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1. Introduction 
1.1 Trees on arable land: Review and current status 
 

The cultivation of trees on arable land is classified as Agroforestry System (AFS). In such 
systems an annual agricultural component (crop or livestock production) is combined with a 
perennial, woody component (trees, hedgerows), at the same time, on the same area of land 
(Nair, 1985). While in the temperate zone with an increasing mechanization in agriculture, the 
trees were removed from agricultural land and the cultivation of trees and crops was spatially 
separated, in the tropics and subtropics AFS continues to be the subsistence basis of 
smallholder agriculture.  

However, agriculture is considered as one of the largest drivers of loss in biodiversity, with an 
increasing impact due to changes in consumption patterns and growing populations. 
Agricultural systems are considered to destroy biodiversity by converting natural habitats to 
intensely managed systems, increasing the output by an increase of harmful inputs (fertilizers, 
plant protection agents) and by releasing pollutants, including greenhouses gases like CO2 
and methane. When in 2019 the FAO published “The State of the World’s Biodiversity for Food 
and Agriculture”, the report highlighted the benefits associated with the conservation of 
biodiversity and ecosystems and highlighted the risks by their loss. They stated, that 
biodiversity makes the ecosystems more resilient against (climate) changes and can increase 
the food production, while limiting negative environmental effects, just to mention a few points 
(Bélanger et al., 2019). Kok et al. (2018) postulated in their study, that biodiversity will further 
decline, if the world stays on its current path of development. They offered three strategies to 
downshift further biodiversity losses. One of these strategies is the Decentralized Solution 
pathway, which will promote the “potential for ecological innovation in mixed land use systems 
where natural elements are interwoven within production landscapes” (Kok et al., 2018). Other 
authors also showed, that intensive cropping systems, which increase yields by higher 
resource inputs (fertilizer, plant protection agents, mechanization and irrigation) have negative 
impacts on biodiversity. To add a biodiversity effect in such systems, trees could be a possible 
solution (Barrios et al., 2018). Barrios et al. (2018) promoted that trees in AFS can create so 
called “hot spots of biological activity”.  

To face the problems of monoculture and industrialization a reinvestigation of these AFS in 
intensified agricultural production systems offers an opportunity for biodiversity. Since AFS 
have a wide form of appearance, it was especially difficult to clearly characterize these systems 
in the past and make an area-based analysis. Hence, the data basis on AFS was very thin in 
the past. However, in recent years the area under AFS cultivation in Europe could be 
determined more precisely. In Europe, 22 % of the agriculturally used area is not covered by 
trees, whereas 40 % of the agricultural area is covered with >10 % trees, 23 % with >20 % 
trees and 15 % with >30 %. A comparison showed that these values correspond to those on a 
global scale. Globally, 46 % of the agricultural used area is covered with >10 % trees, 27 % 
with >20 %, 17 % with >30 % and only 10 % is not covered by trees (Zomer et al., 2009). From 
2000 to 2010, Zomer et al. (2016) estimated an increase of 0.02 % in biomass carbon on 
agricultural land, which they equated to trees on agricultural land. Currently, 15.4 million ha in 
the European Union are AFS (den Herder et al., 2017).  
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Even today, in the tropics and subtropics, the simultaneous cultivation of trees and crops on 
the same field is the common form of land management. In Africa and Asia smallholder farming 
and the scarcity of land makes intercropping a widespread form of land management (Knörzer 
et al., 2010). If the crop and tree production is combined, this special form of intercropping is 
called Agroforestry. Nair (1985) defined the cultivation of trees and crops as a silvoarable or 
agrosilvicultural system, where an annual agricultural crop is produced together with a 
perennial, woody product (e.g. trees or shrubs as hedgerow intercropping, multipurpose trees 
or shrubs, shelterbelts, windbreaks, fuelwood). While this is the usual type of farming in 
equatorial climate zones, in the temperate zone most often the production of woody plants and 
agricultural products takes place on separate areas. But in the past, trees were also common 
on arable land in the temperate zone. 

There were some well-known traditional systems, especially in Germany. Some of these 
traditional examples are the ‘Streuobst’ (extensive managed fruit orchards with crop production 
or grazing between the trees) in the South, shelterbelts for wind protection in the North and 
East, so called ‘Knicks’, and also the ‘Hutewälder’ (wood pasture) (Chalmin, 2009a). 
Nowadays, the labor-intensive fruit production in the ‘Streuobst’ orchards was replaced by 
commercial orchards and the wood pasture is no longer relevant for livestock. Shelter belts 
are still an interesting landscape object. But during the land consolidation in the 1970s and the 
trend towards the use of larger machinery, many of these systems have been lost. The targets 
of the land consolidation were the rearrangement of the existing rural property, improvement 
of the production and work conditions, and the support of the land management and regional 
development (FlurbG - Flurbereinigungsgesetz, n.d.). To form these large, uniform fields, the 
landscape with all existing landscape objects were cleared.  

Farmers’ interest in cultivating trees on arable land has increased again in recent years. In 
America and Europe, intercropping can cause yield stability, resource efficiency and 
sustainability (Knörzer et al., 2010). But, also the increase in biodiversity, reduced pressure by 
pests, diseases and weeds, habitat creation, erosion control, carbon sequestration and 
reduction in nutrient losses are possible advantages for farmers (Vandermeer, 1992; 
Montagnini and Nair, 2004; Rigueiro-Rodríguez et al., 2009).  

The actual status of silvoarable AFS in Europe is shown in Figure 1. Especially in the 
Mediterranean region the cultivation of trees on arable land is practiced. 15,200 ha in Greece, 
106,100 ha in Italy, 76,500 ha in Portugal, 117,000 ha in Spain and 5,700 ha in France are 
arable AFS, including agricultural production under permanent crops (fruit, nut and olive trees) 
and woodland and shrubland with sparse trees (Mosquera-Losada et al., 2016). Most of these 
AFS are traditional systems. Intercropping of orange (Citrus sinensis L.) orchards with 
leguminous crops, cereals or vegetables are a traditional form of AFS in Crete, Greece. If the 
trees develop a larger crown over the years, and thus more shade, poultry farming is carried 
out in the groves instead of agriculture (Pantera et al., 2016). In Italy, there are attempts to 
intercrop the old olive (Olea europaea L.) groves with wild asparagus (Asparagus acutifolius 

L.) or cut flowers (Rosati and Mantovani, 2015). The groves are no longer profitable due to the 
low revenue for olive oil. In Spain and Portugal the traditional system ‘dehesa’ (spanish) or 
‘montados’ (portuguese) exist, which is a wide pasture for pigs and cows under holm-oaks 
(Quercus ilex L.), but also cereal production (wheat, oat, barley, rye), most often for fodder, 
takes place (Moreno and Cáceres, 2016). In France, there are huge areas of intercropped 
walnut (Juglans spp.) orchards in the Dauphiné province in the Southeast. The intercropped 
products range from cereals (Triticum sp., Hordeum sp.) to fodder (Medicago sativa L.) to oil 
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crops (Helianthus annuus L., Glycine max (L.) MERR., Lavandula sp.) and root crops (Zea 

mays L., Sorghum sp., Nicotiana sp.). In this region, the walnut trees are intercropped for about 
10 years. Smaller fruit trees (Malus domestica BORKH., Ribes sp.) or vineyards (Vitis vinifera 
L.) for more than 12 years. The traditional cultivation of walnut trees only for fruit production 
has been shifted in the last decades to a dual-production of fruits and high-valuable timber 
(Mary et al., 1999).  

Especially in the Mediterranean area AFS survived due to productive, symbolic and 
environmental reasons. These systems created a landscape that made arable farming 
possible (e.g. construction of terraces for better water infiltration, reduced erosion) (Kizos and 
Plieninger, 2008). Kizos and Plieninger (2008) also stated, that these Mediterranean systems 
are important for the local identity, since factors like “local” and “quality” gains more attention. 
Also, the Mediterranean AFS landscapes were formed over thousands of years and besides 
the additionally income from fruit and wood, the trees provide shade for livestock and workers 
in this area. In the opinion of famers of marginal areas, AFS is the most suitable form of land 
cultivation for these areas. Nowadays, other usage, like wood, gains also interest (Lovrić et 
al., 2018).   

The above-mentioned systems are mostly traditional AFS, but there are already (research) 
approaches for modern systems. So, in France the cultivation of timber trees (Populus spp., 
Juglans nigra x regia, Prunus domestica L., Fraxinus excelsior L., Acer spp., Celtis australis 
L., Pyrus pyraster (L.) DU ROI) aligned in rows within arable fields of 35 ha are established 
(Gosme et al., 2016). In the valley of Po, Italy, 10 ha of Poplar hybrids (Populus x canadensis 
MOENCH) for timber and energy wood production with diverse cereals and root crops are 
grown (Paris et al., 2016). Other approaches are poplars, walnut and cherry (Prunus avium L.) 
for high-valuable timber production with grapevines, cereals, alfalfa, vegetables, and common 
beans in Voio, Greece (Mantzanas et al., 2016).  

In temperate zones silvoarable AFS does not cover wide areas as seen in the Mediterranean 
region (Figure 1). Except of Cyprus and Portugal, most of the European countries have less 
than 1 % of their agricultural used area classified as AFS. Some examples for silvoarable AFS 
can be found in the United Kingdom (2,000 ha), Hungary (2,000 ha), Switzerland and Germany 
(5,700 ha) (den Herder et al., 2017). In the United Kingdom, in recent years, alley cropping of 
trees for timber production, as Short Rotation Coppice (SRC) or for fruit production with arable 
or horticultural crops gained popularity. One of the reasons is the function as shelterbelt (Smith 
et al., 2015). In Hungary shelterbelts were traditional landscape objects, but the number of 
these systems is declining. There are research approaches of alley cropping trees for 
woodchips, timber or fire wood with crops for fodder production (Vityi et al., 2015). In 
Switzerland, trees were always part of the landscape and were combined with agriculture. 
However, many of these trees were felled in the 1930s to 1970s. Today, however, farmers 
have interest in establishing trees on their land, e.g. for fruit production, as SRC, or as high-
valuable timber. For example, winter wheat, sorghum, maize or even field vegetables are used 
as arable crops between the tree rows (Petrillo et al., 2016). With beginning of the 18th, century 
the large-scale cultivation of ‘Streuobst’ has arose in Germany. The density of fruit trees in 
1900 where 4.8 trees per hectare in the German Empire. The four main species were apples, 
pears, plums (Prunus spp.) and cherries. In 1930, 'Streuobst' reached its maximum (Herzog, 
1998). Nowadays, there are 116,000 ha 'Streuobst' with 9.3 Million trees in the German state 
of Baden-Württemberg (Ministerium für Ländlichen Raum und Verbraucherschutz, 2015). 
Since fruit production in half-standard plantations is more efficient and economical, these 
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systems decline. One possibility of further use is the transfer of these extensive managed fruit 
orchards in so-called ‘Wertholzwiesen’. The replanted trees are no longer cultivated for fruit 
production, but for high-valuable timber. Another possibility is the cultivation of such trees in 
silvoarable systems (Brix et al., 2009; Chalmin, 2009b).  

Therefore, many traditional systems are intended to be preserved (e.g. intercropped orange 
orchards, olive grove Italy), converted to modern usage (e.g. Walnut production in France) or 
new systems being created (e.g. high-valuable timber AFS in Germany, energy SRC in United 
Kingdom).  

 

Figure 1: Percentage share of arable AFS on utilized agricultural area of the single EU-27 countries (own figure, 
based on data of den Herder et al. (2017)). 

For farmers, it is crucial to know how to create such an AFS. An important aspect is to ensure 
the successful growth of the trees, since only through a successful establishment additional 
income and profit can be generated in the following years.  

 

1.2 Recommendations for establishment of trees on arable land 
 

If farmers decide to plant trees on their agricultural land, there are numerous production issues, 
which need to be clarified. One of these is the form of establishment, which varies according 
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to the final usage of wood. Possible tree usages could be for timber usage or for wood chip 
production. Such tree strips can promote the biodiversity by providing habitat for a diversity in 
flora and fauna. Schroth et al. (2004) and Willemen et al. (2013) observed that AFS can 
increase the complexity of the landscape and create pollinator-friendly habitats. For timber tree 
usage the additional advantage is, that trees can be planted that no longer grow in the 
landscapes, and become more common again. Flower mixtures can be sown into the tree 
strips too, which generate a food resource for wild bees and other insects. A study from 
Switzerland showed a proportion of diverse ground beetle species in flowering strips that was 
more than double than those in arable fields (Lys and Nentwig, 1992). In southwest Germany, 
flower mixtures showed a total of 58 wild bee species, which use the strips for nesting or as 
fodder resource (Engels et al., 1994). A three-year rotation of short rotation coppice for wood 
chip production does not provide such a long-lasting habitat than undisturbed valuable timber 
tree strips, but it is longer undisturbed than an agricultural used field. A SRC also offers a more 
regular yield than timber trees. Depending on tree age, choice of trees (tree crown shape), 
plantation size and location / accompanying structures 8 – 60 species of birds can be found in 
SRC, compared to arable fields, where less than 30 % of the species richness found in SRC 
were present (Schulz et al., 2009). While the establishment of single trees for fruit or high-
valuable timber is fairly easy, establishing trees (strip wise) as Short Rotation Coppice requires 
an adequate soil preparation and weed management to keep weed pressure low. This ensures 
growth and high final biomass yields.  

To generate tree strips that provide such a habitat function, it is important to create an initial 
growth phase which is free of weed competition. If trees for high-valuable timber production 
are planted on agricultural land, weed competition is not much of a concern. Since trees are 
used for planting which are already high (‘Viertelheister’; quarter-standard tree, 1.25 – 1.50 m 
height or ‘Halbheister’; half-standard tree, 1.50 – 2.00 m height), weed suppression will be 
unusual. However, if a SRC should be established, a site adapted soil tillage and weed 
management is crucial. Although, a SRC can be created with long rods / whips (‘Setzstangen’, 
2 – 4 m long), this method is more complex in planting and more expensive than the use of 
cuttings (‘Steckhölzer’, 20 – 25 cm long). When cuttings are used only 1 – 2 cm protrudes 
above soil level (Verwijst et al., 2013). Therefore, the cuttings can be quickly suppressed by 
weeds. The control of the accompanying vegetation prior planting is essential (Department for 
Environment Food and Rural Affairs (DEFRA), 2004). Especially for willow SRC weed control 
is of crucial importance for successful establishment and success of plant survival (Möller et 
al., 2007). It is an important aspect in order to achieve successful tree growth and later high 
biomass yields.  

The literature has shown that the most common form of establishment is ploughing in autumn 
(30 – 40 cm depth) and a secondary tillage (25 cm depth) prior planting. Herbicide applications 
with Terbuthylazine should be done directly after planting or an application with Glyphosate 
prior planting on sites with high weed infestation (Möller et al., 2007). Other literature 
recommends at least two to three herbicide applications. The first one in mid-summer, prior 
planting year, the second one in autumn and, if necessary, a third application on strong weed 
infested sites prior planting (Tubby and Armstrong, 2002; Department for Environment Food 
and Rural Affairs (DEFRA), 2004). They also recommend a glyphosate-based chemical weed 
treatment.   

The combination of ploughing and secondary tillage is efficient for creating a well rooted 
seedbed and minimize weed competition. Other types of soil tillage and weed control have 



Introduction  - 6 - 
 

other advantages. A reduced tillage with ley crop or no-till can be interesting if the SRC strips 
should be established on steep, erodible slopes or as riparian (riverside) buffer strips along 
surface water bodies. Additionally, a ley crop provides and conserves nitrogen, reduces soil 
erosion, reduces weed pressure, and increases soil organic matter content (Hartwig and 
Ammon, 2002). It enriches soil with essential mineral nutrients, improves soil structure, 
increases the soil’s biological activity, conserves soil moisture, and decreases diseases and 
insect problems (Fageria et al., 2005).  

Soil tillage is the first step towards an optimal establishment. However, additionally weed 
control may be necessary depending on the planting site and tillage used. Different weed 
management methods offer different advantages. The chemical broadcast application of pre-
emergence herbicide Terano (Metosulam, Flufenacet) / Stomp (Pendimethalin) and post-
emergence herbicide Fusilade Max (Fluazifop-p-butyl) / Lontrel 100 (Clopyralid) is well-proven 
in practice. Additionally, the broadcast-application of a soil-herbicide in pre-emergence was 
tested (Sencor WG; Metribuzin) and two alternative post-emergence herbicides (Katana; 
Flazasulfuron, Kontakt 320 SC; Phenmedipham). To promote biodiversity, a reduction of plant 
protection agents is a possible option. Some studies showed, that herbicides decrease the 
amount of pollinators in agricultural landscapes, by habitat-fragmentation and erasing food 
resources (Kovács-Hostyánszki et al., 2017). If fewer weeds exist due to herbicide 
applications, pollinators find less food. Especially wild bees and bumble bees are highly 
specified on some rare plants. If these weeds are killed by chemical plant protection, their 
fodder resource is eliminated (Marshall et al., 2003; Gaba et al., 2016). Another aspect is, that 
the usage of herbicides can generate resistances, which results in a fewer availability of plant 
protection agents (Heap, 2009). This decrease in herbicide amounts cannot be compensated 
by newly developed agents, because a trend is observable, that the amount of new plant 
protection patents is decreasing (Bonanno et al., 2017).  

Based on these facts there is a need for reduced or non-chemical weed treatment. Therefore, 
combinations of chemical and mechanical weed treatment with the practicable herbicides as 
intra-row band-spraying, and inter-row mulching, rotivation and rolling were tested. The 
herbicide application only as intra-row band-spraying can reduce the herbicide amount. 
Mulching, as a ground cover, is a barrier to germinating weeds, and prevents light from 
reaching the ground (Tu et al., 2001). Rotary hoe or rotivation shifts the weed seeds up on the 
soil surface where they dry out, buries them with soil and also shreds the weed roots and 
rhizomes (Place and Reberg-Horton, 2008). Herbicide rolling via roll coating apparatus 
‘Rotowiper’ avoids the application and drift of herbicides on non-target plants (like the rows 
with willow cuttings) (Harrington and Ghanizadeh, 2017). As a non-chemical, mechanical 
weed control, suitable also for organic farming, wood chip mulch was tested. Wood chip mulch 
influences weed germination by light and temperature reduction, and also acts as a barrier 
(Jodaugienė et al., 2006). It suppresses weeds by coverage, and by leaching of allelochemical 
compounds (Rathinasabapathi et al., 2005; Kefeli and Kalevitch, 2013).  

After the successful establishment of trees on arable land, they compete for light, water and 
nutrients with the understory agricultural crop. 
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1.3 Influence of shade on plants; growth, yields, qualities 
 

If there is a combined cultivation of trees and crops on the same area, at the same time, there 
is a multiplicity of interactions between each other. One of the most noticeable effects caused 
by trees is the shade, which they cast on the understory crop. There are crops that can cope 
with this shade better than others.  
 
Light energy is of crucial importance for plant growth (Franklin and Whitelam, 2005). It is used 
in their metabolism to produce carbohydrates (Casal, 2012). When plants are shaded, they 
respond with a variety of adaption strategies. Some of these shade avoidance responses 
(SAR) are a reduced branching, reduced biomass, increased height, decreased leaf number, 
higher specific leaf area and a reduced yield per plant (Carriedo et al., 2016). Most of the 
harvested sink organs of plants (e.g. grains and tubers) consists mainly of carbohydrates 
(White et al., 2016). If shade affects the carbohydrate metabolism, there will be change in the 
yield of the plants.  

As mentioned in Chapter 1.1, most of the AFS is done in the tropics and subtropics. Due to 
their geographical location at latitudes near to the equator, these regions receive more solar 
irradiance. The tropics receive up to 30 MJ m-2 day-1 of solar irradiance, which is about 50 % 
more than the temperate zone (NASA, 2018). So, under the tropical conditions there is more 
solar irradiance available to reach the light saturation point of crops, even when shaded by 
trees. Shaded potatoes in the tropics and subtropics showed increased tuber yields under 
shade (Sun and Dickinson, 1994; Kareem, 2007; Mariana and Hamdani, 2016; Nadir et al., 
2018). Maize, on the other hand, showed reduced biomass yields under shade (Singh, 1994; 
Peng et al., 2009). In the temperate zone the lower irradiance, in combination with shading, 
may results in irradiance conditions where the light saturation points of the crops cannot be 
reached. So far, there is little literature on the influence of shade on growth, yield and quality 
on arable crops in temperate zones. The few studies that focused on this aspect suggest, that 
some plants are better suited, than others, and that the plants differ greatly in their tolerated 
shade level. While soybeans, peanuts, wheat, maize, beans and rice showed reduced yields 
under shade (Khybri et al., 1992; Newman et al., 1997; Ceccon, 2008; L. Gao et al., 2013; 
Zhang et al., 2013), shade can have both, reducing and increasing effects on plant ingredients. 
While the yield of some C3 fodder grasses (e.g. Poa pratensis L., Lolium perenne L., Bromus 

inermis Leyss. or Festuca arundinacea Schreb.) decreased under 80 %, they showed a 
significant higher content of crude protein than those grasses grown under full sunlight (Lin et 
al., 2001a).  

So, the assumption is, that maize (Zea mays L.) as a C3 plant with a high light saturation point 
is more shade-intolerant, than potato (Solanum tuberosum L.) as a C4 plant with a lower light 
saturation point (Pleijel et al., 2002; Puntel, 2012). Especially, at AFS in higher latitudes, this 
high light saturation point in combination with shade can cause some crops to grow only to a 
certain level of shade / age of trees. This influence of shade should be exemplified by the two 
crops maize and potato.  
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1.4 Hypothesis 
 

The present doctoral thesis focused on the management of trees on agricultural land. If trees 
are planted on agricultural land, this can pose great challenges for the overall management for 
farmers. Especially, when a SRC should be established. Up to date, the most practiced method 
for establishment is moldboard ploughing with chemical weed management. Less information 
about alternative establishment methods can be found. There is also little expertise how plants 
and yields act under reduced forms of soil tillage and the use of other weed managements 
than herbicides prior or directly after planting. The two major aims were to investigate (i) the 
most suitable combination of tillage and weed management in an agroforestry system with tree 
strips for energy wood production to enable the trees a youth phase free of weed competition; 
and, (ii) the competitive situation created by trees for agricultural crops and the impact on 
crops.  

 

Following these, the thesis aimed to test the following experimental hypotheses: 

 The selection and combination of soil tillage and weed management in a willow SRC 
will have a major effect on plant development and final biomass yield. Due to different 
types of soil tillage variants (turning / non-turning), weeds from different soil layers can 
germinate. Depending on the combined weed treatment, the weeds are controlled in a 
variety of ways. Some tillage methods only enable a competition free establishment 
phase under a certain weed treatment, and vice versa. Therefore, soil tillage and weed 
management must be sufficiently coordinated. So, it is hypothesized, that the practiced 
establishment system for SRC of mouldboard ploughing and a broadcast herbicide 
application of a mixture with a wide spectrum of activity, generates higher final biomass 
yields, by enabling a weed competition free youth development of the cuttings, in 
contrast to the combination of a reduced herbicide application, with a limited spectrum 
of activity and a partial or non-herbicide application or a reduced or no-till soil 
cultivation.  

 If the standard system for SRC establishment of mouldboard ploughing and broadcast 
application of a wide herbicide activity spectrum is replaced by other establishment 
combinations of soil tillage and weed control, final biomass yield will be lower due to 
the non-weed free and so competitive youth development. 

 If an SRC or high-valuable timber trees are established at the same time, on the same 
area of land, the tree shade will affect different crops differently:  
 

o The C4 species maize is intolerant to shade due to its high light saturation point 
near full sunlight. If maize plants are shaded during growth, there will be a 
decrease in biomass yield and quality-determining parameters due to a reduced 
photosynthesis rate.  
 

o Potato as a C3 species, with a moderate light saturation point, is tolerant against 
shade during growth. If some plants are shaded, while others remain unshaded, 
there will be no difference in yield and quality between the treatments.   
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For the investigation of these hypotheses two field trials were established within two research 
projects. The results gained were used to prepare three scientific articles (Chapter I – III), 
which represent the body of this thesis.  

The trial in Chapter I was established at the experimental station ‘Ihinger Hof’ of the University 
of Hohenheim in the edaphoclimatic area of the Black Forest, southwest Germany. It was 
funded by the Ministry of Rural Affairs and Consumer Protection Baden-Württemberg (MLR), 
within the project “Biomasse aus Kurzumtrieb” (grant number 0319E), which was a cooperation 
between the Centre for Agricultural Technology Augustenberg (LTZ) and the Forest Research 
Institute Baden-Württemberg (FVA). The field experiment was planted in 2010 and the first 
harvest took place in 2013. The three different soil tillage methods, consisting of mouldboard 
plough, chisel plough + ley crop and no-till, were combined with eight different weed 
management practices, including chemical, chemical + mechanical and mechanical 
treatments. Establishing a willow SRC with mouldbaord ploughing and a chemical weed 
treatment meets the actual cultivation recommendations. The combination of alternative, fuel-
saving soil tillage systems and other, herbicide-saving weed management systems, might be 
of great interest in times of climate change and biodiversity loss. Therefore, Chapter I deals 
with alternative, resource-saving establishment methods for a successful growth of a willow 
SRC. In addition to tree height, survival rate and yield, other parameters such as diameter at 
breast height and weed coverage were determined. The Chapters II and III represent the 
results of the research project ‘Agro-Wertholz: Agroforstsysteme mit Mehrwert für Mensch und 
Umwelt’, as well as further studies on plant development under shade. The project was realized 
in cooperation with the Chair of Forest Growth and Dendroecology and the former Chair for 
Landscape Management, both University of Freiburg, and the Centre for Agricultural 
Technology Augustenberg. Funding was done by the Federal Ministry of Food and Agriculture 
(BMEL) through the project agency Fachagentur Nachwachsende Rohstoffe (FNR) e.V. (grant 
number 2201514). Therefore, in 2015 a field experiment was established at the experimental 
station of the Centre for Agricultural Technology Augustenberg (LTZ) in the edaphoclimatic 
area of Rhine and side valleys in southwest Germany. The field experiment consisted of an 
artificial shading system, which created shade by nets, stretched between wooden post. Over 
a period of three years the amount of solar irradiance for the crop growing below the nets was 
reduced by these nets during the growing period. In addition to the yield and quality analyses 
done within the project, Chapter II and III also focused on plant growth and the change of 
individual growth parameters by shade on the shade-intolerant agricultural crop maize and the 
shade-tolerant crop potato. The general discussion extends the scope to aspects, that could 
not be mentioned in Chapter I – III. The effects of alternative establishment methods will be 
discussed in context of the shifts in the weed seed bank by different tillage systems. Under no-
till or chisel plough a higher amount of weed seeds is found in the upper soil layers and can 
germinate. Under mouldboard plough these seeds will be transferred to deeper layers, which 
inhibits germination. The weed treatment methods will be examined in the context of the mode 
of action of the used herbicides and the mechanisms of the mechanical weed treatments. In 
pure chemical weed treatments, a broad spectrum of mode of actions is recommendable, while 
mechanical treatments can be an option under mouldboard ploughing and no-till. The ley crop 
under chisel ploughing creates too much competition for the willow cuttings. The shade studies 
showed, while maize can be recommended up to shade levels of 26 %, potato can gain 
adequate yields at levels of 26 – 50 % shade, depending on the annual weather conditions. 
Several worldwide important agricultural crops beside maize and potato were discussed for 
their growth and yield under shade. Which showed, that none of them had an increase in yield 
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by shade. Shade reduced the yield or it remained the same due to adaption reactions in the 
plants, which affect the quality of the harvested material. Additionally, to the shade influence 
in Chapter II and III the influence of the other two main influence factors in AFS, water and 
nutrients, on maize and potato will be discussed. These considerations showed, that trees and 
crops compete in the areas near the tree strips for the same pool of water (and so for the same 
nutrients, because most nutrients are taken up via mass flow). It also showed, that in the 
temperate zone with a good supply of water and nutrients, but lower solar irradiance due to 
higher latitudes, the competition for light will be the main limiting factor. An economic 
assessment of the performance of an AFS consisting of tree strips for SRC and high-valuable 
timber was done for maize and potato, which revealed that strips for SRC are unprofitable in 
a one hectare-sized AFS. Potatoes are shade-tolerant in systems with shade levels between 
26 - 50 %, but due to high market prices, even the reduction by the area of the tree strips are 
already too high to be profitable. An ecological performance of AFS has been done for the 
factors carbon sequestration, biodiversity conservation, soil enrichment, and air and water 
quality. The investigated one hectare-sized AFS for SRC would be able to save 11 Mg ha-1 
carbon. The tree strips provide habitat and food for birds and divers insects. Also, erosion and 
leaching can be reduced. Further research approaches, that appeared while working on this 
thesis, were also included in the general discussion, like the need for dynamic shade 
simulation, studies in older AFS and the testing of plants for non-edible purposes, which have 
their origin under shady forest conditions. The primary results of the Chapters I-III have been 
submitted to peer-reviewed journals. All papers have been published.  
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2 Publications 
 

The present cumulative thesis consists of three different papers as reflected by Chapters I – 
III, which represent the key elements of the dissertation. Chapter I - III have been published 
in peer-reviewed, international referenced journals.  

 

Chapter I 

Schulz, V., Gauder, M., Seidl, F., Nerlich, K., Claupein, W., Graeff-Hönninger, S. (2016): 
Impact of different establishment methods in terms of tillage and weed management systems 
on biomass production of willow grown as short rotation coppice. Biomass and Bioenergy 85, 
327-334. 

 

Chapter II 

Schulz, V.S., Munz, S., Stolzenburg K., Hartung J., Weisenburger S., Mastel K., Möller K., 
S., Claupein, W., Graeff-Hönninger, S. (2018): Biomass and Biogas Yield of Maize (Zea 

mays L.) Grown under Artificial Shading. Agriculture 8(11), 178. 

 

Chapter III 

Schulz, V.S., Munz, S., Stolzenburg K., Hartung J., Weisenburger S., Graeff-Hönninger, S. 
(2019): Impact of different Shading Levels on Growth, Yield and Quality of Potato (Solanum 

tuberosum L.). Agronomy 9(6), 330.  
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3 Chapter I 
 

Impact of different establishment methods in terms of tillage and weed management 
systems on biomass production of willow grown as short rotation coppice 

 

 

Publication I: 

Schulz, V., Gauder, M., Seidl, F., Nerlich, K., Claupein, W., Graeff-Hönninger, S. (2016): 
Impact of different establishment methods in terms of tillage and weed management 
systems on biomass production of willow grown as short rotation coppice. Biomass 

and Bioenergy, 85, 327-334.  
https://doi.org/10.1016/j.biombioe.2015.12.017 

 

 

If trees should be cultivated successfully on agricultural land, a site-

adapted combination of tillage and weed management is needed, to 

ensure a proper establishment of the trees or Short Rotation Coppices 

cuttings. A well-adapted establishment is the precondition for a good 

youth development of the trees and, thus, the overall yield. Many 

studies on using willows for Short Rotation Coppice have been carried 

out in recent years. These studies aimed at optimizing yield by 

improving planting density or to test different cultivars. However, little 

information is available on site-adapted establishment methods. 

Facing this background, Chapter I focuses on different establishment 

methods for maximizing Short Rotation Coppice yield. Special attention 

was paid on the competition of weeds, which should already be 

reduced by tillage. The study tested three tillage systems (mouldboard 

plough, chisel plough + ley crop, no-till) on a Luvisol soil in southwest 

Germany. Tillage systems were combined with eight weed 

management treatments (chemical, chemical + mechanical and 

mechanical). Different parameters, such as survival rate, weed 

coverage as well as growth parameters like plant height and diameter 

at breast height were determined. Significant differences in growth of 

willows were determined between the different establishment methods. 

These differences were also reflected in the final yield at harvest after 

three years.     
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4 Chapter II 
 

Biomass and Bioenergy Yield of Maize (Zea mays L.) Grown under Artificial Shading 

 

 

Publication II: 

Schulz, V.S., Munz, S., Stolzenburg K., Hartung J., Weisenburger S., Mastel K., Möller 
K., Claupein W., Graeff-Hönninger, S. (2018). Biomass and Biogas Yield of Maize (Zea 

mays L.) Grown under Artificial Shading. Agriculture, 8(11), 178. 
https://doi.org/10.3390/agriculture8110178. 

 

 

If trees and agricultural crops are combined at the same time, on the 

same area of land, the shade of trees is expected to influence growth 

and development of the understory crop. Some crops are considered 

to be more shade-tolerant than other crops and might offer a higher 

suitability to be grown in these systems, than other crops. Maize, as a 

C4 plant, is considered to be intolerant to shading. Literature showed 

that shade reduced significantly the growth and development and, 

thus, the final yield of maize. However, little information is available on 

silage maize and the potential impact of shade, especially on the final 

biomass quality. Additionally, most of these experiments were carried 

out in tropical and subtropical countries, were a higher light availability 

is given, even under shade, when compared to temperate zones. 

Chapter II deals with the influence of different levels of shade on the 

growth, yield and biomass quality of maize (Zea mays L.) for biomass 

and biogas production in the temperate zone. Within the study, the 

incoming solar irradiance was reduced by shading nets about 0 %, 

12 %, 26 % and 50 % at an experimental location in southwest 

Germany. Different growth parameters, known to determine final 

biomass, were determined, and also the change on the composition of 

final biomass. Biogas and methane potential were calculated from 

biomass yield and chemical analyses. The final aim of this chapter was 

to (i) evaluate the impact of three shade levels (12 %, 26 %, and 50 %) 

on maize growth and biomass yield; (ii) determine the effect of shade 

on biogas and methane forming parameters; and, (iii) to determine the 

effect of these shade levels on the final biogas and methane yield.  
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5 Chapter III 
 

Impact of Different Shading Levels on Growth, Yield and Quality of Potato (Solanum 

tuberosum L.) 

 

 

Publication III: 

Schulz, V.S., Munz, S., Stolzenburg K., Hartung J., Weisenburger S., Graeff-Hönninger, 
S. (2019). Impact of Different Shading Levels on Growth, Yield and Quality of Potato 

(Solanum tuberosum L.). Agronomy, 9(6), 330. 
https://doi.org/10.3390/agronomy9060330. 

 

 

As shown in the previous Chapter II, shade-intolerant crops like maize, 

show reductions in plant growth; yield and quality of final biomass and 

biogas at shading levels greater or equal to 26 %. However, other 

crops are more tolerant to shade. One of these crops is the C3 plant 

potato (Solanum tuberosum L.). Potato seems better suited for a 

cultivation under shade conditions and could be a suitable understory 

crop in AFS. Potato has already been tested in AFS, but most of the 

AFS were located in the tropics and subtropics. In these regions, high 

amounts of solar irradiance are available for crop growth, even under 

shade. At higher latitudes, like in Europe, the solar irradiance is lower 

than near the equator. An additional reduction in solar irradiance by 

shade could therefore lead to insufficient plant growth. Chapter III deals 

with the impact of shade on potatoes. Potatoes were shaded by 0 %, 

12 %, 26 % and 50 % using the same experimental setup as in the 

previous chapter. Yield and growth parameters were determined, also 

the final tuber mass and quality. The objectives of this study were to 

evaluate the impact of the mentioned shade levels on potato growth, 

tuber yield and quality parameters under the given solar irradiance of 

southwest Germany.  
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6 General Discussion 
 

Different aspects of trees on arable land were discussed in the previous Chapters I – III. All 
results have been published in scientific peer-review journals. Every journal article contains a 
detailed discussion. Therefore, this General Discussion focus on aspects, which go beyond 
the already discussed parts and extends the overall context of the investigated aspects.  

The focus of Chapter I is on yield performance and mortality of willows for SRC under different 
combinations of tillage and weed management as alternative establishment methods. This 
chapter did not in depth discuss the issue, if yields might change due to differences in the used 
mode of actions of the plant protection agents or due to the shift of the weed seed bank by the 
different tillage systems. This will be discussed in Chapter 6.2 Alternative establishment 
methods of SRC. In a combined cultivation of trees and agricultural crops, trees affect the 
crops in many ways, but the most prominent factor is shade. There are various agricultural 
crops, which could not all be tested for their suitability for cultivation under shady conditions. 
Chapter II and III only focused on the shade-intolerant C4 plant maize and the shade-tolerant 
C3 plant potato. Therefore, in Chapter 6.3 Shading tolerance of crops, literature will be 
reviewed, giving an overview on other world-wide important crops, which can be considered 
for cultivation under shade. In an AFS, there are a variety of factors that influence crop growth. 
In Chapter II and III, only light was focused as influence factor. Therefore, in Chapter 6.4 
Above- and below-ground interaction the factors water and nutrient competition will be 
considered. The overall economic performance is of great importance to the farmers, who will 
manage an AFS. In Chapter 6.5 Economic performance, a model AFS is used to compare 
the profits of sole-cropping maize and potato with intercropping maize and potato in a strip-
wise cultivation of SRC for energy production and strips for the production of high-valuable 
timber. The environmental and biodiversity benefits of an AFS have been mentioned only 
peripherally in the peer-reviewed articles, but have not been considered in detail. Chapter 6.6 
Environmental performance deals with this topic. Finally, in Chapter 6.7 Further research 
approaches will be addressed. 

 

6.1 Experimental Results 
 

Trees represent a special challenge on agricultural land. Thorough planting and caretaking are 
important for a profitable system. Thus, Chapter I was designed to investigate different 
establishment methods for an SRC, including willows. The idea was, that willows for SRC need 
a successful establishment phase due to their sensitivity to weed competition in their youth. 
An appropriate combination of soil tillage and weed management leads to a successful 
establishment and, thus, high yields. Therefore, the effects of three different tillage systems 
(mouldboard plough, chisel plough + ley crop, no-till) and the effects of eight different weed 
management systems (chemical, chemical + mechanical, mechanical) on biomass production 
of SRC willows were investigated to determine the ideal combination of tillage and weed 
management, which generates the highest amount of biomass and yields. It could be shown, 
that other tillage systems than the recommended ploughing and secondary tillage, can offer 
promising alternatives. The implemented weed management system depends on the practiced 
tillage system. While the combination of mouldboard plough and a broad application of 
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herbicides reached a yield of almost of 14 Mg ha-1 dry matter, the same herbicide treatment 
reached almost half of the yield under chisel ploughing. In general, chisel ploughing with a ley 
crop averaged the lowest yields. The ley crop seems to lead to higher competition. Under no-
till almost all weed management treatments showed promising yields, except of band-spraying 
within and mulching between willow rows.  

Chapter II and III investigated the shade-tolerance of maize and potato. Maize, as a shade-
intolerant plant, grown under different shading levels (12 %, 26 % and 50 %), showed reduced 
growth, lower yields and smaller biogas outputs than unshaded plants. It could be proven, that 
plant height and LAI were reduced, which was later reflected in the reduction of dry matter, 
biogas and methane yields. 50 % shading reduced yields about almost the half, wherefore the 
cultivation of silage maize cannot be recommended at shade levels higher than 26 %. On the 
other hand, the shade-tolerant crop potato, grown in the bottom layer of tropical and subtropical 
intercropping systems, showed no negative effects in growth and yield. Under central 
European solar irradiance there is less information available on growth, yield and quality 
performance of shaded potatoes. Therefore, the objectives were to evaluate the impact of the 
different shading levels (12 %, 26 % and 50 %) on potato growth, tuber yield and quality 
parameters under the given solar irradiance of southwest Germany. Significant growth 
changes occurred at 50 % shading. Depending on the year, tuber dry matter yield showed a 
decrease of 19-44 % at 50 % shade, while starch content showed no significant differences 
under shade, compared to the unshaded treatment. Overall, potato seems to tolerate shading 
and can therefore be integrated in an AFS, coping with a reduced solar irradiance up to 26 %.  

 

6.2 Alternative establishment methods of SRC 
 

As already mentioned, the recommended establishment combination for a SRC is ploughing 
in autumn and secondary tillage prior planting, followed by a pre-emergence herbicide 
application immediately after planting (Möller et al., 2007). However, especially for areas where 
reduced tillage is required due to erosion or evaporation control, other forms of soil 
management can be of interest (chisel ploughing + ley crop or no-till). Up to this point, only a 
broadcast application of herbicides has been considered for weed management. For reasons 
of chemical plant protection reduction in the context of biodiversity protection, a band spraying 
within and mechanical weed control between willow rows can be an interesting alternative. 
Chapter I discussed the effects of the various combinations. Both, tillage and weed 
management proved to be important for growth and final yields of willows. The results showed, 
that the treatments had different effects on willow growth and yield. However, the results also 
indicated that some weed treatments worked better in specific tillage systems, than others. 
This can be attributed to the shift of the weed seed bank in the soil layers by tillage. Other 
aspects which affected the weed seed bank are the mode of action of the used herbicides. 
These aspects will be discussed in more detail in the following section.  

In case of the different tillage systems, it is characteristic that mouldboard ploughing 
transferred seeds from shallower to deeper soil layers. Mouldboard plough is known as a good 
treatment against grasses. Studies found less weed seeds in mouldboard ploughed sites, than 
in sites with chisel plough or no-till (Feldman et al., 1997). For chisel ploughing and no-till more 
seeds in the cultivated upper layers could be found. No-till leads to more than 60 % weed 
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emergence (Bàrberi and Cascio, 2001). It has also been shown that, especially under no-till, 
the weed seed bank and weed infestation increases (Légère et al., 2011). Since the soil is only 
loosened and not turned when chisel ploughed, there is no exchange of soil seeds between 
the different soil layers. Therefore, and by the sowing of a ley crop, less weeds can occur. The 
data on weed covered area in Chapter I proved the fact, that the different soil tillage systems 
led to different amounts of seeds in the soil seed bank. While in all mouldboard plough and no-
till treatments the weed-covered area was near or higher 60 %, under chisel plough with a ley 
crop the highest percentage of weed-covered area was 55 %. This indicated that, if a ley crop 
develops faster than the weeds and covers bare soil, the ley crop is able to suppress weeds 
due to an additional soil coverage. Further, the results showed a higher weed coverage in the 
mouldboard plough treatments compared to the chisel plough treatment. However, this effect 
was masked by the fact that, in the chisel plough plots only broadleaved weeds were counted. 
A separation between grass weeds and the ley crop would have been too complex. When 
mouldboard ploughing, the weed seeds are shifted from the upper soil layers to deeper layers, 
which have poorer germination conditions and, thus, inhibit or prevent the germination of 
weeds (Rahman et al., 2000; Roger-Estrade et al., 2001). Under no-till the absence of soil 
preparation allows only the weeds in upper soil layers to germinate. This indicates that every 
tillage treatment needs an adequate weed treatment to have a successful willow SRC. 

The widely recommended herbicide combination (0) of Terano (Metosulam and Flufenacet) 
and Stomp (Pendimethalin) at pre-emergence and Fusilade Max (Fluazifop-p-butyl) and 
Lontrel 100 (Clopyralid) at post-emergence covers a wide range of weeds through its active 
ingredients and, thus, reaches almost all kind of weeds (Table 1). It was shown in Chapter I 
that this treatment had the highest yields under mouldboard ploughing and in the chisel plough 
treatment. During pre-emergence, seedling root growth is inhibited by the herbicides, while in 
post-emergence grasses are controlled via ACCase inhibitors and broadleaves via growth 
regulators. From the view of biodiversity, herbicide-intensive post-emergence treatments must 
be seen critically, as weeds can serve as food sources and habitats, for a large number of 
arthropods, after their emergence. Alternative (1) uses the same mode of action during pre-
emergence as in the common herbicide combination (0), but in post-emergence grasses and 
broadleaves are only controlled via ALS inhibitors by one herbicide. This can be problematic; 
if weeds develop in post-emergence that cannot be attracted and killed via ALS inhibitors. 
Alternative (2), a combination of one herbicide in pre-emergence (Sencor WG; Metribuzin) and 
one in post-emergence (Kontakt 320 SC; Phenmedipham), only uses one agent per 
application. Both plant protection agents are based on the inhibition of Photosynthesis System 
II, while in post-emergence there is no more control of grasses by the used herbicide. The 
disadvantage of this treatment is, that green leaf mass must be present at the time of 
application so the herbicide can attract the weed. Therefore, weeds must have emerged and, 
thus, already compete with the willows. More problems, however, results from the fact, that the 
same mode of action is used in both, the pre- and post-emergence treatment. This increases 
the risk of resistance formation. In order to prevent resistances, a change should be made 
between the mode of actions with different target-sites. First, the danger of resistance 
formation does not seem to be so high in SRC, since chemical weed control only takes place 
in the year of establishment. But, if SRC strips should be established between arable crops, 
this is an effect that should not be ignored, especially if chemical crop protection treatments 
with the same mode of action should be used on the agricultural land. A proactive planning 
and adjusted herbicides use in the tree-strips and the crops land is therefore crucial. 
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Table 1: Application details of the tested herbicide combinations in Chapter I. Pre- or post-
emergence; 0 (green filled boxes) recommended herbicides, 1 (red filled boxes) herbicide 
alternative 1, 2 (blue filled boxes) herbicide alternative 2, Trade Names, Active Ingredients, 
Chemical Family, Mode of Action after HRAC (Herbicide Resistance Action Committee) and 
WSSA (Weed Science Society of America) and controlled Targets.  

Application Trade Active Chemical 
HRAC WSSA Target 

 0 1 2 Name Ingredient Family 

P
re

-e
m

er
ge

nc
e    

Terano 
Metosulam Triazolopyrimidine B 2 Broadleaf, 

Grasses    Flufenacet Oxacetamide, K3 15 

   Stomp Pendimethalin Dinitroaniline K1 3 
Broadleaf, 
Grasses 

   Sencor 
WG 

Metribuzin Triazinone C1 5 
Broadleaf, 
Grasses 

P
os

t-
em

er
ge

nc
e    Fusilade 

Max 
Fluazifop-p-butyl 

Aryloxyphenoxy-
propionate ‘FOPs’ 

A 1 Grasses 

   Lontrel 
100 

Clopyralid 
Pyridine carboxylic 

acid 
O 4 Broadleaf 

   Katana Flazasulfuron Sulfonylurea B 2 
Broadleaf, 
Grasses 

   Kontakt 
320 SC 

Phenmedipham Phenyl-carbamate C1 5 Broadleaf 

A Lipid Synthesis Inhibitors; ACCase Inhibitors 
B Amino Acid Synthesis Inhibitors; ALS Inhibitors 
C1 Photosynthesis Inhibitors; Photosystem II Inhibitors 
K1 Seedling Root Growth Inhibitors; Microtubule Inhibitors 
K3 Seedling Root Growth Inhibitors; Long-chain Fatty Acid Inhibitor 
O Growth Regulators; specific site unknown 

 
Under mouldboard ploughing broad herbicide application of alternative (1), Katana as post-
emergence herbicide, could not be recommended. The use of Katana, an herbicide classified 
according to Herbicide Resistance Action Committee (HRAC) in class B, in combination with 
pre-emergence herbicides, which are also partly classified into class B, is not recommended. 
Pre- and post-emergence herbicides both use ALS inhibitors as mode of action, which have a 
high risk of developing resistances. Under no-till this effect was not detectable, as it was not 
under chisel plough + the ley crop. Under these soil tillage systems, the broad herbicide 
application (2) works well. If the mouldboard plough treatment is assisted by an additional 
mechanical weed treatment between willow rows, the use of an herbicide roll is not 
recommended, as only those weeds are reduced that have reached the active working height 
of the herbicide roll. Smaller weeds are not affected and can develop further. As a result, they 
are competing with the willow cuttings. 

Chisel ploughing with ley crop needs broadband weed treatment. Band spraying within and 
mechanical treatment between willow rows did not adequately treat the already established 
ley crop so that the willows could grow without restrains. Under chisel ploughing + ley crop 
only pure chemical treatments should be applied. In chemical + mechanical treatments the 
mechanical weed management is only applied between the rows while the chemical treatment 
is done within the willow row. Therefore, a broad application of herbicides is needed to 
minimize competition effects. All broad application treatments were able to capture the weed 
spectrum well. This was probably also due to the competition from the ley crop. There is no 
risk of decimating the ley crop with a post-emergence grass herbicide (e.g Fusilade Max or 
Katana). As shown in Chapter I, yields from the combination of chisel ploughing and other 
chemical crop protection were lower, but not significantly lower than those of the recommended 
practice (mouldboard plough + Terano / Stomp, Fusilade Max / Lontrel 100).  
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If no-till should be practiced, for reasons of erosion control, fuel saving or evaporation 
protection, all weed treatments except of herbicide within the rows and mulching between the 
rows offer possible alternatives.  

Once, the site-adapted combination of tillage and weed management is found, SRC do not 
need further care. However, the farmer must be aware that trees (whether SRC or single high-
valuable timber trees) have an impact on the agricultural crops grown below. Shade is the best 
observable and proven influence. Therefore, even in the first years of an AFS, the understory 
crop should be carefully chosen.  

 

6.3 Shading tolerance of crops 
 
As shown in Chapter II and III, some crops are more shade-tolerate (e.g. potato) than others 
(e.g. maize).  
There are numerous other crops besides maize and potato that have already been tested for 
their suitabilty to be grown under shade. In the following, the world’s most important crops will 
be briefly outlined in terms of their shade-tolerance.  
 
Wheat showed a decreased yield in AFS compared to stands under full sunlight. This yield 
reduction was attributed to a reduced tiller and head density. Although the plants have higher 
specific leaf area (SLA), this could not compensate the lower photosynthetically active 
radiation (PAR) (Sudmeyer and Speijers, 2007). On the other hand, Mu et al. (2010) showed, 
that shade-influence strongly depends on the used variety. In addition, experiments showed 
that the timing of shade is also crucial for yield development. While shading during pre-
flowering affects the assimilation and thus the number of grains per ear and ears per m2, during 
post-flowering the grain growth and thus the 1000-grain weight is affected. If the 1000-grain 
weight is lowered, yield also reduced. This increase in 1000-grain weight cannot compensate 
the lower number of grains per ear and ear per m². If these yield-determining parameters are 
reduced due to permanent shading, yields are reduced. This shows that shade affects grain 
growth more, than assimilate translocation (Wardlaw, 1970; Jenner, 1980; Shanahan et al., 
1984; Grabau et al., 1990; Sinclair and Jamieson, 2006; Li et al., 2010). The reduced number 
of plants per m² led to a higher nitrogen availability for fewer plants, thus protein content in 
grains is higher. Also, a higher soil moisture and faster mineralization can increase protein 
content (Lin et al., 2001a).  

Researches showed that low light intensity will prolong the growing period and increase plant 
height and leaf area of rice (Oryza sativa L.). Before heading, shade reduced the number of 
ears, after heading it negatively influenced photosynthesis, which results in a reduced number 
of filled grains and a reduced 1000-grain weight. As already shown for shaded wheat, this will 
reduce the final grain yield (Liu et al., 2014). Liu et al. (2014) reported a shift from chlorophyll 
a to b, when rice was grown under shade. Chlorophyll a is needed to transform solar energy 
in electrochemical energy which is needed for grain production. They also found, that ribulose 
bisphosphate carboxylase activity is decreased under shade. This enzyme is important for the 
photosynthetic rate of leaves. Under shade rice plants received more blue-purple (diffuse) light 
and fewer red light which reduced photosynthesis. Thus, the reproductive organs do not 
receive enough assimilates from nutrient source organs. Furthermore, shade inhibits the 
translocation of assimilates. Other studies also showed that there are several other pathways 
and factors in rice, that are influenced by shade (Jusoff et al., 2013).   
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During the seed filling period photosynthesis is the main source for energy in soybeans. Shade 
caused a source-limited yield reduction by a limitation of the carbon and nitrogen assimilation. 
Under 50 % and 80 % shade, seed number decreased compared to the control, while seed 
size increased, which could not compensate the grain yield reduction by shade. Shade also 
decreased N2-fixation and therefore the available nitrogen for seed growth (Proulx and Naeve, 
2009). The protein content of shaded soybeans was higher than in the unshaded control, while 
oil content decreased. This is attributed to the amount of nitrogen available for less seeds, 
when compared to the control. Other researchers found, that LAI increased and specific leaf 
weight decreased with increasing shade (25 %, 65 % and 100 % of full sunlight) under well-
watered environmental conditions. Grain yield also decreased, which was seen as a result of 
a reduced plant membrane stability under shade stress, so the plant invested more storage 
products in increasing LA, to form a higher photosynthetic surface (Ghassemi-Golezani et al., 
2013).  

Canola (Brassica napus L.) in a valuable-timber AFS in Canada showed a reduced seed oil 
concentration and seed oil yields up to 4 m distance from tree trunk, compared to a mono-
cropped canola stand. Plants, which were grown near the trees, had a higher specific leaf area. 
This system used a hybrid poplar with a high water demand, so the yield reduction can also 
be linked to below-ground competition (Beaudette et al., 2010). Another experiment with 
shaded canola (leaving 40 % of full sunlight) led to reduced pods m-2; while seed pod-1 and 
1000-grain weight were not affected by shade. Yield was significantly reduced by shade. Less 
assimilates were formed and so pod set and seed number pod-1 were influenced (Habekotté, 
1993). A reduced number of pods has also been found by Tayo and Morgan (1979). Under 
low light conditions (4,000 vs. 28,0000 lm m-2), number of pods plant-1 was reduced, influenced 
by the supply with carbon assimilates, while weight pod-1 was higher. Time of shading is 
important. Shading after anthesis has a greater influence on final yield. A decrease in light 
decreased the carbon supply, which affected the number of flowers and pods (smaller pods, 
fewer and lighter seeds) (Tayo and Morgan, 1979). 

The yield of shaded Phaseolus vulgaris (L.) showed, that even shading at levels of 55 % of full 
sunlight did not led to significant yield differences compared to the control. Hadi et al. (2006) 
ascribed it to the significantly increased LAI under shade. Thus, P. vulgaris is able to use more 
light, due to an increased LAI in the shaded treatments. Therefore, comparable yields to the 
control were reached. The plant produced less grains, but these produced grains had a higher 
1000-grain weight (Hadi et al., 2006).  

Vicia faba (L.) showed a yield increase with increasing shade. Shade did not affect the grains 
per plant significantly but increased the 1000-grain weight and affected the final yield. An 
enlarged leaf area under shade could be observed (Nasrullahzadeh et al., 2007).  

Fodder species which can be found in pastures are also affected, when they grow under shade 
influence by trees. While most of the fodder species used by Lin et al. (2001b) at 0 %, 50 % 
and 80 % shade showed a decrease in above-ground biomass, crude protein content of the 
introduced cool-season grasses increased with increasing shade. Acid detergent fiber and 
neutral detergent fiber were increased or unaffected. They related it to the lower accumulation 
of sugar and starch in leaves under shady conditions. The higher nitrogen content was 
ascribed to a faster nitrogen mineralization in moist soil, a faster litter turnover and due to a 
smaller plant cell size, a concentrating effect. For legume species these effects were not 
detectable (Lin et al., 2001a). Cole and Cole (2000) showed, that the influence is highly species 
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dependent from one year to another. While some grasses showed an increase in height and 
width, other grasses showed no influence by shade. They ascribed differences to the climatic 
variability. A study by Kephart et al. (1992) with different C3 and C4 perennial grasses showed 
a decrease in specific leaf weight and an increase in leaf area ratio with increasing shade. 
Yield was positively correlated with decreasing shade. This effect was stronger for C4, than 
for C3 grasses. Plants under shade produced larger, but thinner leaves. 

It has been shown that shade does not increase the yields of the above-mentioned plants, 
expect from V. faba. Either they decrease (e. g wheat, soybean) or remain unchanged (e. g. 
P. vulgaris). However, shade can lead to a change in the quality of harvested material. Thus, 
light seems to be a highly limiting factor for plant growth, when below-ground interactions are 
not taken into account. Nevertheless, Sudmeyer and Speijers (2007) stated that water is more 
limiting than light for plant growth. 

 

6.4 Above- and below-ground interaction 
 
When trees and crops are cultivated together there are various interactions. These interactions 
can be both, above- and below-ground. Figure 2 summarizes the main effects of trees on 
arable crops.  
 
As major above-ground interactions the competition for light, microclimatic modifications (e.g. 
decreased temperature and increased humidity), insect density and diversity on the understory 
culture are discussed (microclimatic effects). As below-ground interaction the competition for 
water and nutrients, allelopathic effects, hydraulic lift, the uptake of leached nutrients by trees 
and N2-fixation by legume trees are observed (root interactions) (Ong et al., 1991; Jose et al., 
2004; Smith et al., 2013). 
 
Certainly, there are a lot of other interactions that have not been investigated yet. A close look 
into the literature suggests the competition for light, water and nutrients as the main effects. 
Chapters II and III discussed the influence of reduced solar irradiance conditions caused by 
trees on crops, while the below-ground interactions were disregarded. Therefore, in this 
chapter the below-ground competitions between trees and agricultural crops should be 
considered.   
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Figure 2: Possible above and below-ground effects of trees in an agricultural landscape  (own figure, based on 
Jose et al. (2004)). 

 

6.4.1 Water 
 
While some studies found that in maize the competition for light is of higher importance than 
competition for water (Reynolds et al., 2007), for other experimental sites it was proven, that 
the influence of water is more important than light (Jose et al., 2000a). Figure 3 tries to figure 
out the complex relationships between light, water and nutrient competition on plant growth. 
Water, in combination with CO2 is needed to produce oxygen and carbohydrates which allow 
plant growth. Water is also needed as transport medium for nutrients and storage substances. 
If two plants are grown at the same time, on the same area of land, there will be a competition 
for water. Based on their development stage, crops have different water requirements.  
Water stress affects photosynthesis and plant growth. If the plant water uptake is not in 
equilibrium with the leaf transpiration, the leaf stomata are closed and no further uptake of CO2 
can occur. If the amount of CO2 is to low, the production of NADPH and ATP is limited and the 
energy for growth and photosynthesis is reduced (Tezara et al., 1999). Depending on the 
cultivated agricultural crop, the competition for water may be the more important factor than 
light, especially for water limited locations.  
 
Selecting the already discussed species of Chapter II and III, maize has a water requirement 
of 500 to 800 mm during its whole growing period, while potato has a water requirement of 500 
to 700 mm (FAO, 2019). For woody species, a SRC of willows has a water demand of 600 to 
nearly 2000 mm (Guidi et al., 2008). During the vegetation period sweet cherry trees for high-
valuable timber production at the age of 4 to 5-year have a requirement of 700 to 800 mm, a 
25 year-old orchard used 760 to 1000 mm (Steduto et al., 2012; Juhász et al., 2013).  
At the southwest German location Karlsruhe, where the experiments with maize and potatoes 
of Chapter II and III were carried out, 509 mm were the long-time average precipitation during 
the vegetation period (March to October).  
Depending on the root system of the different plants, a strong competition between the plants 
which accessing the same pool of water occurs.  
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Maize roots can reach a rooting depth of 1.30 m and the lateral root extension radius is about 
0.6 m (Pagès and Pellerin, 1994). The root system of potatoes is mainly concentrated in the 
upper 0.3 m, some roots reach depths of 1.0 to 1.4 m, while lateral root extension is up to 
1.0 m (Iwama, 2008; Johansen et al., 2015; Zarzyńska et al., 2017).  
Sweet cherry trees have a heart-rooting system where roots reached depths of 1 m, sometime 
up to 2 m. Sweet cherry has the greatest expansion of lateral root at a radius of 1 m around 
the tree trunk (Balandier et al., 2007). Willows in SRC have a rooting depth of 0.3 to 0.4 m, at 
good rootable sites down to 1.0 m (Paulson et al., 2003; Dimitriou et al., 2009). Roots can also 
be found at a depth of up to 1.30 m. On well-watered soils most of the roots are in the upper 
soil layer (Coppice Resources LTD (CRL), 2006; Dimitriou and Rutz, 2015; Forest Research, 
n.d.) Most lateral root extension under willow SRC was found up to 1.0 m (Plante et al., 2014; 
Douglas et al., 2016). These dimensions suggest that in zones where the roots of trees and 
crops overlap, there will be competitive situations.  
 
There are not many experiments that deal with silage maize in AFS. Most maize trials in AFS 
study grain maize in arid and semi-arid regions. In these regions’ maize is usually irrigated. 
This makes sense for grain production. However, the irrigation of maize for silage use is 
questionable in economic terms. Therefore, conclusions can only be drawn from a few grain 
maize trials.  
Studies on water competition in a Kenyan experiment with maize intercropped beneath rows 
of Grevillea robusta (A. Cunn. Ex R. Br.) and Gliricidia sepium ((Jacq.) Kunth ex Walp.) 
showed, that above-ground biomass of maize at milk stage was lower in distances up to 8 m 
from the tree trunk. In the same distances the volumetric soil moisture content was lower at 
1.3 m depth, compared to maize sole cropping. Maize grain yield was significantly reduced 
within 3 m to tree trunk. A significant reduction of water in soil profiles near to the tree trunk 
compared to the edges of the tree roots was observed (Odhiambo et al., 2001). This was 
confirmed by root distribution. Maize, and the observed trees, had most of their roots in a lateral 
extension of 1.5 m and in a depth of 0.5 m. A study on water competition of black walnut 
(Juglans nigra L.) and red oak (Quercus rubra L.) on maize in the Midwest USA stated that 
“[…] competition for water rather than competition for light seems to be critical in defining the 
productivity and sustainability of this alley cropping system.” (Jose et al., 2000a). If maize is 
planted with a barrier against tree root growth in maize root zone, and with no barrier as control, 
the water uptake by maize plants in plot without a barrier is smaller. Water uptake of trees was 
higher in the plots without barrier. This indicates that the additionally tree water requirement is 
covered from maize soil water pools. The maize leaf area was reduced under no barrier 
treatment. As plant height and LAI are the two parameters which determine final biomass of 
silage maize, a reduction in yield would be expected (Gao et al., 2013). Jose et al. (2000a) has 
compiled studies which show, that leaf elongation is one of the main plant growth parameters 
affected by water stress. There are also large reductions in plant height and LAI. This has also 
been observed in a Turkish irrigation experiment on maize. With decreasing water amount the 
plant height, leaf mass and the fresh matter yield decreased significantly (Kiziloglu et al., 2009). 
Gheysari et al. (2009) showed that there is a high significant influence of water supply on total 
biomass (p <.0001). If maize can satisfy its water supply, total biomass can increase about 
almost half (Gheysari et al., 2009). Literature showed that grain yield of maize stands near 
hedgerows of Senna spectabilis ((DC.) Irwin & Barneby) decreased about 65 % to 95 % 
compared to maize in monocrop stands (McIntyre et al., 1997). 
Crude protein of silage maize in an irrigation experiment showed a reduced content with 
increased amount of irrigation, dry substance showed an increase (Islam et al., 2012). They 
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attributed the lower crude protein contents to the transfer from vegetative plant parts into cobs 
under a balanced irrigation management. Under low irrigation the nutrients (e.g. nitrogen) are 
accumulated in leaves and not translocated to the cobs, which is observed by the higher crude 
protein contents under low irrigation management. The nutrients are higher concentrated in 
fewer biomass.  
This indicates that in an AFS with a water competition between trees and crops, the total 
biomass and crude protein of silage maize will be lower and the dry substance will be higher.  
 
Potato is a drought-sensitive crop, especially at the stages of tuber initiation and bulking 
(Puértolas et al., 2014). Irrigation experiments in Sweden showed, that there was an influence 
of irrigation by increasing tuber yield with a higher amount of irrigation, but no influence on 
starch content in tubers (Ekelöf et al., 2015). However, as discussed in Chapter III the 
performance of crops is cultivar-dependent. Researchers observed that tuber yield will be 
reduced when water is limited, especially in the above-mentioned phases. A deficit in water 
supply increased the starch content of tubers (Ayas and Korukçu, 2010). This was also 
observed in an Uzbek experiment (Carli et al., 2014). The variation in starch content was 
cultivar-dependent. A study of Oparka et al. (1990) ascribed it to the turgor, which regulated 
the starch synthesis. If water is limited, the cell turgor is lowered, which results in an increased 
sucrose-uptake-rate and therefore a higher turnover of sucrose in starch (Oparka et al., 1990). 
If there is a competition in AFS between trees and potatoes for water, the tuber yield will 
decrease in the areas near the tree trunk and the starch content will increase. 
 
The woody species in AFS should be chosen according to the root system of the annual crop 
(Schoeneberger et al., 2012). A greater use of water can be achieved when the planted species 
differ in root architecture (McIntyre et al., 1997). Singh et al. (1989) already stated that hedge-
row intercropping is not recommendable, if trees and annual crops use the same pools of soil 
water.  
The root architecture of the used plants in Chapter II and III (cherry tree, willow SRC, silage 
maize and potato) did not differ strongly from each other, wherefore competition for water in 
the observed systems might occur. As a consequence, if deep-rooted trees are planted, 
agricultural crops with a deeper rooting system should be chosen in the first few years. These 
crops reach deeper ground water pools, while the tree roots are shallow. In later years, when 
the trees will root deeper and cover their water supply from deeper layers, crops with a 
shallower rooting system can be chosen. However, this is partly contrary to the idea of 
combining tree species and crop species for light use. While in early years the shade of trees 
is still relatively small, shade-intolerant crops such as maize can be grown. In later years when 
shade increases, shade-tolerant crops should be used. 
By mouldboard ploughing near the tree trunk the root competition can be tempered. The 
horizontally extending roots in the upper soil layer are cut off and tree roots are oriented in 
deeper soil layers below the tree strip. As a result, no roots in plough depth should grow and 
the arable crops can spread their roots (Bender et al., 2009; Kaeser et al., 2010). This lateral 
root-pruning is also recommended by other authors so that the competition is decreased (Ong 
et al., 2002).   
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6.4.2 Nutrients 
 
It is difficult to distinguish between the influence of water and nutrients in an AFS, as nutrient 
uptake is realized via the transpiration stream of water.  
Concerning nutrient level, this section will only focus on nitrogen as the major component of 
proteins, nucleic acids, cell wall components, hormones and vitamins and so the central 
element in plant production (Novoa and Loomis, 1981; Krapp, 2015).  
An experiment with maize in Kenya between rows of Grevillea robusta (A. Cunn. Ex R. Br.) as 
a low nitrogen up taking tree showed, that after grain maize harvest the soil nitrate contents in 
the rootable layer down to a depth of 1 m were 3 to 12 kg ha-1 at a distance of 3 m from the 
tree trunk. Near Senna spectabilis (DC.) hedgerows, a high nitrogen up taking tree, the 
contents were 3 kg ha-1 or lower (Livesley et al., 2002). Maize biomass was significantly higher 
in a greater distance from the trunk of 4.50 – 5.25 m compared to 0.75 – 1.50 m. The authors 
ascribed this to the fact, that maize near Senna hedgerows shifts its biomass growth more to 
roots than to above-ground biomass. The higher root mass should secure a better nitrogen 
uptake in this competitive situation.  
An US experiment on walnut-maize AFS with root barriers showed that grain yield was reduced 
in the treatments with no root barrier (Jose et al., 2000b). They stated, that water is the main 
competitor. They could also prove nitrogen as an influencing factor. This was proven by lower 
levels of nitrogen found in the tree leaves of the root barrier treatment, than in the no-barrier 
treatment. In the barrier plots maize nitrogen uptake was lower from fertilizer, than uptake from 
soil nitrogen compared to the no-barrier plots. In plots where no competition between roots of 
trees and maize existed, the maize plants did not have to fulfill their nitrogen requirement from 
fertilizer, enough nitrogen was available in the soil. 
Nitrogen fertilization studies of Cox et al. (1993) showed that nitrogen had an influence on 
photosynthetic efficiency of leaves. If maize plants suffer a lack nitrogen, the dry matter 
accumulation is reduced by a decreased LA and also decreased photosynthetic efficiency of 
leaves. An important phase for dry matter accumulation is between developing the 12th and 
18th leaf, a lack of nitrogen will reduce final dry matter yields (Karlen et al., 1987). When less 
nitrogen is available during the grain-filling period, nitrogen from leaves is translocated to the 
grain, while leaf senescence is promoted as is photosynthetic efficiency.   
 
Beside the fact that potato has a high water requirement, it also has a high nutrient demand 
(Tein et al., 2014). Potato yields can be increased with increasing nitrogen supply, up to 280 kg 
ha-1. A nitrogen fertilizer and irrigation experiment showed that under water deficit, nitrogen will 
not be the limiting factor, because potato is more affected by water, than by nitrogen to produce 
maximum yields. This is also ascribed to the lowered nitrogen use efficiency under water stress 
and the reduced nitrogen transport to plant roots in drier soils (Badr et al., 2012). Nitrogen 
fertilization can yield up to 33 % more tubers, compared to non-fertilized plots and also 
increase the amount of marketable tuber fraction up to 16 % (Gao et al., 2015). A high nitrogen 
supply causes low starch contents in tubers (Bártová et al., 2012). Thus, if not enough nitrogen 
is available due to the competition by tree roots, the tuber formation will be inhibited and 
smaller tubers will be formed. Drought and early senescence cause lower starch contents. A 
pot experiment with different nitrogen availabilities showed that with increasing nitrogen supply 
the nitrate content in tubers increased and the starch content decreased (Putz, 1989; Lin et 
al., 2004).  
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It was shown that the supply of light, water and nutrients changed by alley cropping with trees. 
Each of these three factors has a significant impact on growth of the understory crop in its own 
way. If competition with woody species causes a deficiency in the agricultural crop, this leads 
to less growth and, as a result, to lower yields and changed qualities. A reduction in light can 
affect soil temperature and the release of nutrient from organic and inorganic sources (Baligar 
et al., 2001).  
Kiziloglu et al. (2009) stated that water (and so on nutrients) is the main limiting factor in yield 
production in semiarid regions. Linked to the findings in Chapter III water and nutrients will be 
the major limitation in southern Europe, while in central and northern Europe it will be the 
availability of light.  
Jose et al. (2000a) stated “Further, with annual pruning and periodic thinning to create high-
value timber, light may never become a significant limiting factor in this system.”. 
 

 

Figure 3: Relationship between the three main plant growth influencing factors light, water and nutrients (e.g. 
nitrogen) (own figure, based on [1] Tezara et al. (1999), [2] Cox et al. (1993), [3] Islam et al. (2012), [4] Jose et al. 
(2000b)).  

 

6.5 Economic performance 
 

In this section the economic performance of strip-wise planted trees for SRC and tree strips 
for high-valuable timber usage will be discussed.  

The first aspect, which has to be taken into account when farmers want to establish an AFS 
is, that the area required by the trees will be lost for agricultural crop production over a long 
period of time. However, an additional income from the revenue of the wood is expected, which 
is only produced in the harvest years and not every year.  
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For economic calculation it was assumed, that wood can be harvested for valuable-timber 
production after a lifetime of 60 years, whereas SRC strips are harvested every third to fifth 
year, for a period of 21 years. For simplicity, it was assumed that all the high-valuable timber 
trees are harvested at once, after 60 years. Under field conditions, only a certain number of 
trees would be harvested each year after reaching valuable-timber quality and at the same 
time new trees would be planted. However, it is difficult to calculate the time when the individual 
trees have reached their timber maturity. This depends on many factors (including pruning and 
secondary diameter growth).  

Table 4 and Table 5 calculate the annual profit of a theoretical, one hectare-sized AFS with 
three tree strips for valuable-timber wood production or SRC production with silage maize and 
potatoes, in comparison to a monoculture. Therefore, first the contribution margins for silage 
maize and for potatoes were calculated in the first place. As monocropping yield the observed 
yields under 0 % shade from Chapter II and III were used. The trading unit at market for silage 
maize is the dry matter base and for potatoes the fresh matter base. The services and cost of 
monocropping silage maize and potato were taken from the online calculation tool for cash 
and fodder crops of the LEL (LEL, 2018a, 2018b). It was assumed that an agricultural 
contractor was hired for chipping of silage maize, and the harvest of potatoes was carried out 
by a potato harvester with bunker. The results can be found in Table 2. It could be shown that 
a sole silage maize stand gains a contribution margin of 801.38 € ha-1 yr-1, while a sole potato 
stand would gain 7555.21 € ha-1 yr-1.  

Table 2: Services and costs for crop production of maize on dry matter base and for potatoes 
on fresh matter base and the resulting contribution margin of crops per year.  

 

The establishment of an AFS, either for high-valuable timber or an SRC for energy production, 
causes planting costs. The cost for establishing and services (including prices for valuable-
timber wood and by-products) of a high-valuable timber AFS were taken from Morhart et al. 
(2016). The calculation was based on 30 trees per hectare, a high-valuable wood yield of 
1.4 m³ sub per tree and a price of 400 € per m³ sub, which resulted in 16.800 € ha-1 for high-
valuable timber as main product. Bark, branches and twigs can be sold as firewood, at 132 € 
per tree. Planting material for one tree was set to 5 € and the tree guard material was 3.5 € 
per tree. In the first years the trees have to be pruned, to reach timber quality. This has to be 
done in year 3, 6, 8 and 10, with increasing costs of 2.5, 5, and in year 8 and 10, 7.50 € per 

Maize 
(dry matter base)

Potato
(fresh matter base)

Services

Monocropping Yield Mg ha-1 21.05 56.85

Repossession of Biogas Plant Residues € ha-1 636.00 -

Price (incl. German value added tax) € Mg-1 77.50 199.30

Total Services € ha-1 2267.38 11330.21

Costs

Seeds € ha-1 170.00 1685.00

Plant Protection € ha-1 75.00 385.00

Fertilizer € ha-1 738.00 631.00

Variable Machine Cost € ha-1 130.00 360.00

Agricultural Contracting Business Machines € ha-1 353.00 714.00

Other variable Costs € ha-1 - -

Total Costs € ha-1 1466.00 3775.00

Contribution Margin Crop per Year € ha
-1 

yr
-1

801.38 7555.21
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tree with increasing tree height. Additionally, the tree strip has to be mulched every year over 
60 years, which costs 0.005 € m-2. All three tree strips have in total 1305 m². This work can be 
done in one hour, with an assumed man-hour cost of 30 €. Harvest is done motor-manual by 
chainsaw. Per tree costs of 102 € are incurred. This makes an annual payment for wood of 
240.26 €. Average yields of 30 t DM ha-1 were assumed for willow SRC, in a three-year rotation 
(Unseld et al., 2014). For the tree strips with 1305 m² a yield of 3.92 Mg DM occurs. Actual 
wood chips prices for southern Germany were calculated with 93.73 € t-1 at a water content of 
35 % (C.A.R.M.E.N. e.V. - Hackschnitzel, 2019). On dry matter base this corresponds to 
144.20 € t-1 DM, which is in total 73.67 € for the assumed system. Assumptions for 
establishing, price per cutting, planting cost, mortality rate and harvest cost of SRC were taken 
from the online tool for SRC calculation of the LEL (2010). For three tree strips with two double-
row each, 1164 cuttings were needed, with 0.12 € cutting-1 and planting costs of 0.09 € cutting-

1. Harvest is done by chainsaw and mobile chopper. This is the only profitable method for areas 
less than or equal to 1 ha (Unseld et al., 2014). So, 2700 € ha-1 were assumed. The area of 
SRC strips is 1305 m² and harvest has to be done every third year, over a time of 21 years. 
The recultivation costs of 1000 € ha-1 for an SRC were transferred to a timber AFS because 
the same machinery is needed. For timber AFS this adds up to an annual payment of 240.26 € 
ha-1, while for Energy SRC it would result in -10.29 € ha-1 (Table 3). This negative value is 
caused due to the fact, that SRC with an area smaller than 1 ha are not profitable.  

Table 3: Services and costs for wood production of trees in a high-valuable timber AFS and 
for willows grown in an SRC for energy purpose and the resulting contribution margin for the 
wood per year.  

 

Until now, only the reduction of the cropping area by the tree strips were taken into the 
calculations. But as seen in Chapter II and III, shade also reduced the crop yields. To calculate 
the shade-induced reduction the assumptions for calculation for AFS with timber trees and 
AFS with SRC-strips are listed in the Appendix, Table A 1. The calculation is based on a one 
hectare-sized field, with 145 m length and 69 m width. Three rows of trees were established 
with a width of 3 m.  

Timber AFS Energy SRC

Services

Yield (Timber m³ sub ha-1; SRC Mg DM ha-1) 42.00 3.92

Price (main product) € ha-1 16800.00 73.67

Price (by-product; firewood) € ha-1 3960.00 -

Total Discounted Services € ha-1 20760.00 2671.81

Costs

Site preparation (1st year) € ha-1 9.79 9.79

Planting material (1st year) € ha-1 150.00 244.44

Tree Guards (1st year) € ha-1 105.00 -

Replacement of dead trees 

(1st year; +15% of planting material)
€ ha-1 22.50 36.67

Cultivation (pruning in 3rd, 6th, 8th and 10th year) € ha-1 675.00 -

Mulching of tree strip (over 60 years) € ha-1 2191.50 -

Harvest (Timber in 60th year, 

SRC every 3rd year for 21 year)
€ ha-1 3060.00 2466.45

Recultivation (Timber in 60th year, SRC in 21th year) € ha-1 130.50 130.50

Total Costs € ha-1 6344.29 2887.84

Annual Payment Wood € ha
-1 

yr
-1

240.26 -10.29
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For timber AFS the different shade levels (12 %, 26 % and 50 %) used in Chapter II and III 
were assumed as static, semi-circle around the tree trunks, but only in the northern direction, 
because the tree-strips had an optimal orientation from east-to-west. This orientation ensures 
that most of the shade casts in the tree strip itself (Bender et al., 2009).  

In a timber AFS during the first 25 years, no shade competition will be expected due to the 
small tree height, the dense crowns, which do not touch each other, and do not cast much 
shade on the field. Therefore, only the lost area by the tree strips causes yield reductions. 
From year 26 for the remaining 35 years, the previously determined shade-induced yield 
reductions are expected (Table 4). The reduction of the plant production costs for maize and 
potato are listed in Table 2, considering only the area of the tree strips. For silage maize this 
makes an aggregated contribution margin of 864.16 € ha-1 yr-1, which is 8 % higher than in 
monocropping. The profits made by the wood after 60 years are able to compensate financial 
losses through AFS. However, for potatoes with a total of 6149.81 € ha-1 yr-1, the profit is 
reduced about 19 %. The results in Chapter III have shown that potatoes are able to achieve 
high yields, up to a shading of 26 %. But according to the high price achieved for potatoes, 
and the high harvest volumes, a reduction of tree strips during the first 25 years would result 
in financial losses. In the remaining 35 years these reductions are increased by the losses 
caused by shade.  

Table 4: Aggregated contribution margin of a timber AFS per hectare and year for silage maize 
and potato intercropping. 

 

There are no values on light reduction and shading of willow SRC. Therefore, the values which 
were determined for the valuable-timber trees were used. Since a 6 m high cherry tree was 
measured, these values were transferred to a willow SRC. A willow SRC will reach a height of 
approximately 4 m within a three-year harvest cycle (see Chapter I). Since an SRC forms a 
dense, hedge-like stock, continuous shading strips were assumed instead of semi-circles 
(Table A 1). For the first year of the rotation it was expected that the full yield reduction would 
not occur, as the SRC first has to achieve a height, which influences crop growth. Thus, in the 
first year 33 % of the yield reduction was assumed, in the second year 66 % and in the third 
year the full reduction (Table 5).  

For silage maize an aggregated contribution margin of 721.44 € ha-1 yr-1 will be achieved, while 
for potato 6888.27 € ha-1 yr-1 could be gained, which corresponds to a reduction of 10 % and 
9 %, respectively. The reason why the SRC-AFS reaches such small values can be attributed 
to the small area, where wood is cultivated in this system. Also, the yield reduction of arable 
crops is greater than in Timber-AFS. This is due to the fact, that the shade zones in an SRC-
AFS are larger, as shown in Table A 1. Although, there are no additional costs of care taking 
in an SRC, as seen for high-valuable timber trees, by pruning and mulching. The three-year 
harvest generates more costs. In addition, the profits for wood are lower, than for valuable-

Silage Maize Potato

Contribution Margin Crop Production (1st - 25th year) € ha-1 yr-1 696.80 6569.25

Contribution Margin Crop Production (26th - 60th year) € ha-1 yr-1 571.83 5438.34

Total Discounted Services Wood Production € ha-1 20760.00 20760.00

Total Costs Wood Production € ha-1 6344.29 6344.29

Contribution Margin Wood Production € ha-1 14415.71 14415.71

Contribution Margin Wood Production per year € ha-1 yr-1 240.26 240.26

Aggregated Contribution Margin Timber AFS € ha-1 yr-1 864.16 6149.81
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timber wood. The timber trees generate a capital of 20760.00 € ha-1 during their lifetime. The 
73.67 € ha-1 for SRC wood chips accumulated with 3.5 % over the 7 harvests generated 
381.69 € ha-1 at each harvest.  

Table 5: Aggregated contribution margin of an energy SRC per hectare and year for silage 
maize and potato intercropping. 

 

So, finally, from an economical point, timber AFS is profitable for silage maize, but not for 
potatoes. The cultivation of SRC strips on one hectare is not worthwhile, neither for silage 
maize, nor for potatoes. To make this system profitable, more land is needed. However, these 
values are not able to represent the reality perfectly, as this calculation is based on the fact 
that the same crop is cultivated in every year. In fact, these profits would change based on the 
implemented crop rotation and, thus, annually changing crops. Additionally, a financial support 
by the common agricultural policy of the EU could be provide an incentive for this system. By 
promoting the ecological impact of tree strips, financial deficits could be compensated. 

 

6.6 Environmental performance 
 

In the previous chapter, a financial reward was proposed for ecological services in the form of 
tree strips in the agricultural structure. After Jose (2009), the four main factors for ecosystem 
services and environmental benefits by AFS are (1) carbon sequestration, (2) biodiversity 
conservation, (3) soil enrichment and (4) air and water quality. Additionally, for carbon 
sequestration, Palma et al. (2007) listed erosion control, reduced nitrogen leaching and 
improved landscape biodiversity as benefits.  

AFS can contribute to carbon storage, due to the conservation of soil in the tree rows and the 
carbon sink function by trees. Studies of Montagnini and Nair (2004) found that agroforestry in 
temperate regions is capable of storing carbon in the amount of 63 Mg ha-1 yr-1. The same 
study also showed, that the potential carbon sequestration of AFS in the United States by 2025 
is estimated to 0.92 Mg ha-1 yr-1 in alley cropping systems, and 0.83 Mg ha-1 year-1 in a short 
rotation woody crop plantation. Alley cropping for timber has a longer cutting cycle and so the 
carbon is stored for a longer time period than in SRC, with its shorter cutting cycle. The carbon 
storage of 0.83 Mg ha-1 yr-1 is related to a SRC plantation on hectare size. The assumed 
system in Chapter 6.5 with strip-wise cultivated rows of SRC would have a lower storage. Only 
13 % of one hectare would be covered with SRC. On the basis of this, a theoretical carbon 
storage of 11 Mg ha-1 yr-1 occurred. Most of the carbon is stored below ground. The storage 
potential of a timber AFS is difficult to calculate due to the different age structures of the 

Silage Maize Potato

Contribution Margin Crop Production (1st year) € ha-1 yr-1 766.55 7226.88

Contribution Margin Crop Production (2nd year) € ha-1 yr-1 731.73 6898.56

Contribution Margin Crop Production (3rd year) € ha-1 yr-1 696.90 6570.24

Total Discounted Services Wood Production € ha-1 2671.81 2671.81

Total Costs Wood Production € ha-1 2887.84 2887.84

Contribution Margin Wood Production € ha-1 -216.03 -216.03

Contribution Margin Wood Production per year € ha-1 yr-1 -10.29 -10.29

Aggregated Contribution Margin Energy SRC € ha
-1 

yr
-1

721.44 6888.27
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individual trees (due to tree replacement after single tree harvest) and due to different tree 
species.  

The biodiversity conservation can occur in different ways in an AFS. According to Jose (2009), 
it provides habitats, preserves germplasm of sensitive species, reduces the conversion of 
natural habitat, creates corridors in open agricultural sites and helps to preserve the biological 
diversity (Jose, 2009). Tsonkova et al. (2012) investigated the ecosystems services of alley 
cropping of SRC on agricultural sites. They reviewed literature and showed that the diversity 
of plants in SRC strips depends on the size of the plantation, the surrounding landscape and 
the previous land use, and the used species of SRC. They also showed that woody strips serve 
as a winter habitat for diverse ground beetles. A walnut alley cropping system in the temperate 
regions of Missouri, USA, showed more arthropods in total, than in plots without vegetation 
between the trees (Stamps et al., 2002). A higher population of earthworms was found near 
tree strips than in monocrop stands in an AFS in Canada (Thevathasan and Gordon, 2004). 
This was attributed to the litter contribution. A higher population of birds was found in willow 
SRC in Sweden. More species which nest in shrubs or on the ground were found in willow 
SRC, than in monocrop farmland (Berg, 2002). In addition, the wood structures of SRC or 
timber AFS provide a permanent structure for breeding birds. Since harvesting of SRC takes 
place only every third to fifth year in winter, the birds are offered a permanent habitat.  

Soil enrichment, the improvement of the soil’s chemical, physical and biological properties, is 
also listed as an ecological benefit of AFS. The above-mentioned higher density of earthworms 
can contribute to a beneficial soil structure and stability (decreased soil bulk density, increased 
decomposition of soil organic matter, improved soil stability) (Thevathasan and Gordon, 2004). 
An experiment in Missouri with tree strips of Quercus palustris (Münchh.), Quercus bicolor 
(Willd.) and Quercus macrocarpa (Michx.) showed a higher total number of pores than in row 
crops of soybean or maize. These findings were ascribed to a higher root decay and soil fauna 
activity (Seobi et al., 2005). Also, a lower bulk density was found in the AFS strips, compared 
with the crop site. The higher number of pores, and the loose, soil can reduce erosion, due to 
a higher infiltration. The higher saturated hydraulic conductivity additionally supports this fact. 
The kinetic energy of raindrops is lowered by the (ground) vegetation of the woody strips and 
also the vegetation slows down the flow velocity of the water, whereas the soil has more time 
for infiltration. This process also reduces the erosion and so on the loss off sediments and 
nutrients by surface runoff. The microbial biomass carbon in a 47-year old pecan-cotton 
(Gossypium hirsutum L.) and Carya illinoinensis (Wangenh.) K.Koch) AFS was more than 
double of cotton monocropping (375 mg kg-1 vs. 163 mg kg-1). While in a 3-year old pecan-
cotton AFS the microbial biomass was not significantly different from monocropping cotton 
(118 mg kg-1) (Lee and Jose, 2003). The organic matter of the old pecan-cotton AFS was 
3.4 %, while the younger AFS had 1.5 % and the cotton monocropping 2.1 % These results 
showed, that there is an initial phase, before these positive impacts of these systems occurs.  

The improvement of water and air quality is also one of the listed advantages of AFS. There is 
the so called ‘safety net’ hypothesis for water quality in an AFS (Jose et al., 2004). This means, 
that the tree roots capture nitrate and other nutrients that are leached in deeper soil layers and 
prevent the accumulation of these nutrients in the soil water bodies. Trials have shown that a 
sole crop of maize has more nitrate available for leaching, than in stands near a tree or 
hedgerow (Livesley et al., 2002). The mentioned AFS of cotton and pecan trees showed at a 
depth of 0.9 m a nearly 30 % reduction in nitrate concentration compared to the concentration 
in 0.3 m depth (Allen et al., 2004). In years with high precipitation and higher runoff events in 
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AFS there was significantly lower runoff than under sole-cropping. The trees improve infiltration 
and water holding capacity of soils. Also, the sediment losses were reduced in AFS (Udawatta 
et al., 2010).  

Often the soil and water quality are highlighted in context with AFS, as seen above. But also, 
the air quality could be influenced by AFS. The trees could influence the concentration of 
greenhouse gases in atmosphere. Studies found, that trees are able to mitigate the N2O and 
CO2 emissions from soils, and be a sink for CH4 (Mutuo et al., 2005). The CO2 emissions are 
controlled by the above-mentioned carbon storage. N2O is reduced by reduction of nitrogen 
fertilizer and soil tillage in tree rows. Also, tree roots can uptake nitrate up to a certain distance 
from tree trunk, which is not available for crops. Thus, this nitrate cannot be reduced to N2O. 
AFS soils are also able to compensate CH4 emissions. Due to the non-tilled soil beneath the 
trees, soil microorganisms stay intact. There are some methanotroph bacteria in soil which use 
CH4 as a carbon source and, therefore the soil under trees is a higher CH4 sink, than 
agricultural soil (Malghani et al., 2016). On the other hand, it also has to be taken into account 
that trees are a higher source for volatile organic compounds (VOCs) than arable crops, 
especially for isoprene. The solar irradiance can degrade some of the VOCs to chemical 
compounds that promotes ozone production and aerosol formation (Pio et al., 2005). This has 
a negative impact on air quality. A 6.5 ha sized willow short rotation coppice peaked in values 
for isoprene around 20 µg gdw

-1 h-1, which is much higher than the values for arable crop, which 
range between 0 - 0.5 µg gdw

-1 h-1, depending on the crops (Copeland et al., 2012). This effect, 
however, is considerably higher in the case of the extensive cultivation of trees, than in the 
case of strip-wise cultivation in AFS between arable crops.  

In general, (strip-wise) AFS are able to make a greater contribution to the environment than 
monocropping.  

 

6.7 Further research 
 

The results showed that AFS are complex systems of land management. There is not only one 
main factor of influence, but a multitude of factors interact. Due to the manifold forms of AFS, 
there are numerous other research approaches. Starting with the possible combinations of 
perennial and annual cultures, the tree species, the understory crops, the distance and 
densities of the plant stand and site characteristics.  

While doing the research on Chapter II and III, often the point of criticism came up, that in a 
real AFS the tree shade does not remain static on the surface. It migrates over the crop area 
during the course of the day and the year. Rosskopf et al. (2017) showed a good visualization 
on how tree shade is changing in the course of year. The shade is not, as in Chapter II and 
III, rectangular on the agricultural crop, it is an ellipse on a parabolic course. An experiment 
was done with artificial, uniform net shade and artificial, spotted shade by slats on durum wheat 
(Triticum turgidum L. subsp. durum) in comparison to an AFS with walnut (Juglans regia L.) 
(Dufour et al., 2013). Although spotted shade by slats copy the light spectrum of an AFS with 
trees better than nets, there were no yield differences observable between these two artificial 
shade treatments, but they differed significantly from walnut AFS. A trial in New Zealand 
compared alfalfa (Medicago sativa L.) under net shade and slats shade with alfalfa-pine stands 
(Pinus sp. L.) (Varella et al., 2011). It was observed, that the slat shade reproduces the tree 
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shade and the light spectrum (red:far-red ratio; R:FR) better, than shade nets. Tree (or other, 
higher plants) canopy decreases the R:FR ratio of the light reaching the understory crop 
(Franklin and Whitelam, 2005). In shade the part of far-red light is increased by reflection from 
cell walls of the trees and the part of red light is decreased by absorption by tree chlorophyll 
(Li et al., 2012). It should be investigated, how the plants grow, when the light spectrum caused 
by artificial shade corresponds to that of shade by trees.  

Literature has shown that AFS in the tropics and subtropics are already a well-researched 
system. These systems are also available in different ages (chronosequence), which makes 
research much easier. In the temperate zone, AFS of different ages are missing, especially 
with regard to high-valuable timber usage. Younger trees, with a smaller crown volume, cast 
less shade than older ones. There are also tree species with a bright crown and a dense crown. 
These facts have not yet been adequately addressed in research. It is therefore advisable to 
observe different tree species at different age levels and the level of shade they create. Then, 
with these values (also by artificially created shade), agricultural crops and genotypes can be 
determined, which are shade tolerant. Additionally, the shade influence of an SRC in different 
growth years is not quite well documented in literature.  

As seen in Chapter II and III there are crops that are more shade-tolerant than others, but at 
a certain point a decrease in yield was observed. Another approach is to test how renewable 
resources (= for non-edible purpose), like medicinal, aromatic, dyeing or spice plants act under 
shade. Many of these plants naturally grow in the (partial) shade of forests. Thus, they are 
shade-tolerant. Currently, they are also subject to wild collections, which are not always 
sustainable, and there is a strong fluctuation in the quality of wild collections. Several medicinal 
species which are subjected to wild collections are endangered species. One possible 
approach to reduce the negative effects of wild collections and use the shade-tolerance, could 
be the cultivation in silvoarable AFS (Rao et al., 2004). A trial on lemon balm (Melissa officinalis 
L.) has shown that under a 50 % blue net shade the biomass yield was not influenced. 
However, a non-significant increase in oil content was observed when plants were grown under 
these nets. Even if there is a reduction in yield in these crops, consistent or even higher profits 
can be achieved through increased quality. Ginseng (Panax ginseng C.A. Meyer) is known as 
a plant that needs shade. If the solar irradiance is too high, photosynthesis is inhibited which 
can end in permanent leaf death (Li, 1995; Parmenter and Littlejohn, 2000). At 55 % shade 
sage (Salvia officinalis L.) had the highest oil concentration (Li et al., 1995). Carotenoids 
showed a 75 % increment at 75 % shade (Zervoudakis et al., 2012). Thus, the production of 
these renewable resources could be a possibility in AFS. In the first years, when trees and 
shade are small, agricultural crops could be established. In later years when trees (crowns) 
are larger, plants for non-edible purposes could be an option (if mechanization, infrastructure 
and market structures are available). The cultivation in AFS would create a shady climate, but 
at the same time it allows mechanization and controlled cultivation. Fungal diseases could, 
however, pose a problem. Nearly no plant protection agents are allowed in medicinal, aromatic, 
dyeing or spice plants. But these plants are very susceptible to fungal diseases. Shade 
increases the duration of leaf wetness. This was shown in a wheat experiment in Australia, 
where the risk for powdery mildew was higher. Moisture from rain or dew stays longer in the 
plant stand, if its shaded (Sudmeyer and Speijers, 2007). There are already some research 
approaches in this direction. Suitable plants can be screened, their performance and quality 
under shade should be estimated, as well as the optimization of the agricultural crop 
procedures.  



Summary  - 73 - 
 

7 Summary 
 

The cultivation of several plant species on the same area of land, at the same time, is called 
Agroforestry (AFS). In the less developed countries and the countries of the tropics and 
subtropics, AFS are the main form of land management. Reasons can be found in the low 
degree of mechanization and the low costs of labor. AFS used to be widespread in the 
industrial nations, too. Over the years, however, these traditional forms have been converted 
into highly efficient agricultural sites. Agricultural and forest production has been separated 
spatially. In Germany, this was mainly due to land consolidation, which resulted in large, 
uniform and easy-to-farm fields. In recent years, however, this situation has been 
reconsidered. The positive environmental benefits and the aspect of biodiversity protection of 
agroforestry systems have been recognized. There are numerous ecological, economic and 
social aspects, which make agroforestry attractive again. However, a competitive situation 
always arises when plants are cultivated together. In addition, there are multiple forms of AFS. 
Special attention has to be paid to the planting of the woody, perennial component, as it 
remains on the field for several years.  

Against this background, this thesis deals with the possibilities of establishing the wood 
component in an AFS as a short rotation strip. Combinations of different tillage and weed 
management practices on willow growth and yield were tested. Furthermore, the influence of 
shade, which is listed as one of the three main influencing factors in AFS, is discussed. 
Agricultural crops behave differently, on shade casts by the woody component on the 
understory crop, depending on their need for light. To test this, maize was used as a shade-
intolerant C4 plant, which reaches its light saturation close to maximum solar irradiance. In 
contrast, potato was tested as a more shade-tolerant C3 plant. Observations on growth, yield 
and quality should provide information on their suitability for cultivation under shady conditions 
in AFS.  

Various hypotheses were developed and examined for the purpose of testing. In the following, 
the most central research results will be briefly outlined. 

1. There are no other recommendations for the establishment of a willow short-rotation coppice 

except ploughing in autumn, harrowing in spring and broad herbicide application. In the current 

discourse on biodiversity improvement and climate change, forms of reduced tillage (chisel 

plough + ley crop, no-till) with adapted herbicide-saving weed control can ensure successful 

SRC growth and, as a result, high yields while saving pesticides and fossil energy. 

An adequate combination of soil tillage and weed management showed to be important for 
high yields, whereas the necessary weed management depends on the used soil tillage. The 
conventional establishing method of ploughing, harrowing and a broad herbicide application, 
had the highest yields in comparison to the other measurements. Covering with wood chip 
mulch cannot be recommended for any of the tillage systems, due to the strong competition. 
In the chisel plough treatment, the ley crop is also a major competitor, only broadcast applied 
herbicides can reach comparable yields. Under no-till all treatments, except of mulching 
between willow rows, can achieve good yields. The mechanical weed control of rotivation 
between willow rows can also be used in mouldboard plough or no-till. For ecological and 
erosion-protection reasons, no-till treatments may be of interest. 
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2. Maize, as a plant with a high light saturation point, is already negatively influenced in its 

growth, the biomass, biogas and methane yield, as well as the quality determining compounds 

by low amounts of shade. 

While plant heights and leaf area index were already reduced during plant growth, this also 
reduced the final biomass yield. Depending on the year, these reductions occurred from 26 % 
or 50 % shade. Shading maize at a level of 50 % almost reduced the final biomass yield about 
50 %. Significant reductions in yields could already be observed even from the lowest shade 
levels of 12 %. On the other hand, crude protein and crude ash increased at 26 % shade, 
which negatively influenced the yield of biogas and methane. The C4 plant maize cannot be 
recommended under shade levels higher than 26 %. However, even under the strongest 
shading, higher biomass yields could be achieved compared to other biomass crops under full 
sunlight.   

3. Potatoes, known as shade-tolerant plants, are able to produce yields and qualities 

comparable to those of unshaded plants with lower levels of solar irradiance (caused by 

shading). There will be no differences in their growth. 

The height growth of the potatoes was not influenced by shade. The yield determining 
parameters, such as number of plants per square meter and number of stems per plant, were 
not changed by shade. A reduction in the number of tubers per plant and tuber mass per plant 
occurred depending on the year. The same was observed for the yield. In years with high solar 
irradiance yields were not reduced at all or only from 50 % shade, while in years with low 
irradiance from 26 % shade reductions occurred. The quality of the tubers was not influenced. 
Shading potatoes up to levels between 26 % and 50 % will be possible.  

For the preservation of biodiversity, alternative, herbicide saving weed management systems 
are needed. The research on alternative establishment methods for short-rotation 
coppice had shown that some weed management treatments work better in specific tillage 
systems than others. Mouldboard ploughing as soil tillage works well against grasses and, by 
the soil turning effect, the weed seed bank is shifted to deeper soil layers, which makes it 
difficult for weeds to emerge. Under this soil tillage herbicides should be used with a broad 
mode of action in pre- and post-emergence. This also reduced the risk of resistance formation. 
Mechanical weed treatment between willow rows could also be an herbicide saving alternative, 
except of rolling. The ley crop in the chisel plough treatment offers an additional competition 
factor for weeds and suppressed them. However, the soil tillage systems need a broad 
application of herbicides, otherwise the competition for the willows is too high. Under no-till 
only weeds from the upper soil layers germinate and so all weed management systems, except 
of mulching between willow rows, offer an option.  

Expect of the observed crops maize and potato, other crops can serve as interesting 
intercropping partners in AFS. In grain crops, like wheat and rice, shade influences the yield 
determining parameters (grains per era, ears per m² and 1000-grain weight) negatively. Also, 
in oil crops, like soybeans and canola, the shade reduced the translocation of assimilates. 
Leguminous crops showed no change in yield by compensating the reduced beans or seeds 
by a higher 1000-grain weight. Changes in the quality of fodder species were observed, 
whereas C4 species were more susceptible than C3 species. This was proven in Chapter II 
and III, were maize was more affected by shade than potatoes.  
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In addition to competition for light, the other two factors are water and nutrients. A sufficient 
supply of water is important because a reduction of this supply leads to a disturbed mass and 
nutrient transport (in particular nitrogen), which results in decreased leaf area and so in a 
reduced photosynthetic efficiency. For maize this has been shown by the fact that the biomass 
is reduced and the crude protein content is increased. Potatoes depend more on water than 
nitrogen. A low supply of water, especially during tuber initiation and bulking, will led to smaller 
tubers with a higher starch concentration due to the turgor. Therefore, it is stated that water is 
the limiting factor in semiarid regions, while light will be the major limiting factor in Northern 
hemispheres. 

While AFS are an important promoter of biodiversity and ecological benefits, the economy of 
such a system is difficult to evaluate, due to the long lifetime, especially in systems used for 
the production of high-valuable timber. This is due to the increasing influence of the trees on 
the arable crop over the years, and on the other hand, it is difficult to calculate profits from the 
sale of valuable timber after several decades. A modelled AFS with strips of willow for short 
rotation and strips of high-valuable timber trees resulted in a profit of 801.38 € ha-1 yr-1 for a 
pure maize stand, while this profit would be increased by 8 % through planting of strips of high-
valuable timber and reduced by 10 % for short rotation strips. In the case of potatoes, the 
achieved net profit would be 7555,21 € ha-1 yr-1, while the two different tree usage strips would 
reduce it by 19 % (high-valuable timber) and 9 % (willow SRC), respectively. The strong 
reduction in short rotation strips is due to the low economic efficiency of this strip size. For the 
high-valuable timber strips, it is difficult to calculate, since the profits only accrue after 60 years 
or more. In SRC, the low prices for wood chips and the high manual work at harvesting are 
problematic. This, in combination with the reduction resulting from the loss of area cultivated 
by the tree strips, make this type of wood usage in a one hectare-sized system uneconomical. 
Potatoes themselves fetch such high prices that even the slightest loss in yield leads to 
significant reductions in profits.   

Ecological advantages which can occur by AFS are the reduced usage of fossil fuels because 
the strips are no longer tilled and the carbon storage of trees by absorbing CO2 and storing it 
in their root mass. The modelled one hectare-sized system with SRC would be able to store a 
carbon amount of 11 Mg ha-1 yr-1. For valuable timber systems it would be much more complex 
to calculate, due to the many different factors influencing the carbon storage (trees of different 
age, different tree species). The strips also provide a permanent habitat for soil organisms and 
birds. A richness in the arthropod fauna occurs, more earthworms were found, which improve 
the soil structure and also the number of birds increased. In addition, the tree strips improve 
the soil structure through a lower bulk density and organic deposits, which increase infiltration 
and reduce the flow velocity of the water, which counteracts erosion. The tree strips also 
prevent the leaching of nutrients into the groundwater, for nitrate there was a reduction of up 
to 30 % by trees. By absorbing CO2, the trees ensure improved air quality, the absence of 
fertilizers in the tree strips indicates that less nitrogen as N2O is lost and some soil organisms 
in the tree strips use CH4 as a carbon source.  

Further research is needed on the influence of other tree species, in different ages, on arable 
crops. Also, the used methodology for the evaluation of shade can be improved, because 
shading nets cannot completely replicate the light spectrum in an AFS. The light spectrum 
underneath trees showed a decrease in the red spectrum and an increase in the far-red 
spectrum by the chlorophyll absorption of the tree leaves. There has to be a dynamic trial setup 
to simulate the course of the sun during the day and the year. Another focus should be given 
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to different crops. While in the first years, when tree crowns are still small and, thus, the shade 
influence is low, conventional agricultural crops can be cultivated, in later years with a greater 
shade influence the cultivation of medicinal, aromatic, dyeing and spice plants can be 
interesting. Many of these plants tolerate high levels of shade, due to their forest origin from 
(partial) shade. 

It could be shown that it is possible to make a valuable contribution to biodiversity with AFS. 
By using adapted combinations of soil tillage and weed management systems, fossil fuels can 
be saved through reduced tillage. The use of chemical plant protection in the tree strips can 
be reduced by the sole application within the SRC strips or avoided altogether by mechanical 
weed control. In high-valuable timber systems there is usually no weed management 
necessary. Additionally, the trees strips offer a habitat and food basis for small vertebrates and 
some arthropods (hymenoptera, coleoptera, lepidoptera and diptera). The permanent planting 
of the strips reduces greenhouse gases and thus counteracts climate change. Therefore, AFS 
are a valuable form of land management to reduce current environmental problems on a 
national and global scale. 
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8 Zusammenfassung 
 

Der gemeinsame Anbau von mehreren Kulturen auf ein und derselben Fläche zur selben Zeit 
wird als Agroforstsystem (AFS) bezeichnet. In den weniger entwickelten Ländern und Ländern 
der Tropen und Subtropen sind AFS die hauptsächliche Form der Landbewirtschaftung. Dies 
geht auf den geringen Mechanisierungsgrad und kostengünstige Arbeitskräfte zurück. In den 
Industrienationen waren AFS früher ebenfalls weitverbreitet. Allerdings wurden diese 
traditionellen Formen über die Jahre in hocheffiziente Formen der Landbewirtschaftung 
überführt. Die landwirtschaftliche und die forstwirtschaftliche Produktion wurden räumlich 
getrennt. Dies geschah in Deutschland überwiegend durch die Flurbereinigung, bei der große, 
uniforme und einfach zu bewirtschaftende Schläge entstanden. In den letzten Jahren ist es 
allerdings zu einem Umdenken gekommen. Der positive Nutzen von AFS für die Umwelt und 
den Schutz der Biodiversität wurde nachweislich anerkannt. Es gibt zahlreiche ökologische, 
ökonomische und soziale Aspekte, die Agroforst wieder attraktiv machen. Allerdings entsteht 
immer eine Konkurrenzsituation, wenn Pflanzen gemeinsam angebaut werden. Zudem gibt es 
eine mannigfaltige Form an Ausprägungen von AFS. Der Anlage der verholzenden, 
mehrjährigen Komponente gilt ein besonderes Augenmerk, da diese einmal etabliert, für 
mehrere Jahre auf der Fläche verbleibt.  

Vor diesem Hintergrund beschäftigt sich diese Arbeit mit den Möglichkeiten der Etablierung 
der Holzkomponente als Kurzumtriebsstreifen in einem AFS. Behandelt werden dafür 
Kombinationen aus verschiedene Bodenbearbeitungs- und Unkrautmaßnahmen auf 
Wachstum und Ertrag von Weiden. Des Weiteren wird der Einfluss von Schatten untersucht, 
der als einer der drei Haupteinflussfaktoren in AFS gelistet wird. Landwirtschaftliche Kulturen 
reagieren, je nach ihrem Lichtbedarf, unterschiedlich auf Schatten den die verholzende 
Komponente auf die unterwüchsige Kultur wirft. Um dies zu testen wurde Mais als 
schattenintolerante C4-Pflanze getestet, die ihre Lichtsättigung nahe der maximalen 
Einstrahlung erreicht. Dem gegenüber wurde die Kartoffel als eine schattentolerantere C3-
Pflanze untersucht. Beobachtungen an Wachstum, Ertrag und der Qualität der Inhaltsstoffe 
sollen Auskunft über deren Eignung zum Anbau unter den schattigen Bedingungen in AFS 
geben.  

Zur Überprüfung wurden verschiedene Hypothesen aufgestellt und untersucht. Im Folgenden 
soll kurz auf die zentralsten Forschungsergebnisse eingegangen werden. 

1. Bei der Anlage einer Weiden-Kurzumtriebsplantage gibt es noch keine anderen 

Empfehlungen außer Pflügen im Herbst, eggen im Frühjahr und eine breitflächige 

Herbizidapplikation. Im Zuge der derzeitigen Diskussion über die Steigerung der 

Biodiversität und den Klimawandel, können Formen der reduzierten Bodenbearbeitung 

(Grubber + Untersaat, Direktsaat) mit angepassten, herbizidsparenden Unkrautkontrollen 

ein erfolgreiches KUP Wachstum ermöglichen, hohe Erträge erzielen und gleichzeitig 

Pflanzenschutzmittel und fossile Energie einsparen. 

 
Eine angepasste Kombination aus Bodenbearbeitung und Unkrautkontrolle zeigte sich als 
wichtig für hohe Erträge, wobei die nötige Unkrautkontrolle auf die Bodenbearbeitung 
abgestimmt sein muss. Das herkömmliche Etablierungsverfahren aus pflügen, eggen und 
einer flächigen Herbizidapplikation brachte im Vergleich zu den anderen Varianten auch 
weiterhin die höchsten Erträge. Ein Abdecken mit Mulch aus Holzhackschnitzeln kann bei 
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keiner der Bodenbearbeitungen auf Grund der Konkurrenz empfohlen werden. In der Grubber-
Variante stellte die Untersaat ebenfalls eine große Konkurrenz dar, lediglich der flächige 
Einsatz von Herbiziden erreichte hohe Erträge. Wenn keine Bodenbearbeitung erfolgen soll, 
können alle Unkrautregulierungsmaßnahmen mit Ausnahme des Mulchens zwischen den 
Weidenreihen gute Erträge erzielen. Die mechanische Unkrautbekämpfung mittels Fräse 
zwischen den Weidenreihen kann beim Pflügen oder der Direktsaat eingesetzt werden. Aus 
ökologischen Gründen und zum Erosionsschutz können Direktsaat-Varianten von Interesse 
sein. 
 
2. Mais als Pflanze mit einem hohen Lichtsättigungspunkt wird bereits durch geringen 

Schatten in ihrem Wachstum, dem Biomasse-, Biogas- und Methanertrag sowie den 

qualitätsbestimmenden Inhaltsstoffen negativ beeinflusst. 

Während sich bereits im Pflanzenwachstum reduzierte Pflanzenhöhen und Blattflächenindizes 
zeigten, wirkte sich dies auch in einer Reduktion des finalen Biomasseertrages aus. Diese 
Reduktionen zeigten sich je nach Jahr ab 26 % bzw. 50 % Schatten. Eine Reduzierung der 
eingestrahlten Lichtmenge um 50 % resultierte in einer Halbierung der Erträge. Signifikante 
Reduktionen der Erträge waren bereits ab der geringsten Beschattung von 12 % zu 
beobachten. Hingegen stiegen Rohprotein und Rohasche ab 26 % Schatten an, was die 
Ausbeute von Biogas und Methan negativ beeinflusste. Die C4 Pflanze Mais zeigte sich daher 
als nicht empfehlenswert für Beschattungen von mehr als 26 %. Jedoch konnten selbst die 
nahezu halbierten Biomasseerträge unter der stärksten Beschattung höherer Erträge 
erreichen, als anderen Biomassekulturen unter voller Sonneneinstrahlung.   

3. Kartoffeln, die als schattentolerante Pflanzen bekannt sind, sind in der Lage mit geringeren 

Einstrahlungsmengen, hervorgerufen durch Beschattung, vergleichbare Erträge und 

Qualitäten zu erzeugen, wie unbeschattete Pflanzen. In ihrem Wachstum werden sich 

keine Unterschiede zeigen. 

Das Höhenwachstum der Kartoffeln wurde durch Schatten nicht beeinflusst. Die 
ertragsbestimmenden Parameter wie Pflanzenanzahl pro Quadratmeter und Stängelanzahl 
pro Pflanze wurden durch den Schatten nicht verändert. Eine Reduzierung der Knollenanzahl 
pro Pflanze und Knollenmasse pro Pflanze trat abhängig vom Jahr ein. Ebenso verhielt es sich 
mit dem Ertrag. Dieser wurde in einstrahlungsreichen Jahren gar nicht bzw. erst ab 50 % 
Schatten reduziert, während in einstrahlungsarmen Jahren ab 26 % Schatten Reduktionen 
eintraten. Die Qualität der Knollen wurde nicht beeinflusst. Unter Beschattungen zwischen 
26 % – 50 % können Kartoffeln angebaut werden. 

 

Um die Biodiversität zu erhalten, werden alternative, herbizidsparende Formen der 
Unkrautbekämpfung benötigt. Die Untersuchungen zur Etablierung einer KUP hatte gezeigt, 
dass manche Herbizidalternativen unter der einen Bodenbearbeitung besser wirkten, als unter 
einer anderen Bodenbearbeitung. Pflügen wirkte gut gegenüber Gräsern und durch die 
wendende Bodenbearbeitung wird die Bodensamenbank in tiefere Bodenschichten 
eingebracht, wodurch ungünstigere Keimbedingungen für die Unkräuter entstehen. Beim 
Einsatz dieser Form der Bodenbearbeitung sollten Herbizide mit einem breiten Wirkspektrum 
eingesetzt werden, sowohl im Vor- als auch im Nachauflauf. Dies reduziert zudem die Gefahr 
der Resistenzbildung. Mechanische Bodenbearbeitungen zwischen den Weidenreihen 
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können, mit Ausnahme der Herbizidwalze, eine herbizideinsparende Etablierungsvariante 
sein. Die Untersaat in der Grubbervariante stellte für die Unkräuter eine Konkurrenz dar und 
unterdrückte diese. Diese Bodenbearbeitung benötigt eine flächige Herbizidapplikation, 
ansonsten ist die Konkurrenz für die Weiden zu hoch. Wenn keine Bodenbearbeitung erfolgt, 
keimen nur die Unkräuter aus den oberen Bodenschichten, dafür können alle 
Unkrautregulierungsvarianten eingesetzt werden, außer Mulchen zwischen den 
Weidenreihen.  

Außer den untersuchten Kulturen Mais und Kartoffel, können andere landwirtschaftliche 
Kulturen ein interessanter Partner in AFS sein. Bei Getreiden, wie Weizen und Reis, 
beeinflusste der Schatten die ertragsbestimmenden Parameter negativ (Körner pro Ähre, 
Ähren pro m² und Tausendkornmasse). In Ölfrüchten, wie Sojabohne und Raps, reduzierte 
Schatten die Einlagerung von Assimilaten. Hingegen zeigten Leguminosen keine 
Ertragsreduktionen, sie kompensierten eine geringere Anzahl an Bohnen bzw. Körner durch 
eine höhere Tausendkornmasse. In Futterpflanzen wurden Veränderungen in der Qualität 
nachgewiesen, wobei C4 Pflanzen dafür anfälliger waren, als C3 Pflanzen. Dies zeigten auch 
die Ergebnisse der Kapitel II und III, Mais wurde durch Schatten stärker beeinflusst als 
Kartoffeln.  

Neben der Konkurrenz um Licht sind zwei weitere Haupteinflussfaktoren die Konkurrenz um 
Wasser und Nährstoffe. Eine ausreichende Versorgung mit Wasser ist wichtig, da eine 
Reduktion dieser Versorgung zu einem gestörten Masse- und somit Nährstofftransport führt 
(besonders bei Stickstoff). Dieser führt zu einer reduzierten Blattfläche und einer damit 
einhergehenden verringerten photosynthetischen Effektivität. Für Mais kann dies dadurch 
nachgewiesen werden, dass die Biomasse reduziert ist und sich der Proteingehalt erhöht. 
Kartoffeln sind empfindlicher gegenüber Wassermangel, als gegenüber Stickstoffmangel. Eine 
geringe Verfügbarkeit von Wasser, besonders während den Phasen des Knollenansatzes und 
der Massebildung, führt zu kleineren Knollen mit einem erhöhten Stärkeanteil. Dies lässt den 
Schluss zu, dass Wasser der limitierende Faktor in semi-ariden Klimaten ist, während unter 
nördlicheren Breitengraden das Licht der limitierende Faktor ist.  

Während AFS eine wichtige Förderung für die Biodiversität und Ökologie darstellt, ist die 
Ökonomie eines solchen Systems schwer zu ermitteln. Dies liegt an der langen Standzeit, 
besonders in Systemen die auf die Wertholzproduktion ausgelegt sind. Während dieser Zeit 
steigt der Einfluss der Bäume auf die landwirtschaftliche Kultur. Zudem sind die Preise für das 
Holz, die erst nach mehreren Dekaden anfallen, schwierig zu kalkulieren. Ein modellhaftes, 
ein Hektar großes AFS ergab für einen Reinbestand an Mais einen Gewinn von 801.38 € ha-1 
Jahr-1, während dieser Gewinn durch die Anlage von Wertholzstreifen um 8 % erhöht und bei 
Kurzumtriebsstreifen um 10 % reduziert würde. Bei Kartoffeln lagen die Gewinne im 
Reinbestand bei 7555.21 € ha-1 Jahr-1, während sie durch die beiden verschiedenen 
Streifennutzungen um 19 % (Wertholz) und 9 % (Weiden-KUP) reduziert wurden. Die starke 
Reduktion bei den Kurzumtriebsstreifen wird durch die geringe Wirtschaftlichkeit bei dieser 
Systemgröße begründet. Bei den Wertholzstreifen wiederum ist es schwierig zu kalkulieren, 
da die Gewinne erst nach 60 Jahren oder mehr anfallen. In KUPs sind die geringen Preise für 
Hackschnitzel und der hohe manuelle Aufwand problematisch. Dies, in Kombination mit den 
landwirtschaftlichen Ertragsreduktionen alleine durch die Baumstreifen an sich, macht diese 
Form der Holznutzung in einem einen Hektar großen System unwirtschaftlich. Kartoffeln 
erzielen bereits einen so hohen Preis, dass bereits die geringste Ertragsreduktion zu 
signifikanten Reduktionen im Gewinn des ganzen Systems führen. 
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Ökologischen Vorteile welche durch AFS entstehen sind der reduzierte Einsatz von fossilen 
Energieträgern, da die Baumstreifen nicht mehr länger bearbeitet werden. Sowie die 
Kohlenstoffspeicherung durch die Bäume, die CO2 aufnehmen und in ihrer Wurzelmasse 
speichern. Für das modellhafte, ein Hektar große System mit KUP-Streifen würde dies eine 
Kohlenstoffspeicherung von 11 Mg ha-1 Jahr-1 bedeuten. Für AFS mit Wertholz wird die 
Kalkulation aufgrund der vielen verschiedenen Faktoren, die die Kohlenstoffspeicherung 
beeinflussen wesentlich komplexer (unterschiedlich alte Bäume im System, verschiedene 
Baumarten). Die Streifen bieten außerdem ein dauerhaftes Habitat für Bodenlebewesen und 
Vögel. Durch die Streifen kommt es zu einem Anstieg in der Arthropodenfauna, mehr 
Regenwürmer sind vorhanden, die die Bodeneigenschaften verbessern und mehr Vögel 
können in diesen Systemen nisten. Zudem kommt es in den Baumstreifen zu einer 
Verbesserung der Bodenstruktur durch eine geringe Lagerungsdichte und organischen 
Auflage, welche die Infiltration erhöhen und die Fließgeschwindigkeit des Wassers reduzieren, 
was Erosion entgegenwirkt. Auch verhindern die Baumstreifen die Auswaschung von 
Nährstoffen ins Grundwasser, für Nitrat kann dies eine Reduzierung von bis zu 30 % durch die 
Baumstreifen ausmachen. Durch die Aufnahme von CO2 sorgen die Bäume für eine 
verbesserte Luftqualität, durch das Ausbleiben der Düngung in den Baumstreifen geht weniger 
Stickstoff als N2O verloren und einige Bodenlebewesen in den Baumstreifen nutzen CH4 als 
Kohlenstoffquelle.  

Allerdings besteht weiterer Forschungsbedarf, der den Einfluss von Bäumen in 
verschiedenen Altersklassen auf landwirtschaftliche Kulturen ermittelt. Zudem kann die 
verwendete Methode der Beschattung mittels Netze optimiert werden, da die 
Beschattungsnetzen nicht ganz die Einstrahlungsbedingungen in einem AFS nachbilden 
können. Das Lichtspektrum unter Bäumen zeigt eine Reduzierung im roten Spektralbereich, 
während ein Anstieg im fernen Rotbereich durch die Absorption des Chlorophylls in den 
Baumblättern entsteht. Zudem muss ein dynamischer Versuchsaufbau gewählt werden, der 
den Verlauf von Sonne und Schatten im Verlauf des Tages und Jahres abbildet. Ein weiterer 
Fokus sollte auf verschiedenen Kulturarten liegen. Während in den ersten Jahren, wenn die 
Baumkronen noch klein sind und somit der Schatteneinfluss gering ist, herkömmliche 
landwirtschaftliche Kulturen angebaut werden können, kann in späteren Jahren mit größerem 
Schatteneinfluss der Anbau von Arznei-, Aroma-, Färbe- und Gewürzpflanzen interessant sein. 
Etliche dieser Pflanzen vertragen hohe Schatteneinflüsse auf Grund ihrer (teil-) schattigen 
Herkünfte aus Wäldern. 

Es konnte gezeigt werden, dass es möglich ist mit AFS einen Beitrag zur 
Biodiversitätssteigerung zu schaffen. Durch den Einsatz aufeinander abgestimmter 
Bodenbearbeitungs- und Unkrautregulierungssystemen können fossile Kraftstoffe im Falle von 
reduzierter Bodenbearbeitungen eingespart werden. Die Ausbringung von Herbiziden in den 
Baumstreifen kann durch die alleinige Applikation in den Setzlingsreihen reduziert oder durch 
rein mechanische Alternativen ganz vermieden werden. In Wertholzstreifen erfolgt im 
Normalfall keine chemische Unkrautregulierung. Zusätzlich bieten die Baumstreifen Habitate 
und Nahrungsgrundlagen für kleine Wirbeltiere und zahlreiche Arthropodenklassen 
(Hymenoptera, Coleoptera, Lepidoptera und Diptera). Die dauerhafte Bepflanzung der 
Baumstreifen ermöglicht die Reduzierung von Klimagasen und kann so dem Klimawandel 
entgegenwirken. Deshalb sind AFS eine wertvolle Form der Landbewirtschaftung, um die 
derzeitigen Umweltprobleme sowohl auf nationaler als auch auf globaler Ebene zu reduzieren. 
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Appendix 
Table A 1: Assumptions for Economic Performance. 

  Timber-AFS SRC-AFS 
  

  
   

 

3 m 30 m 3 m 30 m 3 m

3 m 3 m 3.5 m 20.5 m 3 m 3 m 3.5 m 20.5 m

69 m

14
5 

m

50%
shade

26%
shade

12%
shade

0%
shade

Tree
Strip
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Tree Species  
Sweet cherry 

(Prunus avium L.) 
Willow 

(Salix sp.) 
Field Size  m 145 x 69 145 x 69 
Number of Crop Strips  2 2 
Crop Strip Size m 145 x 30 145 x 30 
Number of Tree Strip  3 3 
Plantation Design Trees  Single Row 4 rows per strip 
Orientation of Tree Strip  E - W E - W 
Intra-row Distance m 15 0.50 
Inter-row Distance m 33 0.75 
Width Tree Strip m 3 3 
Tree Strip Size m 145 x 3 145 x 3 
Inter-strip Distance m 30 30 
Trees or Cuttings ha-1 30 1,164 

Costs Planting Material 
€ tree-1 or  
€ cutting-1 5 0.12 

Tree Guards € tree-1 3.5 - 

Planting Costs 
€ tree-1 or  
€ cutting-1 

9.50 0.09 

Replacement of Dead Trees % 15 15 

Wood Yield 
m³sub tree-1 or  
t DM ha-1 

1.4 30 

Price Wood 
€ m-³sub-1 or  
€ Mg DM-1 

400 144.2 

Price By-Product € m-³sub-1 132 - 
Costs of Mulching € m-2 0.005 - 
Working Time Mulching h ha-1 1 - 
Cost Working Time € man-hour-1 30 - 
Pruning 3th year € tree-1 2.50 - 
Pruning 6th year € tree-1 5.00 - 
Pruning 8th year € tree-1 7.50 - 
Pruning 10th year € tree-1 7.50 - 
Costs per Harvest € tree-1 or € ha-1 102 2700 
Recultivation Costs € ha-1 130.50 130.50 
Lifetime yr 60 21 
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