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Abstract 

Agroforestry is a promising nature-based solution to counteract climate change. In addition, 

agroforestry has the potential to increase the soil’s chemical, biological and physical quality. 

The latter is affected by the tree roots and the increase of organic matter input in soil, which 

stabilize the soil structure and increase the porosity of the soil. This thesis aims to assess the 

soil physical properties in silvoarable alley cropping systems in Switzerland. As part of this 

thesis, 33 alley cropping agroforestry systems were sampled to assess bulk density, 

gravimetric water content, and measure penetration resistance. All samples and 

measurements were performed in the tree row, the arable plot in the alleys between the tree 

rows and in an adjacent arable control plot without trees, respectively. The analyses were 

performed using response ratios between the plots (tree – alley, alley – control and agroforestry 

– control) to assess differences between the plots. Correlations with internal system variables 

(density, diversity, age and average tree volume of each agroforestry system) were 

determined. The results showed that there were no significant differences between the plots 

for neither bulk density, the gravimetric water content nor the penetration resistance. For the 

bulk density and the gravimetric water content, differences were visible between the soil 

depths: the topsoil bulk density was lower than in the subsoil for the bulk density and vice-

versa for the gravimetric water content. No significant correlation was found between the 

internal variables and the bulk density. For the gravimetric water content, there were positive 

effects for tree diversity, and negative effects for tree density and age. The more tree species 

were present in the agroforestry, the lower was the penetration resistance in the alley and 

agroforestry plots than in the control plots at depths between 31 and 50 cm. In addition, other 

significant results were found for the tree-alley and the agroforestry-control ratios of the 

penetration resistance at different depths and variables. The positive influences of the diversity 

variable are likely due to the different root traits of the various tree species. The age of the 

trees and therefore the growth of the root system could have an influence on the soil properties. 

Most of the agroforestry systems within this study are younger than ten years. Therefore, a 

repetition of the measurements in the future seems reasonable, as differences between the 

plots could become visible. Additionally, management practices and further soil properties of 

each site should be considered, to refine the outcome and confirm the results of this study. 
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1. Introduction 

1.1. Overview on Agroforestry 

The temperatures in Europe have risen faster within the last ten years than in other parts of 

the world. While agriculture is dependent on the climate, it is also responsible for about 10% 

of all European greenhouse gas emissions (Hernández-Morcillo et al. 2018). Worldwide, the 

share of agriculture on greenhouse gas emissions is even higher with 30-40%. Agriculture is 

therefore a major contributor to global warming as intensive agriculture can involve highly 

mechanised, fuel-based work, deforestation (Abbass et al. 2022), and the production and use 

of fertilizers (Walling & Vaneeckhaute 2020). However, the rising temperatures resulting from 

increasing greenhouse gas emissions are impacting crop yield (Abbass et al. 2022) and 

threaten food security (Cardinael et al. 2021). To face climate change, adaption and mitigation 

measures are needed. Agroforestry is seen as an encouraging nature-based solution to 

address both challenges, adaption and mitigation (Hernández-Morcillo et al. 2018). Mitigation 

strategies aim for a reduction of “the flow of heat-trapping GHG gases into the Earth’s 

atmosphere, either by reducing the GHG sources or enhancing carbon sinks” (Ghale et al. 

2022: p. 8). Agroforestry systems mitigate climate change by carbon sequestration of 

atmospheric CO2 in the tree biomass and the soil (Ghale et al. 2022), and by decreasing 

deforestation (Cardinael et al. 2021).  

Agroforestry is defined by the Food and Agriculture Organization of the United Nations (FAO 

2024) as “a collective term for land management systems where woody perennials (trees, 

shrubs, palms, bamboos, etc.) are deliberately integrated with agricultural crops and/or 

animals, in some form of spatial arrangement or temporal sequence.” Besides being a tool to 

counteract climate change, agroforestry offers various benefits (Hernández-Morcillo et al. 

2018), which can be due to agroforestry’s multifunctionality (Dmuchowski et al. 2024). These 

benefits extend from diversification of the farming practices, including different products and 

sources of income for the farmers (Cardinael et al. 2020; Quandt et al. 2023), to ecosystem 

services and environmental benefits, such as air and water quality improvements, biodiversity 

enhancements, increased carbon sequestration and soil fertility, and reduced erosion 

(Dmuchowski et al. 2024).  

Agroforestry is found worldwide (Kumar et al. 2014) in tropical and temperate areas (Dollinger 

& Jose 2018). Around one billion hectares of land are found to be agroforestry systems 

(Cardinael et al. 2020). There are many different types of agroforestry systems. In temperate 

regions, agroforestry is used in applications such as riparian buffer strips, windbreaks, 

woodlots (Dmuchowski et al. 2024), as well as silvopastoral and silvoarable agroforestry. 

Silvopastoral agroforestry systems are systems combining trees with livestock (Castle et al. 

2022) and pastures (Fahad et al. 2022), whereas silvoarable agroforestry combines shrubs or 

trees with crops, leading to so-called hedgerows (shrubs) or alley cropping systems (trees) 

(Dmuchowski et al. 2024). In alley cropping systems, trees are planted in rows and crops are 

grown between those rows (Honfy et al. 2023). The advantage of the alley cropping systems 

is that farmers can cultivate crops with machinery (Minarsch et al. 2022). This is visualized in 

Figure 1 depicting rapeseed planted in between rows of walnut trees in western Switzerland.  
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Figure 1: Example of an alley cropping system with rapeseed crops and walnut trees 
in Bussy-Chardonnay, canton Vaud (picture by T. Cigler). 

 

Trees can be grown for different purposes. Some are used for food production, such as fruit 

and nut trees (Honfy et al. 2023), and others are used to produce quality timber (Honfy et al. 

2023; Vaupel et al. 2022) or as a producer of biomass for energy wood (Vaupel et al. 2022). 

Some tree species can even fulfil two functions: cherry or walnut trees can be used for food 

production and, once felled, they can be used as quality wood (Kay et al. 2020). 

Between the tree rows, a variety of different crops can be grown including winter wheat, winter 

barley, maize, sunflower (Sereke et al. 2015), triticale (Honfy et al. 2023), summer barley, 

summer oat (Vaupel et al. 2022), rapeseed, chickpea (Cardinael et al. 2017), beans, sorghum 

(Petrillo & Herzog 2016) and vegetables (Sereke et al. 2015), such as potatoes, garlic 

(Cardinael et al. 2017), lettuce, pumpkins, courgettes (Petrillo & Herzog 2016) and berries (Kay 

et al. 2020). There is also the possibility to cultivate flower strips (Minarsch et al. 2022), grow 

temporary meadows (Jäger 2017) or green manure or leave the inter-rows as rotational fallow 

(Petrillo & Herzog 2016).  

 

1.2. Silvoarable Agroforestry in Switzerland 

In Switzerland, silvoarable agroforestry has been a known practice for several centuries when 

fruit trees were additionally planted on plots of arable land (Jäger 2017). This method is called 

streuobst and was introduced in the 17th century (Herzog 1998). It was an important source of 

food for the population and at the same time part of the commercialization of food production 

in Europe (Nerlich et al. 2013). One hectare was planted with around 20 to 100 trees in an 

irregular pattern. The trees had different ages and were from different species, such as apple, 

pear and plum (Herzog 1998). Instead of cropland, there was also the variant where livestock 

was grazing under the trees (Nerlich et al. 2013).  

Between around 1750 until the 1940s, the fruit orchards were reaching their peak phase (Jäger 

2017), due to the modernization of tree care with the use of advanced pruning techniques and 

fertilisers (Keller 2022). In 1951, there were 14 million fruit trees in Switzerland (Sereke et al. 
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2015). As a result, the fruit harvest was high at that time and exceeded direct consumption 

demand, which lead to large volumes of alcohol being distilled. Resistance to alcohol 

production arose, and therefore, instead of fruit for liquor production, fruit was meant to be 

grown for fresh consumption under the cover of health benefits for the people (Keller 2022).  

From 1951 until 1991, the proportion of streuobst was reduced by 70% (Herzog 1998). In other 

words, only 2.9 million trees were left (Sereke et al. 2015), which led to habitat loss for rare 

plants and animals, as well as a loss of traditional fruit tree species (Keller 2022). Additionally, 

the practical knowledge on agroforestry got lost (Jäger 2017). 

Today, the share of agroforestry in agriculture is increasing again (Jäger 2017). In 2012, around 

1’051’000 hectares were categorized as agricultural land in Switzerland. Out of these, 97’000 

hectares of land were estimated to be used as agroforestry systems, which resulted in a share 

of 9.3% on total agriculture. Compared to other European countries, the share in Switzerland 

is rather high: only Portugal (51.2%), Greece (50.5%) and Spain (16.4%) show higher 

proportions of agroforestry within their total agricultural practices (Den Herder et al. 2015). 

Efforts in Switzerland are made to further increase this proportion. An example of this is the 

project Agro4esterie, which aims to create agroforestry systems on 280 hectares in 

cooperation with 140 farms located in the cantons Bern, Geneva, Jura, Neuchâtel and Vaud 

between 2020-2025. There are other goals of the project including enhancing the knowledge 

of technical and economic aspects of agroforestry systems, the promotion of biodiversity, 

increasing soil organic matter and erosion protection (Schoop & Carrad 2022).  

There are several different types of modern agroforestry systems in Switzerland. Silvopastoral 

systems, which combine livestock with trees, are gaining ground, but most of the newly 

implemented systems are silvoarable agroforestry systems (Kay et al. 2020). Nevertheless, 

silvoarable agroforestry systems can be divided into different categories in Switzerland today, 

all of them being based on an underlying crop. The differences are found in the tree types: 

high-trunk fruit trees, low-trunk fruit trees, trees for use of fruit and wood and high-value timber 

(Kay et al. 2020).  

 

1.3. Influence of Trees on Physical Properties of Soils 

With climate change, farmers need to deal with risks concerning their soils, including, for 

example, the loss of nutrients, organic matter and biodiversity, dryness, wind erosion, and 

compaction (Rolo et al. 2023). As already mentioned, agroforestry systems can serve as an 

approach to deal with the changing climate. The plants, or in other words, vegetation layers 

interact with each other on a complementary basis when soil resources are involved. 

Agroforestry systems seem to enhance the soil’s chemical, biological and physical quality 

(Rolo et al. 2023).  

Rolo et al. (2023) mention a change in the soil structure when comparing monoculture to 

agroforestry. Soil structure has an impact on “the availability and mobility of water, air and 

nutrients and influences the growth of plant roots” (Rolo et al. 2023: p. 1010) and can among 

other things impact soil fertility. Soil structure can be influenced by physical stress, which leads 

to soil compaction (Zimmermann & Schwab 2023). This is for example caused by the usage 

of heavy machinery for tillage (Minarsch et al. 2022). Compaction affects the soil aggregates 

and pores, which reduce the water infiltration capacity and soil aeration (Zimmermann & 

Schwab 2023). Trees and agroforestry systems can have a favorable impact on soil 

aggregation through the accumulation of organic matter by leaf biomass of the trees. The soil 
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structure is interweaved by the tree roots, which has a stabilizing effect on soil structure, and 

is leading to an increase in macro- and microporosity (Rolo et al. 2023).  

Climate, precipitation, evaporation and land use have impacts on the soil moisture, and the 

latter affects the soil water cycle in particular (Zhang et al. 2018). Even though crops and trees, 

with their differing root systems, may compete for moisture, agroforestry systems can improve 

the access to water, because trees have deeper roots than the crops (Cardinael et al. 2020), 

and increase the productivity of an agroforestry system (Honfy et al. 2023). The water can rise 

from deeper to shallower soil layers by the so-called hydraulic lift, which is induced by tree 

roots. This process could reduce the soil moisture competition between the trees and crops 

(Rolo et al. 2023) and increase the sharing of water, but it is not yet clear, if the effect of the 

hydraulic lift is significant (Cardinael et al. 2020). By increasing the organic matter content in a 

soil, the water-holding capacity was shown to be increased in some studies, which impacts 

crop yields (Minasny & McBratney 2018), and can be caused by the trees in agroforestry 

systems. Consequently, the porosity and the infiltration rates of the soils is increased in 

agroforestry systems in comparison with treeless soils (Rolo et al. 2023).  

The soil property bulk density affects the infiltration, aeration or the growth of vegetation 

(Throop et al. 2012), and is employed to figure out if soils suffer from compaction or penetration 

stress (Panagos et al. 2024; Thomas et al. 2020). The bulk density might be altered if the 

management practices are changed (Upson et al. 2013), for example by adding crop residues 

or through tillage (Panagos et al. 2024), or agroforestry (Ling et al. 2019). Trees decrease the 

bulk density on the one hand through the input of organic material (Fahad et al. 2022), on the 

other hand, roots take part in improving the bulk density, depending on the quantity and 

concentration of the root distribution (Ling et al. 2019). Additionally, the number of pores is 

increased (Fahad et al. 2022). This shows the connection of bulk density and the above-

mentioned soil structure. Among other parameters, the lower bulk density in the agroforestry 

system improves the soil hydrological properties and the vegetation performance (Cardinael 

et al. 2020) 

The force, which roots need to apply to penetrate the soil, can be estimated by the penetration 

resistance (Thomas et al. 2020). The penetration resistance is depending on various 

parameters, such as “soil texture and bulk density (…), moisture content (…), porosity and 

permeability (…), particle size distribution (…), structure, mineral and organic matter content 

of soil (…), pH, cation-exchange-capacity, clay particle thickness, and presence of iron oxides 

and free aluminium hydroxide” (Kunakh et al. 2022: p. 113), as well as the overlying vegetation 

and human activities (Zhukov et al. 2021), such as tillage. However, the bulk density and the 

soil water content have the highest momentary impact on the penetration resistance (Souza 

et al. 2021), which can differ in a soil on a spatial and temporal scale, as it is dependent on the 

dynamic factors of bulk density and soil water content (Vaz et al. 2011). Penetration resistance 

controls the root growth of plants and the access to moisture (Souza et al. 2021). The roots of 

trees can compact the soil by transferring the weight of the tree into the soil while also forming 

a net of soil pores after their degradation (Kunakh et al. 2022). Soil compaction is defined as 

“the rearrangement of soil particles that causes reduction of the pore volume” (Alesso et al. 

2018: p. 822). The greater the soil compaction, the greater is the resistance for the plants’ roots 

to grow through the soil (Kunakh et al. 2022) and the higher is the penetration resistance 

(Bartzen et al. 2019). If certain penetration resistance thresholds are exceeded, the yield is 

limited (Souza et al. 2021). 
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1.4. Research Questions and Hypotheses 

This Master’s thesis is part of Camille Rubeaud’s PhD project entitled “Assessing the potential 

of agroforestry systems to improve soil health and ecosystem services” at Agroscope and ETH 

Zürich. The Master’s thesis is embedded in a respective study focusing on soil health in Swiss 

agroforestry systems, in which, in addition to the physical parameters discussed in this thesis, 

further chemical and biological parameters are analyzed to obtain a broad assessment of soil 

health in silvoarable agroforestry systems.  

In Switzerland, no study has provided an overview yet on the physical properties of the soils 

in alley cropping systems, which is why this thesis aims to address this research gap. It 

assesses the soil physical properties of 33 alley cropping systems in Switzerland and their 

neighboring treeless arable fields as control by measuring the bulk density, the gravimetric 

water content and the penetration resistance. Further, this work considers several internal 

(density, diversity, age and average tree volume of the agroforestry system) and external 

variables (mean temperature, annual precipitation and altitude of agroforestry system) to be 

able to answer the following research questions: 

i. Is there a difference between soil physical properties in silvoarable agroforestry plots 

and soils in arable plots without trees in Switzerland in regard to: 

a. the bulk density, 

b. the gravimetric water content at sampling time, and 

c. the penetration resistance? 

ii. Does the tree density, tree diversity, age of trees and/or average tree volume of the 

alley cropping systems have an impact on the soil’s physical properties? 

The hypotheses were stated as follows:  

I. The bulk density is lower in the silvoarable agroforestry systems compared to the arable 

plots without trees. 

II. The gravimetric water content at sampling time is higher in the agroforestry system 

plots than in the arable plots without trees. 

III. Penetration resistance is lower in the tree plot than in the alley and control plots. 

IV. Increasing tree density, diversity, age and tree volume impact physical soil properties 

positively. 
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2. Material and Methods 

Since this Master’s thesis was part of a PhD project, the sampling locations, the sampling 

protocol and the analysis methods were already defined in advance. Some adjustments were 

made during the field and laboratory work.  

 

2.1. Site Description 

Within this project, 33 different sampling sites were chosen. All of them are farms that practice 

silvoarable alley intercropping and had a corresponding treeless control field. Most of them 

were situated in the western and northern part of Switzerland (Figure 2).  

 

Figure 2: Overview of the 33 sampling sites within Switzerland. Each orange dot marks a sampling site (base map: 
OpenStreetMap contributors (2024); national and cantonal boundaries: Bundesamt für Landestopografie swisstopo 
(2024)). 

The sites showed differences regarding the density of the planted trees, the number of tree 

species planted, the age of the agroforestry system and the average tree volumes. There were 

also differences in soil types, but an attempt was made to sample soils that were as similar as 

possible. In most cases, the soil types were brown soil or lime-brown soil. As the sampling 

locations were distributed throughout Switzerland, there were sites in the Jura, the Molasse 

basin of the Swiss plateau and within the foothills of the Alps. The geological background was 

not further assessed in this thesis, nor was the tillage type and the crop rotation.  

 

2.2. Field Campaign and Sampling 

The field campaign took place in February and March 2024. The sampling included 

undisturbed soil cores and the measurement of the penetration resistance, as well as various 

parameters, such as the distance between the trees, the width of the tree and the arable alley 
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strip, and the characterization of the trees. In addition, the altitude of the sampling sites was 

measured with a GPS-device. The age of each plot was determined in advance by Camille 

Rubeaud in discussions with the farmers.  

The same sampling design was used for all sites. There were three plots on each site: the tree 

strip plot, the arable alley plot and the treeless control plot (Figure 3). The control plot without 

trees should be as similar as possible to the arable alley plot by ensuring that it was farmed by 

the same farmer with the same crop rotation, the same soil tillage, and with the same soil type. 

In some cases, one of the mentioned criteria was not met, but the best possible control area 

was sampled.  

 

Figure 3: Visualization of the tree strip plot, arable alley plot and tree-less control plot (yellow, turquoise and purple, 

respectively), based on a picture of the agroforestry system in Oulens-sous-Échallens, VD. 

To take the samples from both the agroforestry plot (tree and alley) and the control plot from a 

representative location within the whole site, there was an inspection before the ideal perimeter 

for sampling was selected. Soil maps or information provided by the farmer were used in 

addition. For the tree and alley plots, each plot had a length of 20 m with the measurements 

starting at the trunk of a tree. The width of those plots depended on the width of the alley plot 

and was variable (Figure 4, A). The plots always consisted of five transects to ensure a 

Figure 4: Overview on the schematic sampling plot, where each green arrow visualizes a transect (A). Schematic 
sampling plan of undisturbed soil cores for bulk density and gravimetric water content measurements (B) and 
penetration resistance measurements scheme (C). The visualizations are adapted from C. Rubeaud. 
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homogeneous sampling within the plot. The distance between two transects was 4 m, while 

the first one started 2 m after the beginning of the plot.  

The control plot had a square shape with a side length of 16 or 20 m. Some exceptions were, 

however, made. Either the shape was adapted to a rhombus, or the square was reduced to a 

side length of 12 m if the on-site conditions made it necessary. The reasons for the exceptions 

were usually because the area for the control area was too small or to maintain a buffer from 

the tree strips, roads, forest areas or from other arable land. The samples in the control plots 

were taken the same way than the samples in the alley plots.  

 

2.2.1. Bulk Density and Gravimetric Water Content 

The bulk density and the gravimetric water content were both 

measured in undisturbed soil cores sampled using steal 

cylinders. Each cylinder had a diameter of 53 mm and a 

volume of 100 cm3 (Royal Eijkelkamp 2019). Per site, 30 

samples were taken, corresponding to ten per plot (Figure 4, 

B). The undisturbed soil cores were taken at two depths: 

once in the topsoil (0-20 cm) and once in the subsoil (20-40 

cm). Care was taken to sample the middle of each layer, 

which resulted in sampling depths of 7.5-12.5 cm and 27.5-

32.5 cm (Figure 5). During sampling, no sample was taken 

within close proximity to a tree to avoid large roots within the 

samples. In addition, the samples were taken in the axis 

between the trees. The sampling was performed as quickly as possible, when the groundwater 

was high to avoid an overrepresentation of the moisture. If the soil contained too many stones 

or a sample contained rock fragments sticking out of the cylinder, the replicate was rejected, 

and a new attempt was made. After the cylinder was removed from the soil, the excess material 

on both sides of the cylinder was cut off exactly at the edges, leading to a sample volume of 

exactly 100 cm3. The sample was then placed in a plastic sample bad and sealed airtight.  

In total, 981 undisturbed soil samples for the bulk density and the gravimetric water content 

were taken. Nine samples could not be taken in the subsoil of site 6 due to too many stones in 

the soil. For this site, only the values from the topsoil of the tree and alley plot were considered. 

For the control plot at this site, both the topsoil and subsoil were considered.  

 

Figure 5: Undisturbed soil core 
sampling depths. 
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2.2.2. Penetration Resistance 

The penetration resistance was measured in the field with the 

Penetrologger from Eiijkelkamp with a measuring cone with a base area 

of 1 cm2 and a depth resolution of 1 cm (Royal Eijkelkamp 2022, Figure 

6). The measurement unit of the penetration resistance is MPa (Bartzen 

et al. 2019). Ten measurements were performed per plot, leading to 30 

measurements per site (Figure 4, C). In the tree plot, measurements 

were carried out five times per tree strip. In the alley and control plots, 

measurements were taken crosswise five times per diagonal. The 

measurements were carried out vertically and with a constant velocity 

to obtain comparable results. Where possible, measurements were 

performed to a depth of 80 cm. This corresponds to the maximum depth 

which can be measured with the probing rod (Royal Eijkelkamp 2022). 

If it was impossible after five tries at slightly shifted positions, a maximal 

penetration depth of 60 cm was attempted. If this could neither be 

reached, the maximal possible depth of the site was accepted. This was 

the case in soils with lots of stones, roots or with an insufficient soil 

depth.  

 

 

2.3. Sample Preparation in the Laboratory 

2.3.1. Bulk Density 

The undisturbed soil core samples for the bulk density were 

stored in the cooling room (at 4°C) to prevent the formation of 

mold. The bulk density was assessed at the same time, once all 

samples were collected. The samples were processed in a 

specific order: only one replicate per site, plot and depth was 

dried at the same time to avoid the loss of entire sites in the 

event that an error by the person measuring or a failure of the 

oven would have occurred. In addition, with this approach 

randomization and a reduction of the laboratory bias was 

ensured. The moist samples were removed from the sample 

bags and placed in aluminium trays (Figure 7). The containers 

were weighed before the samples were filled to obtain the tara 

weight for each tray individually. The scale had a precision of 

0.01 g (Mettler Toledo) and was connected to a computer, which 

allowed automatic transmission of the measured values to avoid 

possible typing errors. The samples were crushed when 

necessary to speed up the drying process if the samples were very clayey or otherwise 

compacted. The prepared, moist samples were weighed to determine the moisture content. In 

this thesis, it is assessed as gravimetric water content, which “is the mass of water per mass 

of dry soil” (Bilskie 2001: p. 1) and is expressed in grams of water per gram of soil (Lu et al. 

2024), or g g-1 (Bilskie 2001). After the samples were weighed for the first time, they were dried 

in an oven at 105°C for at least 48 hours. Some of the used ovens ran constantly, while others 

switched off automatically after 48 hours. For the latter, the ovens were turned on for an 

additional hour if the samples could not be removed exactly after the 48 hours, to eliminate 

Figure 6: Measurement 
with the Penetrologger 
in the field (picture by T. 
Cigler). 

Figure 7: Examples of moist bulk 

density samples. 
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any moisture that may have re-entered the samples. The samples were then weighed as 

quickly as possible to minimize moisture entering and to treat all samples equally. With this, 

the bulk density was assessed, which is the “oven-dry mass of soil per unit volume” (Poeplau 

et al. 2016: p. 61), expressed as g cm-3 (Cardinael et al. 2017). 

 

2.3.2. Stone Content 

The stone content of the cylinder samples 

varied greatly depending on the location and 

plot, which became apparent as soon as the 

samples were prepared for drying. As stone 

content influenced bulk density, a stone 

correction was done for all the samples. 

The former dried samples were placed in water 

and left a few hours to allow the soil to separate 

more easily from the stone fragments (Figure 8, 

A and B). The samples were then washed out 

over a 2 mm sieve to retain only the particles 

larger than 2 mm (Figure 8, C). The coarse 

fragments were dried until the steady-state 

weight was reached and were then weighed. 

The samples of one site were pooled, as it was 

assumed that the stones of one site had the 

same density, resulting in 33 stone samples. 

Then the stone volume determination was 

measured using water displacement for all the samples of one site. The samples were weighed 

again as a whole for the density calculation. Immediately afterwards, the rock fragments were 

placed in a bag made of a plastic fabric with a mesh size of 1 mm, which is permeable by 

water. The bag filled with the rock fragments was then placed in a container filled with water, 

which was placed on a scale. The bag was immersed in the water up to a previously marked 

line to ensure the same treatment for each sample. It was important that the bag did not touch 

the sides or the bottom of the container. Due to the Archimedes’ principle, the volume of the 

stone sample corresponded exactly to the weight loss in water as compacted to air, which was 

shown on the scale (Figure 9). The used Kern scale had an accuracy of 2 g up to a weight of 

5 kg. The measurement was performed until the same weight was displayed twice.  

Figure 8: Process of stone content determination: 
dried samples from bulk density measurements (A), 
samples filled up with water (B, left) and water filled 
samples, mixed (B, right), and washed-out stone 

samples (C). 
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Figure 9: Organization of stone volume determination measurement. 

 

2.4. Data Processing and Analysis 

2.4.1. Bulk Density: Stone Correction Calculation 

As stated in 2.3.2, the bulk density was corrected regarding the stone content to get the bulk 

density of the fine soil. The BDfine soil was calculated with the following formula, which is also 

used in Don et al (2007): 

𝐵𝐷𝑓𝑖𝑛𝑒 𝑠𝑜𝑖𝑙 =  
𝑚𝑎𝑠𝑠𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑚𝑎𝑠𝑠𝑠𝑡𝑜𝑛𝑒𝑠

𝑣𝑜𝑙𝑢𝑚𝑒𝑠𝑎𝑚𝑝𝑙𝑒
𝑚𝑎𝑠𝑠𝑠𝑡𝑜𝑛𝑒𝑠

𝜌𝑠𝑡𝑜𝑛𝑒𝑠

 

The calculation of the BDfine soil was performed in Excel (Microsoft Corporation 2024) for each 

replicate with the associated masses of the dried sample, the coarse fraction and the stone 

density for each site. When the term bulk density is used in the following work, it refers to the 

bulk density of the fine soil. One replicate (site 33, subsoil, alley plot) was excluded from the 

analysis because the bulk density was unusually low (0.46 g cm-3). This was probably due to 

a high stone content or a measurement error, as this was the only sample with a bulk density 

below 0.66 g cm-3. 

 

2.4.2 Penetration Resistance Data 

After the penetration resistance measurements were conducted in the field, the data was 

extracted with the Penetroviewer (Version 6.08 (Royal Eijkelkamp 2019)) program and 

converted into a .txt-file for each of the 33 sites. Afterwards, those files were converted into 

.csv-files, which were loaded into R (R Core Team 2024). Based on an existing R script (F. 

Walder, personal communication, 19.04.2024), different calculations and plots were made. In 

the beginning, for each site, plot and depth (in steps of 1 cm) the median value of the ten 

measurements was calculated. Based on this, the median value of each site and plot was 

calculated for subsets of 10 cm. These median values were used for the further analysis as 

stated in 2.4.4.  
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2.4.3. Derivation of Agroforestry System Parameters 

Some parameters had to be calculated after the field work. The tree density was calculated to 

get a better comparison value between the different sites and to get a value which could be 

used for the statistical analysis and comparison with literature. Therefore, the tree density value 

(trees per hectare), was determined for each site using the following calculation, based on the 

adapted formula of Scholz (n.d.):  

𝑇𝑟𝑒𝑒 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 [
1

ℎ𝑒𝑐𝑡𝑎𝑟𝑒
]

=  
10′000

𝑇𝑟𝑒𝑒 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 [𝑚] × (𝑊𝑖𝑑𝑡ℎ 𝐴𝑟𝑎𝑏𝑙𝑒 𝑆𝑡𝑟𝑖𝑝 [𝑚] + 𝑊𝑖𝑑𝑡ℎ 𝑇𝑟𝑒𝑒 𝑆𝑡𝑟𝑖𝑝 [𝑚])
 

For the tree diversity parameter, the number of observed individual tree species on each site 

was summed up, to get a comparable value. The specific tree species were not recorded, only 

the number of species per site. 

The tree volume was calculated based on the formula of Roberti et al. (2023):  

𝑉𝑇 = (
𝐵𝐻𝐷

2
)2  × 𝐻 ×  𝜋 

The variables are VT: tree volume in m3; BHD: breast high diameter of the tree’s trunk [m]; H: 

height of the tree [m]. To get the average tree volume of each site, the average BHD and height 

for all the measured trees within each tree plot was used as an input for the formula above. 

The gravimetric water content (𝜃𝑔) was calculated after the bulk density dry and wet masses 

(𝑚𝑑𝑟𝑦 and 𝑚𝑤𝑒𝑡, without stone correction) were obtained according to the formula of Bilskie 

(2001): 

𝜃𝑔 =  
𝑚𝑤𝑒𝑡 −  𝑚𝑑𝑟𝑦

𝑚𝑑𝑟𝑦
 

For the precipitation and temperature parameter, the data of MeteoSchweiz (2024a) was used. 

For each site, a corresponding weather station was chosen, which considers the location of 

the site as well as the site’s altitude or geographic position. It is possible that two different 

weather stations (one for precipitation, one for temperature) were used for one site if the 

stations differed in terms of parameter availability. The annual summed up values 

(precipitation) or average daily means (temperature) of a year were used for the analysis. The 

sampling day was decisive for the calculation to maintain the same observation period for each 

site and to exclude subsequent precipitation. The altitude for each site was measured on-site 

with a GPS-device and was used to see whether it influenced any of the analyzed soil 

properties. 

 

2.4.4. Statistical Analysis 

The data was processed and analyzed using the software programs Excel (Microsoft 

Corporation 2024) and R (R Core Team 2024). To be able to compare differences between two 

plots from each site, log10 response ratios were calculated for the tree-alley and alley-control 

plots of bulk density, gravimetric water content and penetration resistance with the following 

formula:  
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𝑙𝑜𝑔10 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑅𝑎𝑡𝑖𝑜 = 𝑙𝑜𝑔10(
𝑀𝑉 𝑃𝑙𝑜𝑡1

𝑀𝑉 𝑃𝑙𝑜𝑡2
) 

The variable MV symbolizes the median value of the five replicates for each plot. The bulk 

density and gravimetric water content response ratios were calculated for the topsoil and 

subsoil, and the penetration resistance response ratios were calculated for subsets of 10 cm 

depth. For the agroforestry-control ratio, the proportions of the tree and alley plots were 

calculated according to the width of the respective strip to get the weighted width (𝑇𝑤𝑤 and 

𝐴𝑤𝑤, respectively):  

𝑇𝑤𝑤 =  
𝑊𝑖𝑑𝑡ℎ 𝑇𝑟𝑒𝑒 𝑆𝑡𝑟𝑖𝑝 [𝑚]

𝑊𝑖𝑑𝑡ℎ 𝑇𝑟𝑒𝑒 𝑆𝑡𝑟𝑖𝑝 [𝑚] + 𝑊𝑖𝑑𝑡ℎ 𝐴𝑙𝑙𝑒𝑦 𝑆𝑡𝑟𝑖𝑝 [𝑚]
 

𝐴𝑤𝑤 =  
𝑊𝑖𝑑𝑡ℎ 𝐴𝑙𝑙𝑒𝑦 𝑆𝑡𝑟𝑖𝑝 [𝑚]

𝑊𝑖𝑑𝑡ℎ 𝑇𝑟𝑒𝑒 𝑆𝑡𝑟𝑖𝑝 [𝑚] + 𝑊𝑖𝑑𝑡ℎ 𝐴𝑙𝑙𝑒𝑦 𝑆𝑡𝑟𝑖𝑝 [𝑚]
 

By inserting these values, the adjusted formula can be calculated as follows for the topsoil, 

subsoil as well as the 10 cm depth subsets for the agroforestry-control response ratio: 

𝑙𝑜𝑔10 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑅𝑎𝑡𝑖𝑜 𝐴𝐹𝑆/𝐶 = 𝑙𝑜𝑔10(
(𝑀𝑉 𝑇𝑟𝑒𝑒 𝑃𝑙𝑜𝑡 × 𝑇𝑤𝑤) + (𝑀𝑉 𝐴𝑙𝑙𝑒𝑦 𝑃𝑙𝑜𝑡 ×  𝐴𝑤𝑤) 

𝑀𝑉 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑃𝑙𝑜𝑡
) 

Depending on the research question, different analyses were carried out with the response 

ratios, the internal variables and the external variables (Table 1). ANOVAs were performed to 

understand differences between groups (e.g. response ratios and depth of bulk density). Linear 

regressions and Spearman’s correlation were calculated to determine correlations between a 

response ratio and an internal variable (i.e. tree-alley response ratio and age). After these 

analyses, the extreme values of the internal variables were removed to see whether these 

extreme values had an influence on the outcomes of the linear regressions. The decision was 

taken to remove sites with the highest values of each variable as were only a few sites with 

high values (Table 2). Multiple regressions were also used to analyze possible connections 

between the obtained data (bulk density, gravimetric water content and penetration resistance) 

and the possible influence of the different internal and external variables. 

Table 1: Overview of analyzed response ratios, internal variables and external variables with the applied statistical 
analyses. 

 Applied Statistical Analyses 

Log10 

response 

ratios 

Tree – alley (T/A) 
ANOVA 

 Linear 

Regression 

and 

Spearman’s 

Correlation 

 

Multiple 

Regression 

Analysis 

 

Alley – control (A/C) 

Agroforestry – control (AFS/C) 

Internal 

variables 

Agroforestry system density [trees/ha]  

Agroforestry system diversity [number of 

different tree species] 

 

Age of agroforestry system [years]  

Average tree volume of agroforestry 

system [m3] 

 

External 

variables 

Altitude of agroforestry system [m a.s.l.]   

Average temperature of agroforestry 

system within one year [°C] 

  

Precipitation amount of agroforestry 

system within one year [mm/year] 
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Table 2: Extreme value limits of internal variables. 

Internal variable Extreme value limits 

Agroforestry system density < 200 trees/ha 

Agroforestry system diversity ≤ 6 different tree species 

Age of agroforestry system < 20 years 

Average tree volume of agroforestry system < 0.4 m3 

 

Overall, the level of significance for this thesis was defined at a p-value of 0.1. The residuals 

of the analyses were checked for normal distribution with the Shapiro-Wilk test. In case of 

linear regression residuals being significant with the Shapiro-Wilk test, Spearman correlations 

were calculated. In case of ANOVA and multiple regression, the Kruskal-Wallis test was applied 

if the data was not normally distributed to check the statistical significance between the 

medians of different groups. The data was also checked for homoscedasticity (equal 

variances) with the Levene’s test before an ANOVA. If the result was significant, the Welch-

ANOVA was applied. After an ANOVA, a post hoc test (TukeyHSD) was conducted to check 

for significant differences between the groups and variables.  

The log10 response ratio values used for the analysis are listed in the Appendix (S2, S3 & S4). 

Exemplary codes for each of the statistical tests used can also be found in the Appendix (S6).  
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3. Results 

3.1. Site Characteristics 

The 33 sampling sites differed greatly from each other in many regards, among others due to 

the geographical location, the climatic conditions and the farming practices. In this chapter, an 

overview is given on the site characteristics. A table with all the variable values can be found 

in the Appendix (S1) as well as maps showing the distribution of the variables within the 

sampled agroforestry systems in Switzerland (S5). 

External Variables 

The geographical location was decisive for the altitude which varied between 408 m a.s.l. (site 

19, Prangins VD) and 771 m a.s.l. (site 25, Bonvillars VD) with an average altitude (based on 

all sites) of 557.6 m a.s.l. The highest precipitation amount was found at site 33 (Menzingen 

ZG) with 1’989.1 mm/year, and the lowest was at site 25 (Bonvillars VD) with 804 mm/year. 

The average amount of precipitation throughout all sample sites was 1’176.2 mm/year. The 

highest averaged daily temperature within the year before the sampling campaign was reached 

at site 20 (Eysin VD) with 12.72°C. The lowest with 8.39°C was at site 5 (Arnex-sur-Orbe VD). 

The average temperature over all sites was 11°C. 

Internal Variables 

The highest tree density was found at site 31 (Rickenbach ZH) with 500 trees per hectare, and 

the lowest was at site 26 (Würenlingen AG) with 9.62 trees/ha. The average density over all 

agroforestry systems were 74 trees/ha. Within all the sampled agroforestry systems, there 

were between one and eleven different tree species found. Dominantly, there was only one or 

two tree species planted (on twelve and ten sites, respectively). Three species were counted 

on five sites, and two sites each had agroforestry systems with four or six tree species. One 

farm planted nine different species, and another one planted eleven species, which was the 

highest number of different species. The average number of tree species planted within an 

agroforestry system was 2.7. 

The age of the trees reached from four to 31 years; thus, the agroforestry systems were 

created between 1993 and 2021. The youngest agroforestry systems were sites 1 and 19 

(Courroux JU and Prangins VD). The oldest systems were found in Feusisberg SZ and Fey 

VD (sites 6 and 9). The average age of the agroforestry systems was 10.2 years. The age of 

the agroforestry system had a significant impact on the average tree volume of the agroforestry 

system (p-value < 0.01, Spearman’s ρ = 0.88). The indicated effect was positive: the older the 

trees, the greater the tree volume was. The average tree volume per site varied between 

0.0005405 m3 (site 22, Oberbalm BE) and 2.40 m3 (site 6, Feusisberg SZ) with an average 

over all the agroforestry systems of 0.14 m3.  

 

3.2. Bulk Density 

The results for the whole dataset of bulk density showed that there were no significant 

differences between the plots (tree, alley and control) at individual soil depths (p-value > 0.74; 

Figure 10, A). There were, however, significant differences between the bulk density values at 

the topsoil and subsoil (p-value < 0.01; Figure 10, A) for all the plots. The median values of the 

topsoil were significantly lower than those of the subsoil. The bulk density ranged between 
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0.67 g cm-3 and 1.65 g cm-3 in the topsoil and between 0.70 g cm-3 and 1.80 g cm-3 in the 

subsoil. 

For the bulk density response ratios, there were no significant differences between the three 

calculated ratios and the two soil depths found (p-value = 0.53 and 0.54, respectively; Figure 

10, B). This applied also to the individual linear regressions with the response ratios and 

internal variables, as there was no significant correlation found. The same was also observed 

for the multiple regressions, as none of them showed a significant result for the bulk density 

response ratios and the different variables. Therefore, for this study, the presence of trees had 

no effect on the bulk density.  

 

Figure 10: Bulk density (BD) values per soil depth (topsoil and subsoil) and plot (yellow = tree plot, turquoise = alley 
plot, purple = control plot) (A). log10 response ratio of the bulk density for each soil depth and plot (yellow = tree / 
alley, turquoise = alley / control, purple = agroforestry / control). The dashed line indicates a log10 response ratio of 
0 (no difference between the two plots) (B). 
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3.3. Gravimetric Water Content 

For the whole dataset, there were no significant differences regarding the gravimetric water 

content between the plots (tree, alley and control) within the same soil depth (TukeyHSD p-

values > 0.53). However, between the topsoil and the subsoil, the topsoil values were 

significantly higher than the subsoil values (TukeyHSD p-value < 0.01; Figure 11, A). The 

topsoil gravimetric water content values ranged from 0.08 to 0.72 g g-1, and the subsoil values 

ranged from 0.06 to 0.50 g g-1. 

No significant differences were found between the two soil depths or the calculated ratios 

regarding the gravimetric water content log10 response ratios (p-values = 0.77 and 0.66, 

respectively; Figure 11, B). The calculated multiple regressions did not show any significant 

results regarding the gravimetric water content response ratios in the topsoil or subsoil nor in 

the different internal or external variables.  

 

Figure 11: Gravimetric water content (GWC) values per soil depth (topsoil and subsoil) and plot (yellow = tree plot, 
turquoise = alley plot, purple = control plot) (A). log10 response ratio of the gravimetric water content for each soil 
depth and plot (yellow = tree / alley, turquoise = alley / control, purple = agroforestry / control). The dashed line 
indicates a log10 response ratio of 0 (no difference between the two plots) (B). 
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Based on linear regression, tree density had no significant effect on the gravimetric water 

content response ratios. When the extreme values were excluded (tree density greater than 

200 trees/ha), a significant effect of the tree density was found in the subsoil tree-alley ratio 

(Figure 12, B). The effect was negative: with increasing tree density, the gravimetric water 

content tree-alley response ratio decreased. For gravimetric water content with a tree density 

< 60 trees/ha, the gravimetric water content tended to be higher in the tree plot than in the 

alley plot. With a tree density > 60 trees/ha, the gravimetric water content tended to be lower 

in the tree plot compared to the alley plot (Figure 12, B).  

Regarding the tree diversity and the gravimetric water content response ratios, no significant 

result occurred when the linear regressions were calculated. When the extreme values were 

excluded (agroforestry systems with six or more different tree species), three significant results 

occurred. One was found in the topsoil (tree-alley ratio; Figure 12, A), and two were found in 

the subsoil (alley-control and agroforestry-control ratio; Figure 12, D and E, respectively). In 

the tree-alley ratio, the effect was negative: with increasing tree species number, the 

gravimetric water content response ratio decreased. The tree-alley gravimetric water content 

response ratio was above 0, meaning that the gravimetric water content was higher in the tree 

plot than in the alley plot, when only one tree species was present in an agroforestry system. 

With two or more species, the gravimetric water content was higher in the alley plot. (Figure 

12, A). In the alley-control and agroforestry-control ratios, the effect of tree diversity was 

positive: the more tree species, the higher the gravimetric water content response ratio. When 

there was only one tree species in an agroforestry system, the gravimetric water content in the 

subsoil was higher in the control plot than in the alley plot. The same applied to the 

agroforestry-control ratio, where the gravimetric water content in the subsoil was higher in the 

control plot than in the combined agroforestry system plot when one tree species was planted 

in the agroforestry system. With more tree species, the gravimetric water content in the subsoil 

was higher in the alley plot and agroforestry system plot than in the control plot (Figure 12, D 

and E).  

The age of the agroforestry systems had a significant effect on the gravimetric water content 

tree-alley response ratio in the subsoil (Figure 12, C). The effect was negative: the older the 

agroforestry system, the lower was the gravimetric water content response ratio. For the 

agroforestry systems younger than 18 years, the gravimetric water content tended to be higher 

in the tree plot than in the alley plot. With an agroforestry system aged approximately 18 years 

(log10 of the age ≈ 1.26), the gravimetric water content response ratio turned negative, 

indicating a higher gravimetric water content value in the alley plot than in the tree plot. When 

the extreme values were excluded (agroforestry systems aged higher than 20 years), no 

significant results were reported. 

The tree volume showed no significant effect on the gravimetric water content response ratios. 

With the removal of the extreme values (average tree volumes greater than 0.4 m3) no results 

either were significant for the linear regressions.  
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Figure 12: Significant gravimetric water content (GWC) log10 response ratios (yellow = tree / alley ratio (T/A), 
turquoise = alley / control (A/C), purple = agroforestry system / control (AFS/C)). The slope of the linear regression, 
the p-value, the R2-adj value and the number of observations (n) are displayed in the respective graph. The dashed 
line indicates a log10 response ratio of 0 (no difference between the two plots). The different symbols represent the 
variables (dot = tree density, square = tree diversity, diamond = age of agroforestry system). 

 

3.4. Penetration Resistance 

An overview of the penetration resistance is visualized in Figure 13 (A), where box plots of the 

medians of all sites, for each 10 cm depth increment and the three plots were combined. 

Regarding the absolute values, the median for all plots between 0 and 30 cm was below 2 

MPa. Between 31 and 60 cm, the median penetration resistance of each plot was between 2 

and 2.5 MPa. The same applied to the tree and control plots between 61 and 80 cm, whereas 

the median penetration resistance of the alley plot in these depths exceeded this threshold 

with 2.55 MPa (61-70 cm) and 2.525 MPa (71-80 cm), respectively.  

The penetration resistance increased between 0-10 cm and 31-40 cm. Between 41-50 cm and 

until 80 cm were reached, the penetration resistance had constant values. The scattering of 

the median values increased with greater depth. There was no clear, visible trend signifying 

which plot had the highest or lowest penetration resistance (Figure 13, A).  



20 

 

Figure 13: Penetration resistance (PR) values per soil depth subset and plot (yellow = tree plot, turquoise = alley 
plot, purple = control plot) (A). log10 response ratio of the penetration resistance for each soil depth layer and plot 
ratios (yellow = tree / alley, turquoise = alley / control, purple = agroforestry / control). The solid line indicates a log10 

response ratio of 0 (no difference between the two plots) (B). 
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Regarding the penetration resistance and the response ratios, there was no significant 

difference found for the ANOVA between the ratios (p-value = 0.79) and the depths (p-value = 

0.65) (Figure 13, B). 

The penetration resistance response ratios showed no significant results for the linear 

regressions with the tree density, with one exception, which was found in the tree-alley ratio at 

a depth of 31-40 cm (Figure 14, B). Tree density had a positive effect: with increasing the tree 

density, the penetration resistance response ratio also increased. The response ratio was 

negative for agroforestry systems with a tree density lower than approximately 80 trees/ha 

(log10 value ≈ 1.9), meaning that penetration resistance tended to be higher in the alley plot 

than in the tree plot. With tree densities higher than 80 trees/ha, the response ratio turned 

positive: the penetration resistance tended to be higher in the tree plot than in the alley plot. 

Tree diversity had a significant effect for the penetration resistance linear regressions in the 

31-40 cm layer for two response ratios. The alley-control ratio (Figure 14, C) and the 

agroforestry-control ratio (Figure 14, D). Both effects were negative: with increasing tree 

species, the penetration resistance response ratio decreased. The penetration resistance 

response ratio turned negative between two and three different tree species. Thus, the 

penetration resistance was higher in the control plot than in the alley plot and the agroforestry 

plot. With the removal of the extreme values (agroforestry systems with six or more different 

tree species), two significant results occurred for the calculated linear regressions with the 

response ratios of the penetration resistance and the tree diversity. Both were found at a depth 

of 41-50 cm: one for the alley-control response ratio (Figure 14, E) and the other for the 

agroforestry-control response ratio (Figure 14, F). Both had a negative effect: with increasing 

number of different tree species, the penetration resistance response ratio decreased. For both 

cases, the response ratio tended to be positive in agroforestry systems with only one species 

but turned negative when more tree species were present. 

The age of the agroforestry systems showed two significant results for the linear regressions 

regarding the penetration resistance response ratios. One was found at a depth of 21-30 cm 

of the tree-alley ratio (Figure 14, A), and the other was found at a depth of 51-60 cm of the 

agroforestry-control ratio (Figure 14, G). The indicated effects were both positive: as the tree 

age increased, the penetration resistance response ratio increased too. The tree-alley ratio 

became positive with a tree age of 10 years (log10 of the age = 1). The agroforestry-control 

ratio became positive from a tree age of approximately 8 years (log10 ≈ 0.90). When the 

extreme values were removed (agroforestry systems older than 20 years), the tree age had no 

significant effect on the penetration resistance response ratios. 

The tree volume had a significant result for the linear regressions calculated for the penetration 

resistance response ratios in the agroforestry-control ratio at a depth of 51-60 cm (Figure 14, 

H). The effect was positive: when the tree volume increased, the penetration resistance 

response ratio increased too. The penetration resistance response ratio was positive from an 

average tree volume of approximately 0.015 m3 (log10 ≈ -1.82). The other significant result 

regarding the tree volume and the penetration resistance response ratio was found in the tree-

alley ratio at a depth of 61-70 cm (Figure 14, I). Again, a positive effect was found: as the tree 

volume increased, the penetration resistance response ratio increased too. Like the 

agroforestry-control ratio, the penetration resistance tree-alley response ratio was positive 

from an approximate average tree volume of 0.015 m3 (log10 ≈ -1.82). Therefore, the 

penetration resistance tended to be higher in the tree plot than in the alley plot when the tree 

volume was higher than 0.015 m3. The other calculated linear regressions did not show any 

significant results for the average tree volume variable.  
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The only significant result for the calculated multiple regressions regarding the penetration 

resistance response ratios was found at a depth of 21-30 cm (tree/alley ratio), with the mean 

annual temperature being significant. The effect was negative: with increasing temperature, 

the penetration resistance response ratio decreased. With increasing temperature, the 

penetration resistance tended to be lower in the tree plot than in the alley plot. None of the 

other multiple regressions regarding the penetration resistance was significant.  

 

Figure 14: Significant penetration resistance (PR) log10 response ratios sorted by ascending soil depth (yellow = 
tree / alley ratio, turquoise = alley / control, purple = AFS / control). The slope of the linear regression, the p-value, 
the R2-adj value and the number of observations (n) are displayed in the respective graph. The different symbols 
represent the variables (dot = tree density, square = tree diversity, diamond = age of agroforestry system, triangle 
= average tree volume).  
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4. Discussion 

4.1. Influence of Agroforestry Systems on Soil Properties 

4.1.1. Bulk Density 

The change in bulk density values with depth is caused by differences “in organic matter 

content, porosity and compaction” (Panagos et al. 2024: p. 4). With increasing organic matter 

content, the bulk density decreases, which lead to increasing porosity (Minasny & McBratney 

2018). Panagos et al. (2024) reported between the 0-10 cm and 10-20 cm soil layers, a bulk 

density increase of 10% for the deeper layer. For this study, a significant difference was visible 

between the two soil depths (0-20 and 20-40 cm), as the absolute subsoil bulk density values 

were higher than the topsoil bulk density values. The results seem coherent, as Cardinael et 

al. (2017) and Cardinael et al. (2015) also reported a significant increase in bulk density as the 

soil depth increased in their studies. 

Within this study, no significant differences regarding the absolute values of the bulk density 

between the different plots (tree, alley, control) in the topsoil and the subsoil were found. The 

same applied to the log10 response ratios of the bulk density, as no significant differences were 

reported between the response ratios. This seems like a consistent result, as nor the absolute 

bulk density values nor the response ratios showed differences. Cardinael et al. (2017) 

reported similar results in their study, which was conducted at six different agroforestry sites in 

France and assessed among other things the bulk density in a depth of 0-30 cm with three 

depth subsets of 10 cm each. The authors did not find significant differences between the plots, 

except for some exceptions in a depth of 0-10 cm (Cardinael et al. 2017). Upson et al. (2013) 

did not find differences either between the agroforestry plot (tree and alley plots combined) 

and the control plot in their agroforestry site in England at a depth of 0-40 cm. This corresponds 

to the results of this study, as the median of the agroforestry-control response ratio for the bulk 

density did not deviate greatly from 0 in the topsoil and subsoil. Additionally, there was no 

difference between the tree and the alley plot reported for this study (tree-alley response ratio), 

although Upson et al. (2013) showed higher bulk density values in the alley plot than in the 

tree plot. The authors argue that this could be due to compaction caused by machinery used 

for the cultivation of the crops, and pruning of the trees (Upson et al. 2013). Cardinael et al. 

(2015) stated that in their study conducted in a 20-year-old agroforestry system in Southern 

France, the significantly lowest bulk densities occurred in the tree rows, followed by the alley 

plots and the control plots for the depths of 0-10 and 10-30 cm. For the 30-50 cm depth, the 

alley plot had the lowest bulk density, followed by the tree and the control plot (Cardinael et al. 

2015). The synthesizing study of Kim et al. (2016) reported a reduction in the alley cropping 

system bulk density of 3.9% compared to a treeless arable field, which is, however, based on 

one observation. The average difference in bulk density over all assessed types of agroforestry 

was stated to be -9.6% (± 4.8%) compared to treeless fields (Kim et al. 2016). Even though 

only one observation was reported in the latter study, it seems that alley cropping systems 

have a smaller impact on the bulk density than other types of agroforestry systems.  

Therefore, the impact of trees on the bulk density is not always clearly given, and within this 

study, the trees did not seem to have an impact on the bulk density. This can have various 

reasons. Some of the mentioned aspects leading to changes in bulk density were not assessed 

within this study, including tillage type, used machinery, organic matter or soil texture. The latter 

was commissioned; however, the results were not available in time. Souza et al. (2021) argue 

that bulk density as an indicator for soil compaction should only be utilized in connection with 

soil texture, as different textures must be interpreted alternatively. Afterwards, “more 
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information about the soil and the effects of management practices” (Souza et al. 2021: p. 5) 

could be obtained. To exclude the missing parameters, the response ratios were calculated to 

compare only plots of the same sites with each other, which have assumingly the same soil 

characteristics (e.g. soil texture). Thus, the uncertainty of comparing different soils was 

reduced.  

Another reason for no significant difference between the bulk density of the different plots could 

be the tree age. The authors of several studies including Cardinael et al. (2017) and Pardon et 

al. (2017) mentioned that there were not many mature agroforestry systems, as most of them 

were younger than ten years. They suggested that long-term experiments should be carried 

out (Cardinael et al. 2017; Pardon et al. 2017). Young agroforestry systems were also present 

in this study, as two thirds of the sites were younger than ten years and only three of them 

were older than 20 years. As root systems grow with increasing age (Vetterlein & Doussan 

2016), their impact on soil properties increases too (Ling et al. 2019). Therefore, it is assumed 

that older tree root systems have a bigger impact on the soil properties, which could be 

assessed in older agroforestry systems. A possible solution would be to repeat the 

measurements in a few years’ time when more agroforestry systems are mature. This could 

be beneficial, as the root systems would have grown, as well as the crown of the trees, which 

impacts the soil bulk density positively through the input of leaves as litter and organic matter 

(Thomas et al. 2020). There were no correlations between the bulk density and any of the 

assessed variables. Regarding the bulk density and the tree density, Cardinael et al. (2017) 

reported also no impact of the distance from the trees on the bulk density. The other non-

existent correlations could also be due to the young age of the trees and the associated limited 

influence.  

The non-existent difference between the plots could be because most agroforestry systems 

were created on former pure arable land. As soil compaction lasts for a long time (Hamza & 

Anderson 2005), it could be that the roots were, to the date the sampling was conducted, not 

yet able to loosen the compacted soil. Another reason could be that by planting the trees, the 

soil was compacted, even though not on purpose. Upson et al. (2013) argue that for the pruning 

of the trees additional machinery is used, which could lead to further compaction. Discussions 

with some farmers during sampling indicated that they also use additional machinery to plant, 

maintain and irrigate the trees in the first years after implementation. This could lead to 

compaction of the tree plot. In addition, Kunakh et al. (2022) argued that the weight of the trees 

is transferred through the roots into the soil, which could lead to compaction if the trees get 

older.  

Regarding the study design, no clear difference was noticed between this study and other 

studies on temperate alley cropping systems such as Cardinael et al. (2017) and Upson et al. 

(2013). Both studies used three plots for their analysis (tree, alley, control) and compared only 

the plots from the same site. The depth from which the bulk density samples were taken, is the 

only difference between the two mentioned studies and this study. Therefore, the results seem 

comparable. 

 

4.1.2. Gravimetric Water Content 

Regarding the absolute gravimetric water content values, a significant difference between the 

two soil depths was visible: in the subsoil (20-40 cm) the absolute gravimetric water content 

values were lower than in the topsoil (0-20 cm). This finding is supported by literature, as Seobi 

et al. (2005, as cited in Jacobs et al. 2022) found a higher moisture content in the topsoil than 
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the subsoil of oak tree rows. The difference was caused by the increased porosity through the 

roots (Seobi et al. 2005, as cited in Jacobs et al 2022), as the living roots develop channels 

which persist, even if the roots decay (Rolo et al. 2023). The differences between the three 

plots (tree, alley, control) in the topsoil and subsoil gravimetric water content values were not 

significant, but the boxes of Figure 11 (A) had a greater range in the topsoil than those of the 

subsoil. This was also stated by Jacobs et al. (2022), as the differences in soil moisture content 

were higher in the upper soil layers than the deeper ones. The greater variability was explained 

through the increased response rate to precipitation (Jacobs et al. 2022), the vegetation growth 

and the management type (Zimmermann & Schwab 2023).  

No additional significant differences regarding the absolute values of the gravimetric water 

content were observed, and the corresponding response ratio median values were located 

close to zero. This led to the inference of a limited influence of the trees on the gravimetric 

water content property in this study. This is likely due to the chosen sampling date in February 

and March, as the spatial variability of soil moisture is lower during times with high precipitation 

(Jacobs et al. 2022). Other authors like Sarto et al. (2022) proposed that the porosity, the 

infiltration and the storage of water in agroforestry systems was enhanced through the root 

growth of trees. As the distance to the trees increased, the soil moisture increased too in their 

study. Additionally, near the trees, the soil moisture was lower due to the enhanced soil 

structure through the roots and the increased infiltration, as well as the increased water uptake 

of the trees (Sarto et al. 2022). The results of this study do not agree with the results of Sarto 

et al. (2022). It could be explained by different pedo-climatic conditions at the sampling 

location, as the study of Sarto et al (2022) was conducted in an agroforestry system in the 

tropics in Brazil. In addition, as Jacobs et al. (2022) stated, there is only limited scientific 

evidence for soil moisture gradients in agroforestry systems (tree and alley plot). 

The tree density had a significant negative effect on the gravimetric water content subsoil tree-

alley response ratio when the densest agroforestry systems were excluded. When the tree 

density exceeded 60 trees/ha, the gravimetric water content tended to be lower in the tree plot 

than in the alley plot. Everson et al. (2009) found in their study conducted in an agroforestry 

system with four different tree species in South Africa that the water content in the tree row 

was mostly higher when the trees of each species were planted with a wider spacing between 

the trees (1 m) compared to a narrower planting of the trees (0.5 m). For one of the species, 

the values did not vary between the wide and the narrow treatment (Everson et al. 2009). 

Although, in this study, the tree spacings were greater than in the study of Everson et al. (2009), 

it could lead to the assumption that through the denser planting of the trees, other soil 

properties are affected, which impact the gravimetric water content. 

The tree diversity showed three different significant effects on gravimetric water content when 

the extreme values were excluded: one was in the topsoil between the tree and alley plot, the 

others in the subsoil of the alley-control and agroforestry-control response ratios. In the topsoil, 

the effect was negative, leading to a larger decrease in gravimetric water content of the tree 

plot compared to the alley plot the more tree species were present. If only one tree species 

was planted, the gravimetric water content was higher in the tree plot. The opposite occurred 

in the subsoil alley-control and agroforestry-control ratios, where the gravimetric water content 

increased more in the alley and agroforestry plot compared to the control plot when more than 

one species was present. Generally, the root systems are not yet enough researched, but it is 

known that they depend on the environment and the species (Van Noordwijk et al. 2019), as 

different tree species have differing root functional traits (Clivot et al. 2022). These root 

functional traits include “selective root placement (…), root length density (…) or specific root 
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length (…)” (Bayala et al. 2019: p. 18). Those characteristics are employed to assess the 

competition between the different species within an agroforestry system, but as the soil 

properties are differing within the systems, there is still research needed to define the 

controlling aspects of the functional traits (Bayala et al. 2019). As Jacobs et al. (2022) state, 

are the soil moisture dynamics affected by the tree and crop species which are planted 

regarding time and space, and fast-growing tree species have a greater impact on the 

dynamics. As agroforestry trees are deep rooted due to tillage and competition (Jacobs et al. 

2022; Cardinael et al. 2017), they have access to water from deeper soil layers (Jacobs et al. 

2022). In wet periods, however, trees use the water from the topsoil, and not from the deeper 

groundwater (Bayala et al. 2019). In the study conducted by Everson et al. (2009), the authors 

found different impacts of the tree species on the soil moisture. The four studied tree species 

differed in the amount of soil water content. This effect was larger in the wide treatment than 

in the narrow treatment (Everson et al. 2009), which could be even enhanced in this study, as 

the trees are planted even wider. The difference in tree species could therefore explain why 

the water content in the tree plot is lower than in the arable plot. There was for example one 

tree species with a 5-10% lower water content compared to the other species in the study of 

Everson et al. (2009).  

Another reason for the differences in gravimetric water content between the tree, alley and 

control plots could be due to the different transpiration rates of the trees and the crops. Jacobs 

et al. (2022) stated that crops have lower transpiration rates than trees. But it seems unclear, 

whether this is also the case in February and March. Markwitz et al. (2020) assessed the 

evapotranspiration of different agroforestry and monoculture systems in Germany throughout 

one year. Although, the authors did not measure in February and March, it was visible that in 

January and April, the evapotranspiration rates were similar for the agroforestry systems and 

the adjacent monoculture. The evapotranspiration rates of the sites were between 

approximately 2-5 mm/week in January and 3-8 mm/week in April (Markwitz et al. 2020). It 

could be assumed that these findings also correspond to the months February and March, and 

that the trees, therefore, did not have a decisive impact on the evapotranspiration. Regarding 

the transpiration of the crops, Kang et al. (2003) measured the transpiration and 

evapotranspiration of winter wheat for 250 days during its growing season. As winter wheat is 

sown around beginning of November in Switzerland (Strickhof 2024), it would grow 

approximately 90 days until beginning of February and 150 days until end of March. Kang et 

al. (2003) reported for winter wheat a transpiration rate close to 0 mm/day for the 90th day of 

growth. This value remained close to 0 mm/day until approximately day 125, afterwards until 

day 150 an increase up to around 1.5 mm/day occurred. For the evapotranspiration of winter 

wheat, the authors reported values between 0.5 mm/day (day 90) and 1.5 mm/day (day 150) 

(Kang et al. 2003). Therefore, the results of Markwitz et al. (2020) and Kand et al. (2003) tend 

to show similar magnitudes, and it can be assumed that the evaporation rates of the trees are 

negligible. Consequently, the different root functional traits of the trees could explain why the 

gravimetric water content decreases in the topsoil tree plot compared to the alley plot, when 

more tree species were present. The highest density of coarse roots was found in a depth of 

20-40 cm (Upson et al. 2013), which could explain why the significant results of the alley-

control and agroforestry-control response ratios were obtained in the subsoil.  

The reason for the significance of both ratios (alley-control and agroforestry-control) is likely to 

be due to the small share of the tree plot width within the agroforestry-control ratio. The alley 

plot has a higher weighed impact on the agroforestry plot, which is why this ratio is 

predominantly represented by the alley plot. The significance of the response ratios varies 

negligibly which supports the higher impact of the alley plot within the agroforestry-control ratio. 
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The response ratio of the tree-alley plots helps to understand the direct influence of the trees 

compared to the adjacent alley, which provides valuable insights. However, the more important 

ratios are the alley-control and the agroforestry-control response ratios, as they provide 

differences between the soil properties concerning the alley plot, which might be influenced by 

the trees, and the control plot without any influence of trees.  

The tree-alley gravimetric water content ratio decreased with increasing age of the agroforestry 

systems in the subsoil. When the trees were older than approximately 18 years, the gravimetric 

water content in the tree plot tended to be lower than in the alley plot. In their study conducted 

in France in November, Clivot et al. (2022) found significant positive differences in soil water 

content between the agroforestry plot and the control plot after two and four years, respectively. 

For this study, this could not be observed. When the extreme values (the oldest trees) were 

removed, no significant result occurred.  

A possible limitation regarding the gravimetric water content concerns the variable of the plot’s 

slopes, which were not assessed in this study. Jacobs et al. (2022) mentioned an increased 

surface runoff during extreme precipitation with increasing slope. In general, the same 

limitations that were mentioned in the previous chapter also apply to this chapter.  

 

4.1.3. Penetration Resistance 

The penetration resistance absolute values for all plots increased rapidly between 0-40 cm, 

afterwards, the absolute penetration resistance values grew only slowly until 80 cm. Kunakh 

et al. (2022) and Murer et al. (2012) stated that with increasing depth, the penetration 

resistance increases too, which is also visible in this dataset. The peak was observed at a 

depth of 31-40 cm, which corresponds to the depth beneath the plough depth (Diserens & 

Spiess 2004; Zimmermann & Schwab 2023). Below the plough depth, the physical stresses 

such as compaction are severe (Agroscope 2021). This could explain the highest penetration 

resistance in the depth of 31-40 cm. Zimmermann & Schwab (2023) observed the maximum 

penetration resistance value at 30 cm and stated afterwards a decrease in penetration 

resistance in their study conducted on Swiss agricultural fields and grasslands. In their study 

in an Ukrainian forest, Kunakh et al. (2022) observed a sharp increase of penetration 

resistance at a depth of 30 cm until 75 cm, due to an alluvial horizon. Both results 

(Zimmermann & Schwab 2023; Kunakh et al. 2022) could not be supported in this study. 

However, an increased scattering of the absolute penetration resistance values was reported 

for all the plots in this study with increasing depth. This can be caused by soils with a lot of 

stones in the deeper layers, which lead to greater variability concerning the depth and the 

value of the measurement (Zimmermann & Schwab 2023). The increased stone content was 

observed at some sites, which is also why the stone correction was applied for the bulk density. 

Therefore, the reasoning of the increased stone content with increasing depth mentioned by 

Zimmermann & Schwab (2023) is likely to be depicted also in this study and was also reported 

in other papers like Souza et al. (2021) and Alesso et al. (2018).  

Additionally, the absolute values showed that below 30 cm, all median values of the plots were 

below 2 MPa. For the deeper layers until 80 cm, almost all median values were between 2-2.5 

MPa, with two exceptions in the alley plot which were slightly above 2.5 MPa (61-80 cm). A 

penetration resistance exceeding 2.5 MPa restricts the growth of roots, especially of annual 

crops (Souza et al. 2021). This is not the case for most of the median values of these plots and 

can, therefore, be interpreted positively. However, there are already from a depth of 21-30 cm 

onwards values of certain sites exceeding the 2.5 MPa threshold in all the three plots, which 
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limits the root growth (Bartzen et al. 2019), and could therefore be seen on the sampled sites. 

Regarding the penetration resistance response ratios for each 10 cm subset, there were no 

significant differences reported between the plots, which aligns to the absolute values, as there 

were neither significant differences visible. This indicates that the trees have no or insufficient 

influence to be able to alter the penetration resistance, which could be caused by the young 

age of the agroforestry systems. Although, a study in an agroforestry system aged four years 

showed a lower penetration resistance in the agroforestry system than in a monoculture 

(Carvalho et al. 2004, as cited in Stöcker et al. 2019). This study was conducted in Brazil, 

which has a tropical climate, and is therefore maybe not comparable. Another reason for the 

non-existence of a difference between the agroforestry systems and the control plots in this 

study is mentioned by Kunakh et al. (2022), who state that the trees compact the soil by their 

weight. It could be that positive and negative influences of the trees compensate each other.  

The tree-alley response ratio of the penetration resistance showed a positive correlation with 

the tree density variable in a depth of 31-40 cm. As the tree density increased to more than 80 

trees/ha, the penetration resistance tended to be larger in the tree plot than in the alley plot. 

This result is only partially supported by the result of Zhukov et al. (2021), who found a 

decreasing penetration resistance when the tree density increased at a depth of 5-10 cm, and 

a non-linear trend with the lowest and highest tree densities showing the highest penetration 

resistance values in a depth of 35-40 cm at an urban park in the Ukraine. For this study, the 

densest agroforestry systems showed also the higher penetration resistance in the tree plot, 

which could be caused by the already mentioned own weight of the trees. Another reason 

could also be the roots of the trees, which could be encountered during the measurements, 

and could increase the penetration resistance. 

The tree diversity showed significant results in the alley-control and agroforestry-control 

penetration resistance response ratios at the depths of 31-40 (with extreme values) and 41-50 

cm (without extreme values). The penetration resistance tended to be larger in the alley and 

agroforestry plot, respectively, than in the control plot, when only one (41-50 cm) or two (31-

40 cm) tree species were present in an agroforestry system, and if there were two or more tree 

species, the penetration resistance was higher in the control plot than in the alley and 

agroforestry plot. The influence of the trees on the agroforestry-control ratios is limited, as their 

weighed value is smaller than the alley weighed value. As already discussed, the root traits 

differ between tree species, which could lead to an improvement of the adjacent alley plot near 

the tree row in comparison with the control plot, when more tree species are present. Why 

exactly the depths of 31-50 cm showed significant results, could be explained through two 

reasons. On one hand, it is likely that some of the alley and control plots were tilled, which 

influences the soil properties of the first 30 cm, which often occurs on agricultural soils 

(Zimmermann & Schwab 2023). However, trees influence soil properties in vicinity, but it differs 

on a horizontal and vertical scale (Kunakh et al. 2022), which could explain why the 31-50 cm 

depth was influenced by the different root traits, in combination with the highest density of roots 

in a depth of 20-40 cm (Upson et al. 2013). On the other hand, with increasing depth, the effect 

of the trees, plants and biotic soil components decrease in favor of the weathering processes 

(Kunakh et al. 2022), which could explain why the lower soil layers were not as affected as the 

upper ones.  

Regarding the impact of tree age on penetration resistance, two significant results were found: 

for the tree-alley ratio in a depth of 21-30 cm and the agroforestry-control ratio at 51-60 cm, 

both indicating a positive effect, which shows a greater increase of penetration resistance in 

the tree and agroforestry plot with the age of the trees. When the trees were younger than ten 
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(tree-alley 21-30 cm) and eight years (agroforestry-control 51-60 cm), respectively, the 

penetration resistance was higher in the alley and control plots. For the average tree volume, 

also two significant results were reported: for the agroforestry-control response ratio in a depth 

of 51-60 cm and for the tree-alley response ratio at a depth of 61-70 cm. The indicated effect 

was positive: as the tree volume increased, the penetration resistance was greater in the 

agroforestry and tree plots compared to the control and alley plots, respectively. Interestingly, 

the positive effect in the agroforestry-control 51-60 cm response ratio was found in both 

variables. This could be explained through the only correlation of two variables which was 

visible in this dataset: the tree age correlated positively with the tree volume. Therefore, a 

property which both variables have in common is likely responsible for the occurred result. As 

both corresponding alley-control response ratios did not show significant results, it is likely that 

the difference is found in the tree plot. When the tree age and the tree volume increase, the 

weight of the trees increases too, which could lead to the compaction of the soil beneath the 

roots (Kunakh et al. 2022). 

For the penetration resistance measurements, the number of observations decreased with the 

depth. For the depth of 21-30 cm, 30 observations or median values, respectively, were 

available, but for the 61-70 cm result, only 15 observations were left. This is due to the high 

stone contents of the soils at these depths. Therefore, the validity of the results could be limited. 

Zimmermann & Schwab (2023) stated that the penetration resistance is heterogeneously 

distributed all over Switzerland. The anthropological changes, like the agricultural 

management practices, are greatly influencing the penetration resistance in agricultural soils. 

For example, the use of heavy machinery or tillage on those soils, impedes the interpretation 

and thus the significance of the results (Zimmermann & Schwab 2023).  

 

4.2. Influence of External Variables on Soil Properties 

Trees are able to alter the microclimate within an agroforestry system, which could stabilize 

the yield in context of climate change by providing shade and wind protection. This effect is 

depending on the design of an agroforestry system and its characteristics (e.g. topography, 

climate) (Jacobs et al. 2022). For this study, the influence of the external variables (altitude, 

annual precipitation amount and annual average temperature) was very low. No influence of 

the altitude was found for any of the three parameters bulk density, gravimetric water content 

and penetration resistance. Varga et al. (2018) reported in their study conducted in Slovakia 

that they found significant differences between two of their three study sites regarding the soil 

moisture, the penetration resistance and the altitude. The latter ranged between 418-950 m 

a.s.l. However, they did not find significant differences between two study sites where the 

difference in altitude was only about 170 m (418-597 m a.s.l.), but the authors pointed out that 

the physical soil properties underlie a spatial and temporal variability, but also regarding the 

land use (Varga et al. 2018). As the altitude in this study varied between 408-771 m a.s.l., the 

differences in altitude could be too small to make differences visible.  

No significant influence of the annual precipitation amounts on the bulk density, gravimetric 

water content and penetration resistance response ratios was found. As the trees increase the 

water uptake in agroforestry systems compared to treeless systems (Jacobs et al. 2022), there 

should be differences visible between the ratios. But as the precipitation amount in winter 

2023/24 was at all the study sites above the average between the years 1911-2020 

(MeteoSchweiz 2024b), it could be assumed that the soils were approximately at field-capacity. 

Therefore, the distribution between the different plots was similar, which is also stated in 
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literature by Jacobs et al. (2022). This is supported by the sampling date in February and 

March, as the trees and the crops then did not have a high moisture demand due to lower 

temperatures and therefore lower transpiration than in summer. Although for the precipitation 

variable, the most suitable precipitation stations were chosen, the extent of the considered 

time period for the precipitation could be a limitation and could have been chosen narrower 

(e.g. only data from the three last months before sampling).  

Air temperature impacts the growth of crops and is lower in the tree row than on the alley land, 

on parts of the latter which is not affected by the trees’ shade (Jacobs et al. 2022). The annual 

average air temperature significantly influenced the tree-alley penetration resistance response 

ratio in a depth of 21-30 cm. It seems unclear why the annual average air temperature affects 

the penetration resistance at this depth, as it would be more logical if the upper soil layer was 

affected by the air temperature. During literature review, no similar result was found, which is 

why the significance of this result could be coincidental.  

 

4.3. Limitations of this Study 

Some of the limitations concerning this study have already been discussed, such as the 

missing data on soil texture, organic matter content and management practices. The use of 

the response ratios neutralized the impact of these limitations. In this chapter, the other 

limitations are mentioned that haven’t been addressed yet. Regarding the age of the 

agroforestry systems within this study, only three sites were older than 25 years and two thirds 

of the sites were younger than ten years. Therefore, the presence of mature agroforestry 

systems is scarce in this study’s data. This issue was also mentioned in other studies like 

Pardon et al. (2017) and Cardinael et al. (2017), where agroforestry systems older than 15 and 

40 years, respectively, were rarely found. Cardinael et al. (2017) mention that more long-term 

experiments are needed. With those long-term experiments, gradients of the tree influence 

could become visible. 

There is a research gap for temperate agroforestry systems compared to tropical agroforestry 

systems, which is also stated by authors like Honfy et al. (2023) and Jacobs et al. (2022). For 

some aspects of this study, like the penetration resistance, there were only a few comparable 

studies. 

The average temperature and the annual precipitation amounts may not reflect the actual 

values of each site, as some meteorological stations rather far away from a site had to be 

considered. Generally, the error margin regarding those two parameters is seen as rather 

small, but overall noteworthy.  

In general, it had to be considered that different persons of the sampling teams and other 

helping persons were taking the samples (bulk density, gravimetric water content) and 

conducted the measurements (penetration resistance). Even though they were instructed in 

the same way, it could lead to inaccuracy in handling and therefore, a source of uncertainty.  
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5. Conclusion 

The aim of this thesis was to provide an overview of the impact of agroforestry on soil physical 

properties in 33 different silvoarable alley cropping systems in Switzerland with the following 

research questions:  

i. Is there a difference between soil physical properties in silvoarable agroforestry plots 

and soils in arable plots without trees in Switzerland in regard to: 

a. the bulk density, 

b. the gravimetric water content at sampling time, and 

c. the penetration resistance? 

ii. Does the tree density, tree diversity, age of trees and/or average tree volume of the 

alley cropping systems have an impact on the soil’s physical properties? 

The hypotheses were stated as follows:  

I. The bulk density is lower in the silvoarable agroforestry systems compared to the arable 

plots without trees. 

II. The gravimetric water content at sampling time is higher in the agroforestry plots than 

in the arable plots without trees. 

III. Penetration resistance is lower in the tree plot than in the alley and control plots. 

IV. Increasing tree density, diversity, age and tree volume impact physical soil properties 

positively. 

There were no differences between the physical soil properties of the agroforestry systems 

and the treeless arable control plots in terms of bulk density, gravimetric water content and 

penetration resistance. Therefore, the first research question (i.) must be denied. The same 

applies to the first three hypotheses (I.-III.). 

For the second research question (ii.), the answers differ between the soil properties. The bulk 

density was not affected at all by the tree density, diversity, age or average tree volume of the 

agroforestry systems. The tree density was positively influencing the gravimetric water content 

response ratio. The more tree species were present, the higher the gravimetric water content 

in the agroforestry plot compared to the control plot. The tree diversity positively affected the 

penetration resistance alley-control and agroforestry-control response ratios at depths of 31-

40 and 41-50 cm. The other variables showed no or negative impacts on the penetration 

resistance in different depths and response ratios. Therefore, only the tree diversity variable 

showed positive impacts on the penetration resistance of the agroforestry plot. Despite the few 

above mentioned exceptions, the hypothesis that internal variables such as tree density, 

diversity, age of the trees or average tree volume impact physical soil properties (IV.) must be 

rejected. Reasons for the few positive effects of the internal variables could be the relatively 

young age of the agroforestry systems, but also the influence of other important variables for 

physical properties such as the soil texture or the organic matter content that were not 

considered in the present study. 

To be able to draw more detailed conclusions, it is important to assess further variables that 

influence soil physical properties. For example, farmers could be asked in future studies about 

the farming practices they apply in their agroforestry and control plots. This information could 

lead to insights into the usage of heavy machinery or tillage, which could both cause soil 

compaction. In addition, the soil texture and organic matter should be considered for further 

analyses to correct the bulk density. The results of the physical soil properties should be 

compared to chemical and biological properties within the parent project to see, whether these 
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variables explain certain relations. It would be interesting to repeat this monitoring in some 

years from now, when the younger trees have become mature. It could open new insights into 

how the soil properties change over time and what effect mature trees have on soil properties 

in silvoarable agroforestry systems in Switzerland.  
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Appendix 

S1 Site Characteristics 

Table 3: Overview on site characteristics of internal and external variables. 
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1 Courroux JU 37.04 1 4 0.00280016 468 848.7 11.61 

2 Romanel-sur-

Morges 

VD 49.26 4 6 0.013276041 464 1’089.3 11.3 

3 Schenkon LU 99.26 1 17 0.059825123 507 1’246.1 11.21 

5 Arnex-sur-Orbe VD 38.31 1 13 0.072033389 546 924 8.39 

6 Feusisberg SZ 47.17 2 31 2.40142647 699 1’988.6 9.02 

7 Meinier GE 33.44 2 8 0.041877823 434 1’070.2 12.11 

8 Wollerau SZ 59.52 3 17 1.463373493 617 1’988.6 9.02 

9 Fey VD 119.05 3 31 0.638929985 670 1’129.3 10.6 

10 Montanaire VD 34.1 3 11 0.004728915 753 1’129.3 10.6 

11 Démoret VD 25.25 9 3 0.00080346 702 1’250.6 10.54 

12 Ipsach BE 74.07 2 6 0.026484538 443 1’105.8 11.39 

13 Port BE 76.92 4 5 0.002838163 450 1’105.8 11.39 

14 Buus BL 37.74 1 13 0.181227288 571 984.5 12.34 

15 Ruswil LU 58.82 1 5 0.005105563 744 1’276 11.03 

16 Stadel bei 

Niederglatt 

ZH 38.99 2 9 0.015053319 411 1’112.3 10.85 

17 Goumoëns-la-Ville VD 51.28 2 14 0.040368578 594 1’129.1 10.52 

18 Lully FR 29.63 1 15 0.075787756 488 972.4 11.82 

19 Prangins VD 38.46 3 4 0.001489057 408 1’216.1 12.63 

20 Eysins VD 34.48 3 3 0.000907529 431 1’216.1 12.72 

22 Oberbalm BE 140.85 6 7 0.0005405 748 1’171.4 11.37 

23 Bussy-

Chardonney 

VD 277.78 2 5 0.006562379 497 1’103.7 11.35 

24 Attalens FR 36.3 11 6 0.002830379 740 1’356.5 10.62 

25 Bonvillars VD 38.31 4 7 0.010392938 771 804 8.47 

26 Würenlingen AG 9.62 1 8 0.025764994 417 1’140.5 11.72 

27 Würenlingen AG 12.78 1 8 0.009081115 415 1’140.5 11.72 

29 Cressier NE 44.4 2 11 0.085579391 435 1’104.2 12.02 

30 Jussy GE 30.3 2 3 0.003705047 506 1’070.2 12.09 

31 Rickenbach ZH 500 1 5 0.001728949 425 1’136.7 10.64 

32 Grosswangen LU 45.05 1 10 0.059395736 559 1’246.1 11.21 

33 Menzingen ZG 170.94 2 26 0.135142046 715 1’989.1 9.18 

34 Belmont-Broye FR 38.46 1 9 0.012676798 626 972.4 11.82 

35 Cossonay VD 71.43 6 9 0.038342233 557 990.4 10.49 

36 Oulens-sous-

Échalens 

VD 43.01 1 8 0.05827939 589 1’129.1 10.51 



VIII 

S2 log10 Response Ratio Values of Bulk Density and Gravimetric Water 

Content  

a. Bulk Density log10 Response Ratio Values  

Table 4: log10 response ratio values of bulk density (topsoil and subsoil). Blank cells indicate missing values. 

 

 

 

 

 

 

 

 

 

 

 

 



IX 

b. Gravimetric Water Content log10 Response Values 

Table 5: log10 response ratio values of gravimetric water content (topsoil and subsoil). Blank cells indicate missing 
values. 
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S3 Log10 Response Ratio Values of the Penetration Resistance per 10 cm 

Subsets 

a. Tree / Alley log10 Response Ratio Values  

Table 6: Tree / alley log10 response ratio values. Blank cells indicate missing values. 
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b. Alley / Control log10 Response Values 

Table 7: Alley / control log10 response ratio values. Blank cells indicate missing values. 
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c. Agroforestry / Control log10 Response Values 

Table 8: Agroforestry / control log10 response ratio values. Blank cells indicate missing values. 

 

  



XIII 

S4 log10 Values of Internal and External Variables 

Table 9: log10 values of internal and external variables. 

Density Diversity Age Tree Volume Altitude Precipitation Temperature 

1.568670978 0 0.602059991 -2.552817153 2.670245853 2.928754202 1.06483222 

1.692494408 0.602059991 0.77815125 -1.876931415 2.666517981 3.037147504 1.053078443 

1.996774271 0 1.230448921 -1.2231164 2.705007959 3.095552896 1.049605613 

1.583312152 0 1.113943352 -1.142466152 2.737192643 2.965671971 0.923761961 

1.673665876 0.301029996 1.491361694 0.380469293 2.844477176 3.298547435 0.955206538 

1.524266269 0.301029996 0.903089987 -1.378015903 2.63748973 3.029464947 1.083144143 

1.774662923 0.477121255 1.230448921 0.165355184 2.790285164 3.298547435 0.955206538 

2.0757294 0.477121255 1.491361694 -0.19454673 2.826074803 3.052809328 1.025305865 

1.532754379 0.477121255 1.041392685 -2.325238492 2.876794976 3.052809328 1.025305865 

1.402261382 0.954242509 0.477121255 -3.09503574 2.846337112 3.097118424 1.022840611 

1.869642345 0.301029996 0.77815125 -1.577007599 2.646403726 3.043676586 1.056523724 

1.886039276 0.602059991 0.698970004 -2.546962666 2.653212514 3.043676586 1.056523724 

1.576801896 0 1.113943352 -0.741776409 2.756636108 2.99321572 1.09131516 

1.76952502 0 0.698970004 -2.29195636 2.871572936 3.105850674 1.042575512 

1.590953235 0.301029996 0.954242509 -1.822367735 2.613841822 3.046221937 1.035429738 

1.709948017 0.301029996 1.146128036 -1.393956549 2.773786445 3.052732407 1.02201574 

1.471731651 0 1.176091259 -1.120400952 2.688419822 2.98784495 1.072617477 

1.58500928 0.477121255 0.602059991 -2.827088677 2.610660163 3.084969288 1.101403351 

1.537567257 0.477121255 0.477121255 -3.042139488 2.63447727 3.084969288 1.104487111 

2.148756851 0.77815125 0.84509804 -3.267204302 2.873901598 3.06870522 1.055760465 

2.443700974 0.301029996 0.698970004 -2.182938691 2.696356389 3.042851043 1.054995862 

1.559906625 1.041392685 0.77815125 -2.548155407 2.86923172 3.132419798 1.026124517 

1.583312152 0.602059991 0.84509804 -1.983261664 2.887054378 2.905256049 0.92788341 

0.983175072 0 0.903089987 -1.588969954 2.620136055 3.05709529 1.068927612 

1.106530854 0 0.903089987 -2.041860825 2.618048097 3.05709529 1.068927612 

1.64738297 0.301029996 1.041392685 -1.067630808 2.638489257 3.043047743 1.079904468 

1.481442629 0.301029996 0.477121255 -2.431206278 2.704150517 3.029464947 1.082426301 

2.698970004 0 0.698970004 -2.762217817 2.62838893 3.05564586 1.026941628 

1.653694795 0 1 -1.226244732 2.747411808 3.095552896 1.049605613 

2.2328437 0.301029996 1.414973348 -0.86920951 2.854306042 3.298656617 0.962842681 

1.58500928 0 0.954242509 -1.89699043 2.796574333 2.98784495 1.072617477 

1.85388065 0.77815125 0.954242509 -1.416322598 2.745855195 2.995810632 1.020775488 

1.633569443 0 0.903089987 -1.234485003 2.770115295 3.052732407 1.021602716 

 

 

  



XIV 

S5 Overview Maps of Variables 

For all maps in this chapter, the OpenTopoMap was used as the base map (OpenStreetMap 

contributors 2024) in QGIS. National and cantonal boundaries were derived from the 

SwissBOUNDARIES3D dataset (Bundesamt für Landestopografie swisstopo 2024).  

a. Internal Variables 

 

Figure 15: Overview map of the tree density variable in trees per hectare. 

 



XV 

 

Figure 16: Overview map of the tree diversity variable, assessed by number of different tree species within one 
agroforestry system. 

 

 

Figure 17: Overview map of the agroforestry system (AFS) age variable in years. 

 



XVI 

 

Figure 18: Overview map of the tree volume variable, measured in m3. 

 

b. External Variables 

 

Figure 19: Overview map of the altitude variable, displayed in m a.s.l. 

 



XVII 

 

Figure 20: Overview map of the precipitation variable, assessed in annual precipitation amount in mm/year. 

 

 

Figure 21: Overview map of the temperature variable, assessed as average annual temperature in °C. 

 

  



XVIII 

S6 Exemplary Codes from R 

a. Penetration Resistance Median Calculation per Centimetre 

 

Figure 22: Penetration resistance median calculation for each site, plot and centimetre. 

 

b. Penetration Resistance Median Calculation 10 cm Subsets 

 

Figure 23: Penetration resistance median calculation for each site, plot and 10 cm subsets. 

 

c. ANOVA Code 

 

Figure 24: Exemplary code to calculate the ANOVAs for bulk density, gravimetric water content and penetration 

resistance to see if there were differences between the response ratios and depths. 



XIX 

d. Linear Regression Code  

 

Figure 25: Code for linear regression calculation. It was applied to all linear regressions of log10 response ratios of 
bulk density, gravimetric water content and penetration resistance and internal variables. 

 

e. Spearman Correlation Code 

 

Figure 26: Code for Spearman correlation, which was applied if the residuals of the linear regressions of bulk 
density, gravimetric water content and penetration resistance were not normally distributed (p-value ≤ 0.1). 

 

f. Multiple Regression Code 

 

Figure 27: Code for calculating multiple regressions of log10 response ratios of bulk density, gravimetric water 

content and penetration resistance, as well as internal and external variables. 
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