crops of the rotation
would have made more sense. However, this was not possible notably because some yields
were missing over the years.

It was decided to leave out an economic analysis of the different systems assessed in the
overall system evaluation. However, this would have delivered helpful results to promote the
implementation of ACS in the agricultural landscape of Germany and Europe. But such an
economic analysis would only make sense if all steps of production were included and this
would have been too time-consuming and would not correspond to the scope of this thesis.

From the results discussed in the previous parts, conclusions can be drawn regarding optimum
designs of ACSs. Different options to improve the productivity of alley-cropping systems will
be discussed in the following section.

4.6 Options to improve the productivity of alley-cropping
systems

In order to optimize crop growth and erosion protection in alley-cropping systems, several
parameters should be taken into account, such as strip height, porosity, orientation and alley
width (Kort, 1988). The height of the short rotation coppice (SRC)-strip is determined by
the rotation cycle and defines the distance up to which the wind speeds are reduced, whereas
porosity, influenced by the planting density and strip width, affects the amount of wind veloc-
ity reduction (Cleugh, 1998). Brandle et al. (2004) argued that height and length together
determine the total wind-protected area. Moreover, the continuity of the hedge (no gaps)
also influences the wind protection. To contribute to biodiversity conservation, agroforestry
systems should moreover maximize habitat heterogeneity and enhance landscape connectivity
(Jose, 2009). These design options are discussed in the following section, in connection with
the results of this study.

4.6.1 Strip orientation and length

As also found by Wang and Takle (1995), the results of this study showed the importance
of the SRC-strip orientation in relation to the main wind direction for efficient windbreak, as
the greatest wind reduction was observed for the main winds (west) at the experimental site.
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However, according to Röser (1995), a north-south oriented windbreak hedge has a different
influence on the incoming light in the crop alley than an east-west-oriented hedge. A north-
south oriented tree rows generate shading effects on both, western and eastern sides of the
crop alleys, whereas an east-west-oriented tree rows mostly cause shading on the northern side
(Röser, 1995). Regarding east-west oriented windbreak hedges, Stoeckeler (1962) observed a
better crop growth, an increased temperature and an earlier ripening south of the windbreak
compared to its northern side. Thus, when selecting the strip orientation, it is important to find
a compromise between wind protection and shading effect (Röser, 1995). If the area considered
for the installation of the alley-cropping system (ACS) is already quite wind protected, such as
in the studied site where the field surrounded by a forest, an east-west SRC-strip orientation
could be an interesting alternative to maximize light and thus optimize crop yield. However,
the effects of this orientation on the productivity of the SRC-strip should be investigated. In
this study, the north-south orientation had a positive effect on the productivity of the outer
rows of the SRC-strip, but an east-west orientation could bring different results because of the
different light distribution (mainly on the southern side). If the ACS is implanted on a sloping
field, the best orientation against water erosion would be along the contour lines (Dupraz and
Liagre, 2008).

Cleugh (1998) pointed out the importance of considering the length of the windbreak, in
order to ensure optimal wind protection also from oblique winds (that do not blow directly
perpendicular to the windbreak). In the studies collected by this author, fences with a length
greater than 40 h (where h is the windbreak height) and a porosity of 43 % provided an
optimum windbreak effect. However, depending on the geometry of the field, it is not always
possible to obtain such long strips. The strip length will usually be determined by the field
length. Brandle et al. (2004) recommended a minimum length of 10 h in order to reduce the
effects of wind flows around the ends of the windbreak. Dupraz and Liagre (2008) proposed
to have a minimum field length of 100 m for single tree rows as the turnarounds of the
agricultural machines at shorter field length are too time-consuming. An area, at least as wide
as the biggest machine of the farm that has to turn around the SRC-strip, should be available
at the end of each strip, which additionally reduces the actual length of the strip.

4.6.2 Rotation cycle of short rotation coppice-strips

A major result of this study is that the strip height directly influences the size of the competition
zone in the crop alley (mainly through shading and leaf coverage). According to Brandle
et al. (2004), it also determines the size of the area which is wind-sheltered and in which the
microclimate is modified. Rotation cycle length is thus an important tool to control tree height
and as a result the productivity of the system. Choosing short rotation cycles could ensure
small trees and thus high crop productivity.

According to the present findings, the yearly biomass production of the short rotation coppice
(SRC)-strips in a 3-year rotation cycle (3y-RC) is similar to the one of the SRC-strips in a 6-year
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rotation cycle (6y-RC). However, short rotation cycles reduce the survival potential of the trees
and as a result their productivity over time (Sennerby-Forsse et al., 1992). The competition
with weeds, to which poplar is sensitive in the first years of growth (Otto et al., 2010), could
increase after each harvest. Additionally, frequent harvests could negatively influence biomass
yield (Sage, 1999). Moreover, each time the trees are cut, the windbreak effect is lost for a
while. A solution to counter the reduced wind protection after the harvest could be to harvest
only each second strip (Böhm et al., 2014). This should, however, stay profitable for the farmer
and would probably only make sense in big ACSs with many SRC-strips. Regarding nature and
biodiversity protection, Unseld et al. (2011) recommended to harvest only some parts of the
strips, in order to preserve habitats for present species, even though the costs would increase.
Moreover, these authors supposed that longer rotation cycles would reduce greenhouse gas
emissions.

It should be kept in mind that harvest time has to be chosen in the first place for maximum
biomass yield. The optimal rotation cycle for biomass production in SRCs with high planting
densities is 3 to 4 years (Ceulemans and Deraedt, 1999; Armstrong et al., 1999; Deckmyn
et al., 2004; Nassi O Di Nasso et al., 2010). Poplar is considered to be a low quality wood
for energy purposes, notably due to a high amount of branches (Dillen et al., 2011), which
could rise with increased number of harvests. More research on the effect of the rotation cycle
on SRC-strip yield after several harvests should be thus carried out in order to identify the
optimal rotation cycle in ACS, including all these parameters. But certainly, waiting too long
for the harvest would result in very high harvest costs, because automated harvesting becomes
impossible and traditional felling must be implemented (Kauter et al., 2003).

4.6.3 Width and design of the short rotation coppice-strip

In this study, the biomass yield of the outer rows of the short rotation coppice (SRC)-strips was
higher than the biomass yield of the middle rows (Lamerre et al., 2015). To reduce strip width
while increasing the length and number of SRC-strips would thus increase the productivity of
the SRC-strips per area (Lamerre et al., 2015). However, such a design of the SRC-strips
should be adapted to each field on which the alley-cropping system (ACS) is established to
ensure the profitability of the system, as a higher number of narrow SRC-strips could increase
the harvest duration. Moreover, some rules should be respected to get basic payments for
the SRC-strips: each strip must have a minimum size of 0.3 ha (European Parliament and
Council, 2013c), which is not the case in the investigated ACS in this study. For this reason,
the selected field for the ACS should be big enough, in order to allow for this minimum strip
size.

Moreover, edge rows of the SRC-strips in the present ACS produced a higher number of shoots
than middle rows, which could, however, negatively influence wood quality (Lamerre et al.,
2015). According to Kenney et al. (1990), following parameters are involved in the efficiency
of energy conversion processes for poplars and willows: “The ratio of bark to wood, moisture



4 Discussion 130

content, specific gravity, calorific or heating value, and the relative content of extractives,
a-cellulose, hemicellulose, and lignin”. Notably high bark content produces more ashes, which
is undesirable in biomass power plants (Kauter et al., 2003). The concentration of potassium,
sodium, calcium, magnesium and silicon oxide in bark influences the ash melting behavior,
whereas the chlorine contained in bark can lead to corrosion processes (Kauter et al., 2003).
Bark proportion decreases with increasing shoot diameter (Guidi et al., 2008) and thus should
be higher in edge rows than in middle rows, because of the high amount of thin shoots.
The poplar wood quality increases when the tree diameter exceeds 4 cm (Guidi et al., 2008).
Moreover, more branches growing horizontally were observed in edge rows (data not shown),
which could be problematic for the harvest. These horizontal branches cannot be harvested
most of the time, but when they are, they cannot be well chipped and also negatively influence
the quality of wood chips.

The porosity of the strip is an important factor for wind protection. It decreases with increasing
permeability of the windbreak (Nägeli, 1946). A porosity around 40 % should be provided to
ensure good wind-sheltered areas (Cleugh, 1998), but it could be between 30 and 50 % (Röser,
1995). Klingbeil et al. (1982) warned that tree strips with too many gaps between trunks or
in the crown area, as well as very short strips, are less effective regarding wind protection. In
the present study, the importance of porosity for the amount of wind velocity reduction was
observed during winter 2013, when trees were bare and less wind protection was given directly
on the leeward side. Thus, very narrow SRC-strips could be less suitable for wind protection.

Additionally, according to Knauer (1993), reducing the width of SRC-strips would limit the
ecological value. The diversified structure of a strip and the presence of gaps in its structure,
such as in the combined design in this study (great plant spacing between aspens and poplars),
enhances biodiversity (Unseld et al., 2011). However, the combined design investigated in this
work was less productive than the SRC design. Some predator arthropods benefit from a single-
row strip because of its high proportion of edge, whereas other predators, such as insectivorous
birds, prefer larger, wider windbreaks (Dix et al., 1995). According to Unseld et al. (2011), the
allelophatic effects of poplars can have a negative influence on the diversity of the flora. More
generally, Huxley (1985) stated that if the tree/crop interface has an overall positive biological
effect, the amount of interface should be maximized with many narrow strips. Otherwise, it
should be minimized with less but wider SRC-strips.

Planting density also strongly influences the regrowth and performance of shoots (Sennerby-
Forsse et al., 1992). For wood chip production, Bärwolff et al. (2012) recommends a density
between 10,000 and 13,000 plants per ha under German conditions. Moreover, the space
within a row should be minimum 0.4 m and the space between rows minimum 2 m by these
densities. As it was observed in this study, the middle rows of the poplar SRC-strips were
less productive than the outer rows, notably because of the competition for light and water
(Lamerre et al., 2015). A reduction of the planting density could be a possibility to increase
shoot yield in these rows. On the other hand, lower planting densities could lead to higher
porosity, which could reduce wind protection but enhance biodiversity. Including an aspen tree
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row in the middle of the SRC-strip, such as in the combined design in this study, reduces
the total productivity of the SRC-strip, notably because the aspen trees do not produce much
biomass, even though the middle poplar rows are influenced positively. But the greater space
between the poplar rows and the aspen rows favor the infestation by weeds and aspens suckers,
which could negatively affect poplar productivity in the long run.

In order to reduce the potential infestation of fungi, which is common in coppice plantations,
Sennerby-Forsse et al. (1992) recommended to mix species. This could additionally improve
microclimate and biodiversity within the strip. Knauer (1993) also mentioned that hedges of
only one species, even with several rows, have a low ecological value. However, according
to the regulation DirektZahlDurchfV (2014), only few genera are allowed to be planted in
SRC-plantations/strips, and even less species (12) are permitted for the ecological focus area
(EFA, see section 1.2.5). To enhance biodiversity, native species such as linden or hazelnut
trees would be relevant, however, basic payments cannot be solicited concerning these species.
Moreover, planting costs by a species mix are higher (Unseld et al., 2011).

4.6.4 Alley width

In general, in systems which are cultivated with modern agricultural machines, such as alley-
cropping systems (ACS), the alley width should be proportional to the maximum machine’s
width used on the farm. In order to optimize crop productivity, Dupraz and Liagre (2008)
suggested that the minimum alley width between single tree rows should be two times the
adult tree height, in order to minimize competition between both system components. In the
investigated ACS in this study, similar yields were obtained in the narrow and wide alleys.
However, in some years, the negative effects on yields observed in the vicinity of the short
rotation coppice (SRC)-strips could become stronger. Thus, it could be advantageous to
select a wide alley, in order to reduce the proportion of the competition zone in the crop alley
and thus increase area productivity. Moreover, alley widths greater than 50 m enhance habitats
for open landscape species (e.g. field lark) (Unseld et al., 2011). Thus, greater widths should
be selected if these species should be protected. Concerning wind protection, it was observed
by Böhm et al. (2014) and in this study that the narrow alley (50 m) offered a better windbreak
effect.

Bruckhaus and Buchner (1995) recommended laying out grass borders along hedges, to improve
the habitat for predatory animals but also the acceptance of farmers, as these borders that
are taken out of the production, could reduce the competition of the system components in
the direct vicinity of the strip. However, it should have less than 2 m width, in order to not
become a landscape feature, as foreseen in the article 8 of the regulation AgrarZahlVerpflV
(2014). These features are not only ineligible for basic payments and submitted to management
constraints, but also unproductive. But the presence of a small border (1.5 m in the investigated
ACS in this study) can contribute to increase SRC-strip productivity because it allows for more
space for the trees. Moreover, the adjacent crop is influenced less negatively because less crop
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surface is situated in the shade. It is, however, recommended not to select a border narrower
than the space that should be available for one tree row (here 1 m next to the last tree row).
Another possibility to reduce the size of the competition zone could be the tree/root pruning
(Jose et al., 2004). However, as this operation must be repeated regularly, it could have a
negative impact on tree survival (Stoeckeler, 1962).

4.6.5 Other considerations

In this study, the effects of short rotation coppice (SRC)-strips on the quality of cereal crops
were tested only using the hectoliter weight and the grain moisture content (MC). However,
some other modifications may occur, e.g. a modification of protein content (Jung et al., 2014),
notably because light conditions are modified next to the SRC-strip. In order to counter these
modifications, precision fertilization with selected nitrogen doses could be applied, as the plants
in the competition zone next to the SRC-strip probably require less nitrogen because of their
limited growth. Moreover, due to the higher aphid population that was observed in 2013 on
the winter barley, it can be recommended to apply phytosanitary products specifically next
to the SRC-strips, whereas this application could be avoided in the middle of the crop alley.
Precision farming could be thus a chance to help implementing ACSs.

Moreover, as more diseases could potentially infect the crops in the very close area of the
SRC-strip compared to the middle of the crop alley, special resistant cultivars could be sown
there. Brandle et al. (2004) stated that crop cultivar is an important factor that contributes
to crop response to shelter effect, because most of the available cultivars were selected under
exposed conditions. Cultivars, which are better adapted to the conditions in the sheltered area,
such as short and thicker-stemmed plants (shade tolerant) should be preferred. Moreover, C3-
plants should perform better in shade and thus in agroforestry systems than C4-plants, as their
photosynthetic rate is limited even when light increases further (Jose et al., 2004). If possible,
it is recommended to sow winter crops after leaf fall, which will suppress the effect of leaf
coverage and thus increase crop productivity in the competition zone.

In general, it is helpful to choose a field with a regular outline. On fields with an irregular
outline, it is preferable to suppress one strip instead of increasing the number of complicated
operations (Dupraz and Liagre, 2008). On a stretched field, the tree strips need to be oriented
along the length. The longer the field, the easier the machine operations will be (Dupraz and
Liagre, 2008).

But not all fields are compatible with the implementation of an alley-cropping system (ACS)
with SRC-strips, notably regarding the ecological effects. For instance, in landscapes where
trees are already dominant, as well as in typical open landscapes or marsh areas, the estab-
lishment of SRC-strips would endanger the survival of rare species adapted to these biotopes
(Unseld et al., 2011). In order to enhance the biodiversity, according to these authors, SRC-
strips should be placed to close gaps in the biotope network and increase structural diversity.
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The assessed site, for instance, was already well wind-protected because it was surrounded by
forests and hedges. Therefore, another strip arrangement could have been selected, such as in
the form of a connection between these forest and hedge, instead of an arrangement parallel to
the main wind direction. The renunciation of pesticides and fertilizers would also be optimal
for nature conservation and help to reduce greenhouse gas emissions (Unseld et al., 2011).
These authors stated that not only for nature conservation but also for nature scenery, the
structure of an ACS should be diversified and well integrated in the landscape.

Nevertheless, ACSs are not the only possible cropping systems to reach environmental objec-
tives in the agricultural landscape. For instance, if the main problem to counter on the field is
erosion, maybe the implementation of mulch-sowing would be sufficient and would not require
such high time and money investment as an ACS.

4.7 Further research needed

The findings of this study should be tested over the years, because the conditions will change,
notably at the below-ground level. As short rotation coppice (SRC) plantations show different
yields at different ages (Sennerby-Forsse et al., 1992), the results found here are not applicable
for the whole life time of the system. The root system will develop further, whereas the
above-ground biomass should always follow the same cycle, because of the periodical harvests.
Notably the below-ground effects of SRC-strips on crop yield and the impact of deep rooting
systems on soil fertility should be assessed. Indeed, root competition for water and nutrient
could play an essential role in yield reduction.

The deep rooting of poplars could also bring some advantages, in the form of the “nutrient
pump” and “safety net” roles, as described by Van Noordwijk et al. (2006). Bringing up
nutrients to the topsoil which are not available for the alley crops (“nutrient pump”) and
catching leached nutrients (“safety net”) would positively influence the sustainability of the
system. In trees, the relocation of nutrients into the leaves is relatively low compared to the one
in the bark and as a result a removal of biomass after each harvest of poplar could reduce soil
fertility (Dillen et al., 2011). Quantifying these inputs would help to better understand and thus
better design alley-cropping systems (ACSs), but also to reconsider fertilization management,
notably next to SRC-strips. Especially in Wendhausen, where the soil is rich in clay, roots of
cereal crops grow shallowly, whereas trees could be able to reach deeper layers.

In order to further assess the productivity of differently designed ACSs, a process-based model
such as Yield-SAFE could be implemented. This model has to be first adapted to short rotation
wood biomass production. Additionally, it could be useful to assess the 3D shape of different
SRC-strips, as proposed by Van Thuyet et al. (2014) and Zhou et al. (2002), with different
numbers of rows, rotation cycles, clones and designs, as this can influence the windbreak effect.
Many data are already available in Germany as some institutions have already established such
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ACSs. The next steps of research should thus aim at modeling and subsequently implementing
these systems by farmers, using recommendations obtained from long terms observations.

At last, an economic evaluation of the system would help farmers to design the ACS and should
comprise all the steps of production. The productivity results of system components obtained
in this study with different designs offer therefore a basis for such an analysis.



5 Conclusions

The main objective of this thesis was to study the modifications of the growing conditions,
as a result of above-ground interactions, and simultaneously, yield effects on both, tree and
crop components, in the alley-cropping system (ACS) established in 2008 at the Julius Kühn-
Institute in Wendhausen (Lower Saxony, Northern Germany). Furthermore, this work aimed
at determining whether the productivity of the whole ACS was positively or negatively influ-
enced by interactions of trees with agricultural crops by evaluating the effects of the yield
modifications on the total productivity of ACSs.

Concerning the modifications of the growing conditions at the above-ground level, the following
effects were observed. In 2013, as the trees were the highest, a strong wind reduction occurred
on the leeward sides and especially in the narrow alley. However, a change of air temperature
and relative humidity (RH) next to the short rotation coppice (SRC)-strips could be observed
only on sunny days. After the harvest of all strips, no wind reduction and almost no change
in air temperature and RH were detected over the crop alley. The incoming light was reduced
in the vicinity of the SRC-strips due to tree shading, especially in 2013, while the leaves were
blown up to 8 m into the crop alley and covered the ground in the first 3 m of the crop alley
on the leeward side almost completely (in autumn 2012 and 2013). At this distance from the
leeward SRC-strip, poplar roots were detected in 2013, suggesting a potential competition for
resources such as water and nutrients at the below-ground level.

Next to the SRC-strips, the yield of winter barley and winter wheat was reduced, mainly by
a reduced number of ears per m2, due to the high leaf ground coverage during emergence of
the crop. The reduction of solar radiation in the vicinity of the trees caused a slight delay in
the normal phenological development there: the plants remained small and developed grains
with lower thousand grain and hectoliter weights than in the middle of the crop alley. Up
to 10 m into the alley, grain moisture contents were above the alley mean. More aphids,
but also more aphid mummies and beneficial insects were observed on cereal plants in direct
vicinity of the SRC-strips. The outer rows of the SRC-strips (windward and leeward) in both,
the SRC and combined designs, showed a higher shoot number and larger diameters, which
resulted in higher growth rates and thus greater biomass production than in the middle rows.
These effects were mainly caused by an increased light and space availability. The middle
rows of the combined design showed a high yearly biomass production in the 6-year rotation
cycle, which was attributed to the grater space available between aspens and poplars. In
conclusion, the above-ground interactions at the tree/crop interface positively influenced the
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productivity of the SRC-strips, whereas crop productivity was reduced in this zone. The below-
ground interactions, which were not assessed in this study, could also have had an effect on
productivity and should be examined in the future.

The biomass/energy production of the different design arrangements in the ACS available in
Wendhausen was compared to the one of the sole-cropping systems (SCS) (only crop or tree
component). In general, higher wood yields were recorded in the SRC-strips than in the SRC-
control field, especially for the SRC design. Concerning the winter wheat, the yield was slightly
higher in the open field and in the wide alleys in general, whereas for the winter oilseed rape,
the yield was generally the highest in the wide alleys. Even though the trends were different in
each year, between 2009 and 2014, higher aggregated yields were observed in the ACSs (grain
+ wood yield) than in the open field, but the greatest aggregated yield was produced in the
SRC-control field. Better results were achieved for SRC-strips in the 6-year than in the 3-year
rotation cycle, and in systems with winter wheat than with winter oilseed rape.

Thus, the agroforestry system investigated in this study can contribute to “sustainable in-
tensification” in agriculture, because the yields are comparable to those in the sole-cropping
systems, whereas the structural diversity is increased with potential positive effects on biodi-
versity. In order to reach high productivity, the width of the SRC-strip should be reduced to
maximize the proportion of outer rows. At the same time, the crop alley width should be in
a balanced relation to the total area of the agroforestry field, to limit the proportion of the
tree/crop interface area with lower productivity for annual crops. In order to reach optimal
wind protection, the strip number, orientation and length should be adapted to the local wind
directions. The rotation cycle length should be selected to reach maximal wood biomass while
keeping trees small to reduce the shading effect (3 to 4 years). Further research should be
done to assess the productivity of the presented ACS over time and also of differently designed
ACSs.

In general, it is important to select carefully which system arrangement and design could be
best adapted to the soil-climate conditions of the field, as the site is a key factor for the
profitability of ACSs (Unseld et al., 2011). Moreover, as this study showed, the design of
ACSs influences its productivity. But many administrative rules must be respected to keep
the field eligible for subsidies and reduce the design possibilities. Further adaptation of the
regulation will be necessary to increase the acceptance of ACSs in Germany: the article 23 of
the EU regulation 1305/2013 should be accepted and simultaneously, the limit of 100 trees per
hectare and a limited number of species should be repealed, to allow for the use of SRC-strips
in ACSs. The economic context is also decisive for the implementation and arrangement of
ACSs. To keep this production profitable, there should be a local possibility to commercialize
the wood chips, as too long distances would result in high transport costs.



Bibliography

Ad-Hoc-AG Boden (2005). Bodenkundliche Kartieranleitung. E. Schweitzerbart’sche Verlags-
buchhandlung, Hannover, 5. edition.

AgrarZahlVerpflV (2014). Agrarzahlungen-Verpflichtungenverordnung vom 17. Dezember 2014
(BAnz. AT 23.12.2014 V1), die durch Artikel 2 der Verordnung vom 10. Juli 2015 (BAnz.
2015 AT 13.07.2015 V1) geändert worden ist.

Akaike, H. (1978). A Bayesian analysis of the minimum AIC procedure. Annals of the Institute
of Statistical Mathematics, 30:9–14.

Akbar, G., Ahmad, M., Rafique, S., and Babar, K. N. (1990). Effect of trees on the yield of
wheat crop. Agroforestry Systems, 11:1–10.

Anderson, S. H., Udawatta, R. P., Seobi, T., and Garrett, H. E. (2008). Soil water content
and infiltration in agroforestry buffer strips. Agroforestry Systems, 75:5–16.

Anderson-Cook, C. M., Alley, M. M., Roygard, J. K. F., Khosla, R., Noble, R. B., and Doolittle,
J. A. (2002). Differentiating Soil Types Using Electromagnetic Conductivity and Crop Yield
Maps. Soil Science Society of America Journal, 66:1562.

Armstrong, A., Johns, C., and Tubby, I. (1999). Effects of spacing and cutting cycle on the
yield of poplar grown as an energy crop. Biomass and Bioenergy, 17:305–314.

Auclair, D. and Bouvarel, L. (1992a). Biomass production and stool mortality in hybrid poplar
coppiced twice a year. Annales Des Sciences Forestieres, 49:351–357.

Auclair, D. and Bouvarel, L. (1992b). Influence of spacing and short rotations on Populus
trichocarpa x deltoides coppice. Canadian Journal of Forest Research, 22:541–548.

Bärwolff, M., Hansen, H., Hofmann, M., and Setzer, F. (2012). Energieholz aus der Land-
wirtschaft. Rostock, 5. edition.

Batish, D. R., Singh, H. P., and Kohli, R. K. (2008). Allelopathic Tree-Crop Interactions under
Agroforestry Systems. In Batish, D. R., Kohli, R. K., Jose, S., and Singh, H. P., editors,
Ecological basis of agroforestry, pages 37–50. CRC Press.



Bibliography 138

Bätjer, D., von Lücken, J., and Ness, R. (1967). Windschutz in der Landwirtschaft, Teil 2:
Hinweise für die praktische Anwendung in der Marsch. Aktuelle Fragen des Landbaues,
Schriftenreihe der Landwirtschaftskammer Weser-Ems, 3.

Baum, C. and Makeschin, F. (2000). Effects of nitrogen and phosphorus fertilization on myc-
orrhizal formation of two poplar clones (Populus trichocarpa and P. tremula x tremuloides).
J. Plant Nutr. Soil Sci., 163:491–497.

Baum, S., Weih, M., Busch, G., Kroiher, F., and Bolte, A. (2009). The impact of short
rotation coppice plantations on phytodiversity. Landbauforschung Volkenrode, 59:163–170.

Bender, M. (1955). Einfluss des Windschutzes auf den Bodenertrag. Landwirtschaft - Ange-
wandte Wissenschaft, 37:75–102.

Benomar, L., DesRochers, A., and Larocque, G. R. (2012). The effects of spacing on growth,
morphology and biomass production and allocation in two hybrid poplar clones growing in
the boreal region of Canada. Trees, 26:939–949.

Blake, T. J. (1983). Coppice systems for short-rotation intensive forestry: the influence of
cultural, seasonal and plant factors. Australian Forest Research, 13:279–291.

Blossey, S. (2015). Agroforstwirtschaft und politische Rahmenbedingungen. In Auftaktver-
anstaltung der Innovationsgruppe AUFWERTEN, 26. Feb 2015, Sallgast.

BMUB (2014). Klimaschutz in Zahlen - Fakten, Trends und Impulse deutscher Klimapolitik.
Technical report, Berlin.

Böhm, C., Kanzler, M., and Freese, D. (2014). Wind speed reductions as influenced by
woody hedgerows grown for biomass in short rotation alley cropping systems in Germany.
Agroforestry Systems, 88:579–591.

Brandle, J., Hodges, L., and Zhou, X. (2004). Windbreaks in North American agricultural
systems. Agroforestry Systems, 61:65–78.

Brenner, A., Jarvis, P., and Beldt, R. V. D. (1995). Windbreak-crop interactions in the Sahel.
2. Growth response of millet in shelter. Agricultural and Forest Meteorology, 75:235–262.

Bruckhaus, A. and Buchner, W. (1995). Hecken in der Agrarlandschaft: Auswirkungen auf
Feldfruchtertrag und ökologischen Kenngrössen. In 39. Jahrestagung der Gesellschaft für
Pflanzenbauwissenschaften. Zürich (Switzerland). 28-30 Sep 1995.

BWaldG (1975). Bundeswaldgesetz vom 2. Mai 1975 (BGBl. I S. 1037), das zuletzt durch
Artikel 1 des Gesetzes vom 31. Juli 2010 (BGBl. I S. 1050) geändert worden ist.



Bibliography 139

Cannell, M. G. R. (1980). Productivity of Closely-spaced Young Poplar on Agricultural Soils
in Britain. Forestry, 53:1–21.

Cannell, M. G. R., Noordwijk, M., and Ong, C. K. (1996). The central agroforestry hypothesis:
the trees must acquire resources that the crop would not otherwise acquire. Agroforestry
Systems, 34:27–31.

Cardinael, R., Thevathasan, N., Gordon, A., Clinch, R., Mohammed, I., and Sidders, D.
(2012). Growing woody biomass for bioenergy in a tree-based intercropping system in
southern Ontario, Canada. Agroforestry Systems, 86:279–286.

Ceulemans, R. and Deraedt, W. (1999). Production physiology and growth potential of poplars
under short-rotation forestry culture. Forest Ecology and Management, 121:9–23.

Chirko, C. P., Gold, M. a., Nguyen, P., and Jiang, J. (1996). Influence of direction and distance
from trees on wheat yield and photosynthetic photon flux density (Qp) in a Paulownia and
wheat intercropping system. Forest Ecology and Management, 83:171–180.

Christensen, J. (1979). Effects of density, rectangularity and row orientation on apple trees,
measured in a multivariated experimental design. Scientia Horticulturae, 10:155–165.

Cleugh, H. (1998). Effects of windbreaks on airflow, microclimates and crop yields. Agroforestry
Systems, 41:55–84.

Cooke, J. E. K., Martin, T. a., and Davis, J. M. (2005). Short-term physiological and devel-
opmental responses to nitrogen availability in hybrid poplar. New Phytologist, 167:41–52.

Crow, P. and Houston, T. (2004). The influence of soil and coppice cycle on the rooting habit
of short rotation poplar and willow coppice. Biomass and Bioenergy, 26:497–505.

Curlin, J. W. (1967). Clonal Differences in Yield Response of Populus deltoides to Nitrogen
Fertilization. Soil Science Society of America Journal, 31:276.

DeBell, D., Clendenen, G., Harrington, C., and Zasada, J. (1996). Tree growth and stand
development in short-rotation Populus plantings: 7-year results for two clones at three
spacings. Biomass and Bioenergy, 11:253–269.

Deckmyn, G., Laureysens, I., Garcia, J., Muys, B., and Ceulemans, R. (2004). Poplar growth
and yield in short rotation coppice: model simulations using the process model SECRETS.
Biomass and Bioenergy, 26:221–227.

Delegated Commission (2014). Regulation (EU) No 640/2014 of 11 March 2014. Official
Journal of the European Union, L181:48–73.



Bibliography 140

Diepenbrock, W., Ellmer, F., and Léon, J. (2005). Ackerbau, Pflanzenbau und Pflanzenzüch-
tung. UTB Grundwissen Bachelor. Ulmer, Stuttgart.

Dillen, S., El Kasmioui, O., Marron, N., Calfapietra, C., and Ceulemans, R. (2011). Poplar. In
Halford, N. and Karp, A., editors, Energy crops, pages 275–300. Royal Society of Chemistry,
Cambridge.

Dimitriou, I., Busch, G., and Jacobs, S. (2009). A review of the impacts of short rotation
coppice cultivation on water issues. Agriculture and Forestry Research, 59:197–206.

DirektZahlDurchfV (2014). Direktzahlungen-Durchführungsverordnung vom 3. November
2014 (BGBl. I S. 1690), die durch Artikel 1 der Verordnung vom 10. Juli 2015 (BAnz.
2015 AT 13.07.2015 V1) geändert worden ist.

Dix, M. E., Johnson, R. J., Harrell, M. O., Case, R. M., Wright, R. J., Hodges, L., Brandle,
J. R., Schoeneberger, M. M., Sunderman, N. J., Fitzmaurice, R. L., Young, L. J., and
Hubbard, K. G. (1995). Influences of trees on abundance of natural enemies of insect pests:
a review. Agroforestry Systems, 29:303–311.

Dixon, A. (1998). Aphid ecology an optimization approach. Springer Science+Business Media,
New York, 2nd edition.

Dixon, A. F. G. (1987). Cereal aphids as an applied problem. Agricultural Zoology Reviews,
2:1–57.

Dixon, M. and Grace, J. (1984). Effect of Wind on the Transpiration of Young Trees. Annals
of Botany, 53:811– 819.

Döhler, H., editor (2009). Faustzahlen für die Landwirtschaft. Kuratorium für Technik und
Bauwesen in der Landwirtschaft e.V. KTBL, Darmstadt, 14. edition.

Dolferus, R., Ji, X., and Richards, R. a. (2011). Abiotic stress and control of grain number in
cereals. Plant science, 181:331–41.

Domsch, H. and Giebel, A. (2004). Estimation of Soil Textural Features from Soil Electrical
Conductivity Recorded Using the EM38. Precision Agriculture, 5:389–409.

Dormann, C., McPherson, J., Araújo, M., Bivand, R., Bolliger, J., Carl, G., Davies, R., Hirzel,
A., Jetz, W., Daniel Kissling, W., Kühn, I., Ohlemüller, R., Peres-Neto, P., Reineking, B.,
Schröder, B., Schurr, F., and Wilson, R. (2007). Methods to account for spatial autocorre-
lation in the analysis of species distributional data: A review. Ecography, 30:609–628.

Doyle, C. J. and Waterhouse, T. (2008). Social and Economic Implications of Agroforestry for
Rural Economic Development in Temperate Regions. In Batish, D. R., Kohli, R. K., Jose,
S., and Singh, H. P., editors, Ecological basis of agroforestry, pages 303–318. CRC Press.



Bibliography 141

Dufour, L., Metay, A., Talbot, G., and Dupraz, C. (2013). Assessing Light Competition
for Cereal Production in Temperate Agroforestry Systems using Experimentation and Crop
Modelling. Journal of Agronomy and Crop Science, 199:217–227.

Dupraz, C. and Liagre, F. (2008). Agroforesterie. Des arbres et des cultures. Ed. France
Agricole, Paris, 1st edition.

Dupraz, C., Liagre, F., Manchon, O., and Lawson, G. (2004). Implications of legal and policy
regulations on rural development: the challenge of silvoarable agroforestry in Europe. In
IUFRO Division 1 Conference : Meeting the Challenge: Silvicultural Research in a changing
world Montpellier, France, June 14-18, 2004.

Edenhofer, O., Pichs-Madruga, R., Sokona, Y., Seyboth, K., Matschoss, P., Kadner, S.,
Zwickel, T., Eickemeier, P., Hansen, G., and Schlömer, S. (2011). IPCC, 2011: Summary
for Policymakers. In von Stechow, C., editor, IPCC Special Report on Renewable Energy
Sources and Climate Change Mitigation, pages 15–26. Cambridge Univ. Press, Cambridge,
United Kingdom and New York, NY, USA, cambridge edition.

Egger, I. (1989). Hektolitergewicht und Nährwert von Gerste, Hafer und Weizen. Land-
wirtschaft Schweiz, 2(4):209–212.

Eichhorn, M. P., Paris, P., Herzog, F., Incoll, L. D., Liagre, F., Mantzanas, K., Mayus, M.,
Moreno, G., Papanastasis, V. P., Pilbeam, D. J., Pisanelli, A., and Dupraz, C. (2006).
Silvoarable systems in Europe - past, present and future prospects. Agroforestry Systems,
67:29–50.

European Commission (2010). Communication from the Commission, Europe 2020, A strategy
for smart, sustainable and inclusive growth. Technical report, Brussels.

European Parliament and Council (2013a). Regulation (EU) No 1305/2013 of 17 december
2013. Official Journal of the European Union, L347:487–548.

European Parliament and Council (2013b). Regulation (EU) No 1306/2013 of 17 December
2013. Official Journal of the European Union, L347:549–607.

European Parliament and Council (2013c). Regulation (EU) No 1307/2013 of 17 december
2013. Official Journal of the European Union, L347:608–670.

Faasch, R. J. and Patenaude, G. (2012). The economics of short rotation coppice in Germany.
Biomass & Bioenergy, 45:27–40.

Farmer, R. J. (1963). Effect of light intensity on growth of Populus tremuloides cuttings under
two temperature regimes. Ecology, 44:409–411.

Federal Ministry of Food and Agriculture (2007). Use of biomass for energy generation -



Bibliography 142

Recommendations to policy makers. http://www.bmel.de/EN/Ministry/Scientific-Advisory-
Boards/_Texte/UseOfBiomassForEnergyGeneration.

Fischer, R. A. (2011). Wheat physiology: a review of recent developments. Crop and Pasture
Science, 62:95–114.

Friend, D. (1966). The effects of light and temperature on the growth of cereals. In Milthorpe,
F. and Ivins, J., editors, The growth of cereals and grasses, pages 181–212. Butterworth &
Co. LTD, London.

Gamble, J. D., Johnson, G., Sheaffer, C. C., Current, D. A., and Wyse, D. L. (2014). Estab-
lishment and early productivity of perennial biomass alley cropping systems in Minnesota,
USA. Agroforestry Systems, 88:75–85.

Gillespie, A., Jose, S., and Mengel, D. (2000). Defining competition vectors in a temperate alley
cropping system in the midwestern USA: 1. Production physiology. Agroforestry Systems,
48:25–40.

Glemnitz, M., Platen, R., Krechel, R., Konrad, J., and Wagener, F. (2013). Can short-rotation
coppice strips compensate structural deficits in agrarian landscapes? Aspects of Applied
Biology, 118:153–162.

Grace, J. (1988). 3. Plant Response to Wind. Agriculture, Ecosystems & Environment, 22-
23:71–88.

Graves, A. R., Burgess, P. J., Palma, J. H. N., Herzog, F., Moreno, G., Bertomeu, M., Dupraz,
C., Liagre, F., Keesman, K., van der Werf, W., de Nooy, a. K., and van den Briel, J. P.
(2007). Development and application of bio-economic modelling to compare silvoarable,
arable, and forestry systems in three European countries. Ecological Engineering, 29:434–
449.

Grünewald, H., Brandt, B. K., Schneider, B. U., Bens, O., Kendzia, G., and Hüttl, R. F.
(2007). Agroforestry systems for the production of woody biomass for energy transformation
purposes. Ecological Engineering, 29:319–328.

Grünewald, H. and Reeg, T. (2009). Überblick über den Stand der Forschung zu Agroforstsys-
temen in Deutschland. In Reeg, T., Bemmann, A., Konold, W., Murach, D., and Spiecker,
H., editors, Anbau und Nutzung von Bäumen auf Landwirtschaftlichen Flächen, pages 233–
288. Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany.

Gruss, H. and Schulz, U. (2008). Entwicklung der Brutvogelfauna auf einer Energieholzfläche
über den Zeitraum von 13 Jahren. Archiv für Forstwesen und Landschaftsökologie, 42:75–83.

Guidi, W., Piccioni, E., Ginanni, M., and Bonari, E. (2008). Bark content estimation in



Bibliography 143

poplar (Populus deltoides L.) short-rotation coppice in Central Italy. Biomass & Bioenergy,
32:518–524.

Haude, W. (1955). Zur Bestimmung der Verdunstung auf möglichst einfache Weise. Mit-
teilungen des Deutschen Wetterdienstes, 11(2):3–24.

Heilman, P. E. and Fu-Guang, X. (1993). Influence of nitrogen on growth and productivity of
short-rotation Populus trichocarpa x Populus deltoides hybrids. Canadian Journal of Forest
Research, 23:1863–1869.

Hertel, T., Steinbuks, J., and Baldos, U. (2013). Competition for land in the global bioecon-
omy. Agricultural Economics, 44(supplement):129–138.

Herve, C. and Ceulemans, R. (1996). Short-rotation coppiced vs non-coppiced poplar: A
comparative study at two different field sites. Biomass and Bioenergy, 11(2-3):139–150.

Hofmann-Schielle, C., Jug, A., Makeschin, F., and Rehfuess, K. (1999). Short-rotation plan-
tations of balsam poplars, aspen and willows on former arable land in the Federal Republic
of Germany. I. Site-growth relationships. Forest Ecology and Management, 121:41–55.

Holzmueller, E. J. and Jose, S. (2012). Biomass production for biofuels using agroforestry:
potential for the North Central Region of the United States. Agroforestry Systems, 85:305–
314.

Hoorman, J. J., Moraes Sa, J., and Reeder, R. (2009). The Biology of Soil Compaction. The
Ohio State University, pages 1–7.

Hothorn, T., Bretz, F., and Westfall, P. (2008). Simultaneous Inference in General Parametric
Models. Biometrical Journal, 50(3):346–363.

Huxley, P. (1985). The tree/crop interface - or simplifying the biological/environmental study
of mixed cropping agroforestry systems. Agroforestry systems, 13:251–266.

Hytönen, J., Lumme, I., and Törmälä, T. (1987). Comparison of Methods for Estimating
Willow Biomass. Biomass, 14:39–49.

International Poplar Commission (1979). Poplars and willows in wood production and land
use. Food and Agriculture Organization of the United States, Rome.

IPCC (2013). Summary for Policymakers. In Stocker, T., Qin, D., Plattner, G.-K., Tignor,
M., Allen, S., Boschung, J., Nauels, A., Xia, Y., Bex, V., and Midgley, P., editors, Climate
Change 2013: The Physical Science Basis. Contribution of Working Group I to the fifth
Assessment Report of the Intergovernmental Panel in Climate Change. Cambridge University
Press, Cambridge, United Kingdom and New York, NY, USA.



Bibliography 144

Jose, S. (2009). Agroforestry for ecosystem services and environmental benefits: an overview.
Agroforestry Systems, 76:1–10.

Jose, S., Gillespie, A., and Pallardy, S. (2004). Interspecific interactions in temperate agro-
forestry. Agroforestry Systems, 61:237–255.

Jung, L., Barwolff, M., and Vetter, A. (2014). Evolution of crop yields and qualities in a short
rotation coppice alley cropping system in Central Germany. In Second European Agroforestry
Conference, 4-6. June 2014, Cottbus (Germany).

Kahle, P., Baum, C., Springer, J., and Heym, L. (2011). Bodenökologische Auswirkungen der
Kurzumtriebswirtschaft mit Pappeln und Weiden in Mecklenburg-Vorpommern. In Jahresta-
gung der Deutschen Bodenkundlichen Gesellschaft: Böden verstehen, Böden nutzen, Böden
fit machen. 3-9. Sep 2011, Berlin.

Karlinski, L., Rudawska, M., Kieliszewska-Rokicka, B., and Leski, T. (2010). Relationship
between genotype and soil environment during colonization of poplar roots by mycorrhizal
and endophytic fungi. Mycorrhiza, 20:315–324.

Karp, A. and Shield, I. (2008). Bioenergy from plants and the sustainable yield challenge. The
New phytologist, 179:15–32.

Kauter, D., Lewandowski, I., and Claupein, W. (2003). Quantity and quality of harvestable
biomass from Populus short rotation coppice for solid fuel use - a review of the physiological
basis and management influences. Biomass and Bioenergy, 24:411–427.

Kenney, W., Sennerby-Forsse, L., and Layton, P. (1990). A Review of Biomass Quality Research
Relevant to the Use of Poplar and Willow for Energy Conversion. Biomass, 21:163–188.

Klingbeil, K., Benndorf, D., and Grunert, F. (1982). Aerodynamische Grundlagen für Wind-
schutzpflanzungen - Der Einfluss der Geometrischen Struktur von Gehölzschutzstreifen auf
ihre Schutzwirkung Teil II. Zeitschrift fuer Meteorologie, 32(3):165–175.

Knauer, N. (1993). Ökologie und Landwirtschaft. Situation - Konflikte - Lösungen. Ulmer,
Stuttgart.

Knust, C. (2009). Kurzumtriebsplantagen - Stand des Wissens. In Reeg, T., Bemmann,
A., Konold, W., Murach, D., and Spiecker, H., editors, Anbau und Nutzung von Bäumen
auf landwirtschaftlichen Flächen., pages 3–9. WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

Kohli, R., Singh, H., Batish, D., and Jose, S. (2008). Ecological Interactions in Agroforestry:
An Overview. CRC Press.

Konietschke, F., Placzek, M., Schaarschmidt, F., and Hothorn, L. A. (2015). nparcomp: An



Bibliography 145

{R} Software Package for Nonparametric Multiple Comparisons and Simultaneous Confi-
dence Intervals. Journal of Statistical Software, 64(9):1–17.

Kort, J. (1988). 9. Benefits of Windbreaks to Field and Forage Crops. Agriculture, Ecosystems
& Environment, 22-23:165–190.

Kowalchuk, T. E. and de Jong, E. (1995). Shelterbelts and their effect on crop yield. Canadian
Journal of Soil Science, 75:543–550.

Kreutz, W. (1952). Der Windschutz. Ardey Verlag, Dortmund.

Kreutz, W. (1973). Beeinflussung des Standortklimas durch Windschutz. In Buchwald, K. and
Engelhardt, W., editors, Landschaftspflege und Naturschutz in der Praxis, pages 111–141.
BLV Verlagsgesellschaft.

Kröber, M., Heinrich, J., and Wagner, P. (2008). Energieholzanbau aus der Sicht des Land-
wirts - dafür oder dagegen? Einflüsse betrieblicher und regionaler Rahmenbedingungen auf
die Entscheidung zur Anlage von Kurzumtriebsplantagen. Cottbuser Schriften zur Ökosys-
temgenese und Landschaftsentwicklung., 6:1–14.

Krueger, W. (1981). How a forest affects a forage crop. Rangelands.

Lamerre, J., Schwarz, K.-U., Langhof, M., von Wühlisch, G., and Greef, J.-M. (2015). Produc-
tivity of poplar short rotation coppice in an alley-cropping agroforestry system. Agroforestry
Systems, 89:933–942.

Larson, G. F. (1985). Electrical sensor for measuring moisture in landscape and agricultural
soils.

Lewis, T. and Stephenson, J. W. (1966). The permeability of artificial windbreaks and the
distribution of flying insects in the leeward sheltered zone. Annals of Applied Biology,
58:355–363.

Liesebach, M., von Wühlisch, G., and Muhs, H.-J. (1999). Aspen for short-rotation coppice
plantations on agricultural sites in Germany: Effects of spacing and rotation time on growth
and biomass production of aspen progenies. Forest Ecology and Management, 121:25–39.

Liu, Z. and Dickmann, D. I. (1992). Responses of two hybrid Populus clones to flooding,
drought, and nitrogen availability. I. Morphology and growth. Canadian Journal of Botany,
70:2265–2270.

Löpmeier, F. (1994). Berechnung der Bodenfeuchte und Verdunstung mittels agrarmeteorol-
ogischer Modelle. Zeitschrift für Bewässerungswirtschaft, 29(2):157–167.

Marxen-Drewes, H. (1987). Kulturpflanzenentwicklung, Ertragsstruktur, Segetalflora und



Bibliography 146

Arthropodenbesiedlung intensiv bewirtschafteter Äcker im Einflussbereich von Wallhecken.
In Knauer, N. and Widmoser, P., editors, Schriftenreihe, Institut fuer Wasserwirtschaft und
Landschaftsökologie der Christian-Albrechts-Universität Kiel, Heft 6. Kiel.

McKendry, P. (2002). Energy production from biomass (part 1): Overview of biomass. Biore-
source Technology, 83:37–46.

McNaughton, K. (1988). 1. Effects of windbreaks on turbulent transport and microclimate.
Agriculture, Ecosystems & Environment, 22-23:17–39.

McNeill, J. D. (1980). Electrical Conductivity of Soils and Rocks. Geonics Limited, Report
No.: TN-5.

Mead, R. and Willey, R. W. (1980). The concept of a land equivalent ratio and advantages in
yields from intercropping. Experimental Agriculture, 16:217–228.

Meier, U. (1997). BBCH-Monograph, Growth stages of plants. Blackwell Wissenschafts-Verlag,
Berlin.

Milatz, R. (1970). Kriterien der Getreidearten einschliesslich Mais und ihre Bewertung zur
Sortenidentifizierung. Verband Deutscher Pflanzenzüchter e.V., Bonn.

Muhal, S., Solanki, N. S., Singh, P., and Shukla, K. B. (2014). Effect of salicylic acid
on productivity and nutrient uptake of Brassica species under different planting durations.
African Journal of Agricultural Research, 9(13):1101–1106.

Müller, G. (2013). Europas Feldeinfriedungen: Wallhecken (Knicks), Hecken, Feld-
mauern (Steinwälle, Trockensteinmauern), Trockenstrauchhecken, Flechthecken, Biege-
hecken, Flechtzäune, Steckflechtzäune und traditionelle Holzzäune. Band I. Neuer Kun-
stverlag, Stuttgart.

Müller, T. (1956). Versuche über die Windschutzwirkung von Hecken auf der Schwäbischen
Alb. Umschaudienst des Forschungssauschusses "Landschaftspflege und Landschaftsgestal-
tung" der Akademie für Raumforschung und Landesplannung, 6(1/2).

Mutsaers, H. J. W. (1980). The effect of row orientation, date and latitude on light absorption
by row crops. The Journal of Agricultural Science, 95:381–386.

Nägeli, W. (1946). Weitere Untersuchungen über die Windverhältnisse im Bereich von Wind-
schutzstreifen. Mitteilungen der Schweizerischen Anstalt für das forstliche Versuchswesen,
24:660–737.

Nair, P. K. R. (1985). Classification of agroforestry systems. Agroforestry Systems, 3:97–128.

Nair, P. K. R. (1993). An introduction to agroforestry. Kluwer Acad. Publ., Dordrecht.



Bibliography 147

Nandal, D. and Dhillon, A. (2007). Allelopathic effects of poplar (Populus deltoides Bartr
Ex Marsh): an assessment on the response of wheat varieties under laboratory and field
conditions. Indian Journal of Agroforestry, 9(2):125–127.

Nassi O Di Nasso, N., Guidi, W., Ragaglini, G., Tozzini, C., and Bonari, E. (2010). Biomass
production and energy balance of a 12-year-old short-rotation coppice poplar stand under
different cutting cycles. GCB Bioenergy, 2:89–97.

NIBIS (R) KARTENSERVER (2014). Luftbilder aus Niedersachsen. Landesamt für Bergbau
Energie und Geologie (LBEG), Hannover.

Nuberg, I. K. (1998). Effect of shelter on temperate crops: a review to define research for
Australian conditions. Agroforestry Systems, 41:3–34.

Ong, C. K. and Huxley, P., editors (1996). Tree-crop interactions: a physiological approach.
CAB INTERNATIONAL, Wallingford.

Otto, S., Loddo, D., and Zanin, G. (2010). Weed-poplar competition dynamics and yield loss
in Italian short-rotation forestry. Weed Research, 50:153–162.

Palma, J., Graves, A., Burgess, P., Keesman, K., van Keulen, H., Mayus, M., Reisner, Y., and
Herzog, F. (2007). Methodological approach for the assessment of environmental effects of
agroforestry at the landscape scale. Ecological Engineering, 29:450–462.

Pasek, J. (1988). 30. Influence of Wind and Windbreaks on Local Dispersal of Insects. Agri-
culture, Ecosystems & Environment, 22-23:539–554.

Pecenka, R. (2015). Leibniz-Institut für Agrartechnik Potsdam-Bornim e.V.:
Energieholz aus Kurzumtriebsplantagen/Biofestbrennstoffe. http://www.atb-
potsdam.de/nc/forschungsprogramme/stoffliche-und-energetische-nutzung-von-
biomasse/bioenergieforschung/energieholz-aus-kup.html.

Petzold, R., Feger, K., and Röhle, H. (2010). 1.3 Standörtliche Voraussetzungen für
Kurzumtriebsplantagen. In Bemman, A. and Knust, C., editors, AGROWOOD, Kurzumtrieb-
splantagen in Deutschland und europäische Perspektiven, pages 44–53. Weißensee Verlag,
Berlin.

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., and R Core Team (2014). nlme: Lin-
ear and Nonlinear Mixed Effects Models. R package version 3.1-117, http://cran.r-
project.org/package=nlme.

Puri, S. and Bangarwa, K. S. (1992). Effects of trees on the yield of irrigated wheat crop in
semi-arid regions. Agroforestry Systems, 20:229–241.

Quinkenstein, A., Woellecke, J., Böhm, C., Grünewald, H., Freese, D., Schneider, B. U., and



Bibliography 148

Hüttl, R. F. (2009). Ecological benefits of the alley cropping agroforestry system in sensitive
regions of Europe. Environmental Science & Policy, 12:1112–1121.

R Core Team (2014). R: A Language and Environment for Statistical Computing.

Reisner, Y., de Filippi, R., Herzog, F., and Palma, J. (2007). Target regions for silvoarable
agroforestry in Europe. Ecological Engineering, 29:401–418.

Richter, M. and Gentzen, U. (2011). Ist der Boden noch zu retten? - Auswirkung des
Klimawandels auf Bodenerosionsprozesse am Beispiel Ostdeutschlands. In Tagung Boden-
erosion und Massenbewegungen. 11. Feb 2011, Kiel, Germany.

Ringler, A., Rossmann, D., and Steidl, I. (1997). Hecken und Feldgehoelze-
Landschaftspflegekonzept Bayern, Band II. 12. Alpeninstitut GmbH, Bremen, München.

Röhle, H., Hartmann, K.-U., Skibbe, K., and Schlotter, M. (2014). Er-
tragsschätzung von Kurzumtriebsplantagen aus Pappel. http://tu-
dresden.de/die_tu_dresden/fakultaeten/fakultaet_forst_geo_und_hydrowissenschaften
/fachrichtung_forstwissenschaften/institute/ww/waldwachstum/forschung/kup-ertrag.

Röhle, H. and Skibbe, K. (2012). Ertragsschätzung in Kurzumtriebsplantagen aus Pappel und
Weide. In Nordwestdeutsche Forstliche Versuchsanstalt, editor, Züchtung und Ertragsleis-
tung schnellwachsender Baumarten im Kurzumtrieb, pages 105–118. Universitätsverlarg Göt-
tingen, Göttingen.

Röser, B. (1995). Saum- und Kleinbiotope : ökologische Funktion, wirtschaftliche Bedeutung
und Schutzwürdigkeit in Agrarlandschaften. Ecomed, Landsberg.

Sage, R. (1999). Weed competition in willow coppice crops: the cause and extent of yield
losses. Weed Research, 39:399–411.

Sakhabutdinova, A. R., Fatkhutdinova, D. R., Bezrukova, M. V., and Shakirova, F. M. (2003).
Salicylic acid prevents the damaging action of stress factors on wheat plants. Bulgarian
Journal of Plant Physiology, Special Is:314–319.

Sauerbeck, G. (2008). Bodenkundliche Feldkartierung der Versuchsflächen in Wendhausen und
Mariensee. Technical report.

Schmitt, A.-k., Tischer, S., Elste, B., Hofmann, B., and Christen, O. (2010). Auswirkung der
Energieholzproduktion auf physikalische, chemische und biologische Bodeneigenschaften auf
einer Schwarzerde im Mitteldeutschen Trockengebiet. Journal für Kulturpflanzen, 62(6):189–
199.

Seiter, S., William, R., and Hibbs, D. (1999). Crop yield and tree-leaf production in three



Bibliography 149

planting patterns of temperate-zone alley cropping in Oregon, USA. Agroforestry systems,
46:273–288.

Sennerby-Forsse, L., Ferm, A., and Kauppi, A. (1992). Coppicing ability and sustainability. In
Mitchell, C., Ford-Robertson, J., Hinckley, T., and Sennerby-Forsse, L., editors, Ecophysi-
ology of short rotation forest crops, pages 146–184. Elsevier Applied Science, London and
New York.

Shafiee, S. and Topal, E. (2009). When will fossil fuel reserves be diminished? Energy Policy,
37:181–189.

Singh, C., Dadhwal, K. S., Dhiman, R. C., Kumar, R., and Avasthe, R. K. (2012). Allelopathic
Effects of Paulownia and Poplar on Wheat and Maize Crops Under Agroforestry Systems in
Doon Valley. Indian Forester, 138(11):986–990.

Singh, H., Kohli, R., and Batish, D. (1998). Effect of Poplar (Populus deltoides) shelterbelt
on the growth and yield of wheat in Punjab, India. Agroforestry Systems, 40:207–213.

Singh, H., Kohli, R., and Batish, D. (2001). Allelopathic interference of Populus deltoides with
some winter season crops. Agronomie, 21:139–146.

Skaug, H., Fournier, D., Bolker, B., Magnusson, A., and Nielsen, A. (2012). AD Model
Builder: using automatic differentiation for statistical inference of highly parameterized
complex nonlinear models. Optimization Methods and Software, 27:233–249.

Stamps, W. T. and Linit, M. J. (1997). Plant diversity and arthropod communities: Implica-
tions for temperate agroforestry. Agroforestry Systems, 39:73–89.

Stamps, W. T. and Linit, M. J. (1999). The problem of experimental design in temperate
agroforestry. Agroforestry Systems, 44:187–196.

Stoeckeler, J. H. (1962). Shelterbelt influence on Great Plains field environment and crops.
Production research report, 62:1–26.

Strohm, K., Schweinle, J., Liesebach, M., Osterburg, B., Rödl, A., Baum, S., Nieberg, H.,
Bolte, A., and Walter, K. (2012). Kurzumtriebsplantagen aus ökologischer und ökonomischer
Sicht.

Sudduth, K., Drummond, S., and Kitchen, N. (2001). Accuracy issues in electromagnetic
induction sensing of soil electrical conductivity for precision agriculture. Computers and
Electronics in Agriculture, 31:239–264.

Taylor, P. J., Nuberg, I. K., and Hatton, T. J. (2001). Enhanced transpiration in response to
wind effects at the edge of a blue gum (Eucalyptus globulus) plantation. Tree physiology,
21:403–408.



Bibliography 150

Thevathasan, N. and Gordon, A. (2004). Ecology of tree intercropping systems in the North
temperate region: Experiences from southern Ontario, Canada. Agroforestry Systems, 61-
62:257–268.

Tsonkova, P., Böhm, C., Quinkenstein, A., and Freese, D. (2012). Ecological benefits provided
by alley cropping systems for production of woody biomass in the temperate region: A
review. Agroforestry Systems, 85:133–152.

United Nations, Department of Economic and Social Affairs, and Population Division (2015).
World Population Prospects: The 2015 Revision, Key findings and Advance Tables.

Unseld, R., Reppin, N., Eckstein, K., Zehlius-Eckert, W., Hoffmann, H., and Huber, T. (2011).
Leitfaden Agroforstsysteme - Möglichkeiten zur naturschutzgerechten Etablierung von Agro-
forstsystemen. Technical report, München.

Valentine, J., Clifton-Brown, J., Hastings, A., Robson, P., Allison, G., and Smith, P. (2012).
Food vs. fuel: The use of land for lignocellulosic ’next generation’ energy crops that minimize
competition with primary food production. GCB Bioenergy, 4:1–19.

Van der Werf, W., Keesman, K., Burgess, P., Graves, A., Pilbeam, D., Incoll, L. D., Metselaar,
K., Mayus, M., Stappers, R., van Keulen, H., Palma, J., and Dupraz, C. (2007). Yield-
SAFE: A parameter-sparse, process-based dynamic model for predicting resource capture,
growth, and production in agroforestry systems. Ecological Engineering, 29:419–433.

Van Noordwijk, M., Lawson, G., Soumaré, A., Groot, J., and Hairiah, K. (2006). Root dis-
tribution of trees and crops: competition and/or complementarity. In Ong, C. and Huxley,
P., editors, Tree-Crop Interactions: A Physiological Approach, pages 319–364. CAB Inter-
national, Wallingford, UK.

Van Thuyet, D., Van Do, T., Sato, T., and Thai Hung, T. (2014). Effects of species and
shelterbelt structure on wind speed reduction in shelter. Agroforestry Systems, 88:237–244.

Walter, K., Don, A., and Flessa, H. (2015). No general soil carbon sequestration under Central
European short rotation coppices. GCB Bioenergy, 7:727–740.

Wang, H. and Takle, E. S. (1995). Numerical Simulations of Shelterbelt Effects on Wind
Direction. Journal of Applied Meteorology, 34:2206–2219.

Webster, R. (1966). The measurement of soil water tension in the field. New Phytologist,
65:249–258.

Wirkner, R. (2015). Schnellwachsende Baumarten in Deutschland und deren Einsatz zur
Wärmebereitstellung. In Anwenderseminar/Fachgespräche feste Biomasse: Ernte und Ver-
wertung von Holz aus Kurzumtriebsplantagen, 15. Jan 2015, Köllitsch.



Bibliography 151

Wood, S. (2011). Fast stable restricted maximum likelihood and marginal likelihood estima-
tion of semiparametric generalized linear models. Journal of the Royal Statistical Society,
73(1):3–36.

Wühlisch, G. and Chauhan, S. (2011). Evidence for nitrogen fixation in the Salicaceae Family.
Indian Journal of Ecology, 38(Special Issue):80–83.

Zhou, X., Brandle, J., Takle, E., and Mize, C. (2002). Estimation of the three-dimensional
aerodynamic structure of a green ash shelterbelt. Agricultural and Forest Meteorology,
111:93–108.

Zimmer, D., Baum, C., Leinweber, P., Hrynkiewicz, K., and Meissner, R. (2009). Associated
Bacteria Increase the Phytoextraction of Cadmium and Zinc From a Metal-Contaminated
Soil By Mycorrhizal Willows. International Journal of Phytoremediation, 11:200–213.

Zuur, A. F., Ieno, E. N., and Smith, G. M. (2007). Analysing ecological data. Statistics for
Biology and Health. Springer, New York, 1st edition.



Appendices

A. Aerial picture of the experimental site in Wendhausen

Figure A.1. Aerial picture of the experimental site in Wendhausen, with the height lines and
the coordinates (NIBIS (R) KARTENSERVER, 2014).
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B. Position of the subplots in the crop open field C1-C3

Figure B.1. Position of the subplots (48 and 96 m widths) in the crop open fields C1-C3,
used for the yield and grain moisture content distribution models.

C. Air temperature and relative humidity values in 2013 and 2014
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Table C.1. Mean ± standard error, minimum (min.) and maximum (max.) air temperature and relative air humidity values in the short rotation coppice
(SRC)-strip, at several distances from the leeward SRC-strip (3, 11 ,25.5, 40 and 48 m) and in the open field, during the two measurement periods in 2013
and 2014 (mean ± standard error) (ND: No data).

Measurement Distance from leeward Air temperature (◦C) Relative air humidity (%)
period SRC-strips (m) mean min. max. mean min. max.

Summer 2013 (06/02-07/11/13)

SRC-strip 16.7 ± 0.2 16.5 ± 0.2 16.9 ± 0.2 72.3 ± 0.6 70.7 ± 0.6 74.0 ± 0.6
3 16.8 ± 0.2 16.5 ± 0.2 17.1 ± 0.2 73.1 ± 0.7 70.1 ± 0.7 74.0 ± 0.7
11 17.0 ± 0.2 16.6 ± 0.2 17.3 ± 0.2 73.4 ± 0.7 71.5 ± 0.8 75.4 ± 0.7
25.5 16.8 ± 0.2 16.4 ± 0.2 17.1 ± 0.2 73.6 ± 0.7 71.8 ± 0.8 75.4 ± 0.7
40 16.8 ± 0.2 16.5 ± 0.2 17.2 ± 0.2 ND ND ND
48 16.6 ± 0.2 16.3 ± 0.2 16.9 ± 0.2 74.4 ± 0.7 72.6 ± 0.7 76.2 ± 0.7

Open field 16.6 ± 0.2 16.3 ± 0.2 16.9 ± 0.2 ND ND ND

Summer 2014 (05/22-07/08/14)

SRC-strip 15.8 ± 0.2 15.0 ± 0.2 16.6 ± 0.2 77.1 ± 0.6 73.9 ± 0.7 80.3 ± 0.6
3 15.6 ± 0.2 14.8 ± 0.2 16.3 ± 0.2 81.5 ± 0.6 77.7 ± 0.7 85.1 ± 0.5
11 15.7 ± 0.2 14.9 ± 0.2 16.6 ± 0.2 80.5 ± 0.6 77.1 ± 0.7 83.8 ± 0.6
25.5 15.6 ± 0.2 14.8 ± 0.2 16.5 ± 0.2 80.5 ± 0.6 77.1 ± 0.7 83.8 ± 0.5
40 15.6 ± 0.2 14.7 ± 0.2 16.5 ± 0.2 ND ND ND
48 15.6 ± 0.2 14.8 ± 0.2 16.5 ± 0.2 80.6 ± 0.6 77.3 ± 0.7 83.9 ± 0.5

Open field 15.6 ± 0.2 14.8 ± 0.2 16.4 ± 0.2 80.4 ± 0.6 77.0 ± 0.6 83.6 ± 0.5
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D. Statistical results

D.1 Models used for the spatial distribution of yield and grain moisture contents in
2008, 2013 and 2014.

Yield models

See table D.1.

Grain moisture content models

See table D.2.
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Table D.1. Parameters estimates, their significance levels, the correlation coefficients and the number of observations used for each selected model to
predict the grain yield in the alley-cropping system and the crop open fields in 2008, 2013 and 2014. Significance levels: *** p<0.001, ** p<0.01, *
p<0.05, . p<0.1, n.s.: not significant. (edf: effective degree of freedom (a high value means a highly non-linear curve and 1 means a straight line); - :
not used in the model; ND: No data; SE: standard error; R2: correlation coefficient).

System Alley-cropping system Crop open field
Year 2008 2013 2014 2008 2013 2014

Intercept γ (estimate ± SE, 56.0 ± 1.4*** 93.5 ± 11.5*** 84.3 ± 3.3*** ND 83.1 ± 0.4*** 91.0 ± 0.2***
significance level)

Sm
oo

th
er

te
rm

s
(e
df
,s
ig
ni
fic
an
ce

lev
el)

f1(Distancei) 1.67** 3.7*** 3.4*** ND - 1.0n.s.
f2(Distancei : Widthnarrow) - 2.0* - ND - -
f2(Distancei : Widthwide) 4.8*** - - ND 4.5*** -

f3(Distancei : Cropwinterwheat) - 4.9*** - ND - -
f3(Distancei : Cropwinterbarley) - - 4.9*** ND - -

f4(nEC25i) 5.4*** 5.3*** 3.7*** ND - -
f5(Xi, Yi) 8.5*** 7.8*** 8.6*** ND 8.5*** 8.3***

Li
ne
ar

eff
ec
ts

(e
st
im

at
e

±
SE

,
sig

ni
fic
an
ce

lev
el)

Crop - - - ND - -

Width - - 3.4 ± 2.3n.s. ND - -

nEC25 - - - ND - -

Adjusted R2 0.30 0.67 0.48 ND 0.67 0.18
Number of observations 2495 1451 1418 ND 1150 1181
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Table D.2. Parameters estimates, their significance levels and the correlation coefficients and the number of observations used for each selected model
to predict the grain moisture content in the alley-cropping system and the crop open fields in 2008, 2013 and 2014. Significance levels: *** p<0.001, **
p<0.01, * p<0.05, . p<0.1, n.s.: not significant. (edf: effective degree of freedom (a high value means a highly non-linear curve and 1 means a straight
line); - : not used in the model; SE: standard error; R2: correlation coefficient).

System Alley-cropping system Crop open field
Year 2008 2013 2014 2008 2013 2014

Intercept γ (estimate±SE, 15.9 ± 0.3*** 17.6 ± 0.18*** 15.7 ± 0.2*** ND 18.9 ± 0.5*** 13.5 ± 0.1***
significance level)

Sm
oo

th
er

te
rm

s
(e
df
,s
ig
ni
fic
an
ce

lev
el)

f1(Distancei) 3.9*** 3.9*** 3.4*** ND - 1.0***
f2(Distancei : Widthnarrow) 2.0** 4.9*** 5.0*** ND - -
f2(Distancei : Widthwide) - - - ND - -

f3(Distancei : Cropwinterwheat) - - - ND - 4.7***
f3(Distancei : Cropwinterbarley) - 4.7*** 4.1*** ND 4.6*** -

f4(nEC25i) - - - ND - -
f5(Xi, Yi) 8.1*** - 8.3*** ND 8.8*** -

Li
ne
ar

eff
ec
ts

(e
st
im

at
e

±
SE

,
sig

ni
fic
an
ce

lev
el)

Crop - - - ND - -

Width - - - ND - 0.2 ± 0.03***

nEC25 0.6 ± 0.1*** 0.3 ± 0.1*** 0.03 ± 0.08n.s. ND - -0.2 ± 0.1*

Adjusted R2 0.22 0.95 0.71 ND 0.86 0.84
Number of observations 2495 1451 1418 ND 1150 1181
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D.2 Results of the analysis of variance for the yield components

See table D.4.

D.3 Results of the analysis of variance for the diameters at breast height

Table D.3. Results of the analysis of variance for the diameters at breast height measured
in winter 2009/10, 2013/14 and 2014/15 in both rotation cycles (except in 2009/10). Sig-
nificance levels: *** p<0.001, ** p<0.01, * p<0.05, . p<0.1., n.s.: not significant. (3y-RC:
3-year rotation cycle; 6y-RC: 6-year rotation cycle; n: number of observations) (H0: All diam-
eters are the same at the different row positions).

Winter 2009/10 2013/14 2014/15
Rotation cycle - 3y-RC 6y-RC 3y-RC 6y-RC

F-value (for the row position) 7.3 1.0 2.2 4.1 4.1
Significance levels *** n.s. n.s. *** **

n 140 593 132 996 713

D.4 Equations’ and correlation coefficients of the biomass estimation models

See table D.5.
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Table D.4. Results of the analysis of variance for the yield components of the winter wheat and winter barley assessed in 2013 and 2014 at all measurement
points and additionally at the leeward (L), windward (W) and middle (M) points. Significance levels: *** p<0.001, ** p<0.01, * p<0.05, . p<0.1., n.s.:
not significant. (EN: ear number per m2; TGW: thousand grain weight; R2: correlation coefficient) (H0: the factors EN, the TGW and the interaction of
EN and TGW (EN:TGW) do not affect the total grain weight).

Crop Winter wheat Winter barley
Year 2013 2014 2013 2014

Position L W M All L M All L W M All L M All

Si
gn

ifi
ca
nc
e

lev
el

of
fa
ct
or
s EN n.s. *** n.s. *** *** n.s. * ** *** *** *** *** * *

TGW *** n.s. n.s. ** n.s. n.s. * * * * *** n.s. n.s. *

EN:TGW *** n.s. n.s. n.s. n.s. n.s. * n.s. n.s. n.s. n.s. n.s. n.s. **

Adjusted R2 of fixed effects 0.99 0.97 0.78 0.91 0.85 0.69 0.87 0.48 0.72 0.42 0.57 0.86 0.84 0.89
Adjusted R2 of fixed and random effects 0.99 0.97 0.78 0.92 0.85 0.78 0.87 0.64 0.84 0.64 0.71 0.86 0.85 0.91
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Table D.5. Equations’ coefficients and their lower and upper confidence intervals (CI) at 95 % and the correlation coefficients of the biomass estimation
models for the different row positions (leeward, middle, windward), designs (SRC: short rotation coppice), combined and control field) and rotations cycles
(3y-RC: 3-year; 6y-RC: 6-year).

Rotation cycle Row positions Coefficient α Coefficient β Correlation
Lower CI α Upper CI Lower CI β Upper CI coefficient R2

3y-RC

Leeward control field 0.08 0.11 0.14 2.05 2.19 2.32 0.98
Control field 0.08 0.09 0.13 2.12 2.28 2.44 0.97
Windward 0.08 0.10 0.11 2.15 2.26 2.37 0.99

Middle SRC design 0.05 0.06 0.07 2.48 2.65 2.81 0.98
Middle combined design 0.08 0.09 0.10 2.21 2.31 2.41 0.99

Leeward 0.07 0.10 0.14 1.96 2.23 2.51 0.92

6y-RC

Windward 0.11 0.16 0.25 1.81 2.06 2.31 0.93
Middle SRC design 0.09 0.10 0.12 2.19 2.29 2.40 0.99

Middle combined design 0.08 0.11 0.14 2.14 2.30 2.46 0.98
Leeward 0.08 0.09 0.11 2.28 2.38 2.48 0.99
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