
 

 

open 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SOIL RESEARCH MANAGEMENT PLAN 

For Oosterlaak Solar Park 

FRAUNHOFER-INSTITUTE FOR SOLAR ENERGY SYSTEMS,  ISE  



 

open 

 

 

 

SOIL MONITORING PLAN 

For Oosterlaak Solar park 
 

 

 

Fraunhofer Institute for Solar Energy Systems ISE 
in Freiburg im Breisgau. 
 
Project number: 11-01907-2350-00001/ 144275 
Date: 09.12.2022 
Project partner: Sunvest Ontwikkeling B.V (Netherlands) 



 

Fraunhofer ISE  Soil Research Plan  Sunvest Ontwikkeling B.V 

 

 3 | 21 

 

 
 

open 

Table of contents 
 

1  Scope of the Soil Monitoring Plan ................................................................... 4 

2  Research Objectives .......................................................................................... 5 

3  Proposed Vegetation Management Systems ................................................. 6 

4  Soil monitoring plan ......................................................................................... 8 
4.1 An introduction to soil fertility and its assessment ................................................ 8 
4.2 Preliminary schedule............................................................................................. 12 
4.3 Sampling strategy ................................................................................................ 13 
4.4 Description of soil assessment measures .............................................................. 14 
4.4.1 Vegetation assessment before vegetation is mowed/grazed ................................. 14 
4.4.1.1 Growth and health of plants and plant species ................................................. 14 
4.4.2 On-site assessments after vegetation is mowed/grazed ........................................ 14 
4.4.2.1 Visual soil assessment ....................................................................................... 14 
4.4.2.2 Penetration resistance ...................................................................................... 15 
4.4.2.3 Soil samples for laboratory soil analysis of biochemical factors .......................... 15 
4.4.3 Sensor-based microclimate assessments ............................................................... 17 
4.4.3.1 Soil moisture .................................................................................................... 17 
4.4.3.2 Soil temperature ............................................................................................... 17 
4.4.4 Optional assessments ........................................................................................... 17 

5  Publication bibliography .................................................................................. 20 



Fraunhofer ISE  Soil Research Plan  Sunvest Ontwikkeling B.V 

 

 4 | 21 

 

 

 
 

open 

1  Scope of the Soil Monitoring Plan 

In Oosterlaak in the Netherlands, a solar park is planned to be installed on land that is currently used for 

fruit cultivation. After the end of the lifetime of the PV system in approximately 25 years, the system will 

be removed. Then, the land is planned to be reused for agricultural purposes, such as for instance fruit 

production within a preferably short time. However, in many utility-scale PV systems, soil fertility degrades 

over time due to management practices that hinder vegetation by herbicides or gravel to reduce opera-

tional management costs (Horowitz et al. 2020). Instead, the goal of the soil and vegetation management 

in Oosterlaak is to keep the soil fertility at a similar level as before the PV system was installed and to even 

possibly improve it in order to be able to bring fruit cultivation back as soon as possible. To achieve this 

goal, five distinct vegetation systems with different management are proposed to be tested below the PV 

system. The suggested vegetation systems include three meadows with varying shares of nitrogen fixing 

or flowering plants, a wood mulch cover, and a reference zone in which the current vegetation is kept 

(Lolium and Poa) but tree logs from removed fruit trees will be added. The proposed management strate-

gies are cutting biomass and applying it as mulch on-site or removing (and selling) the biomass. For biodi-

versity purposes, the goal is to reduce the mowing frequency over time, but the major goal is to prevent 

the vegetation from shadowing the PV panels. Optionally, another management strategy could be to let 

sheep graze on the site, which would improve fertilization rates. The effect of the vegetation systems and 

management strategies on soil health and fertility will be monitored. Based on the monitoring, vegetation 

types and management might be adapted during the operational period of the solar park to achieve the 

best soil conditions for future fruit cultivation. This document only focuses on the area below the PV sys-

tem and does not include the management of surrounding vegetation.  

 

This soil monitoring plan will propose five distinct vegetation systems below the PV panels and briefly 

describe their expected effects on soil fertility. The main task of this monitoring plan, however, is to pro-

pose and describe soil monitoring strategies that capture the entire effect of the PV system on the soil 

fertility at the site. Hence, soil assessments before the installation of the PV system and after the removal 

of the system are included in this monitoring plan. Capturing the soil conditions before and after the 

lifetime of the PV system is especially important because site preparation and installation processes of PV 

systems can negatively impact physical, biological, and chemical properties of soil (Choi et al. 2020). The 

assessment measures are generally targeted to the predominant soil types in the Netherlands, e.g., sandy, 

and clayey soils, in a temperate climate zone. Since the fertility of soil depends not only on the right bal-

ance of plant-available nutrients but also on the physical structure of soil (compaction), the soil assess-

ments focus on laboratory nutrient analysis and on-site analysis of physical and visual soil properties. In 

addition, sensor-based microclimate analysis helps to link the outcomes of the mentioned nutrient and 

soil structure analyses to the distinct vegetation types. For instance, lower soil temperatures measured in 

an area covered by mulch could explain higher concentrations of nitrogen due to lowered microbial activ-

ity. Lastly, we recommend capturing the vegetation development in order to compare the success of the 

different vegetation systems and to plan adjustments and interventions.  

Thus, the monitoring strategy is based on laboratory analysis, visual and physical on-site assessments, 

sensor-based microclimate measurements, and a simple vegetation assessment.   
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2  Research Objectives 

The aim of this research is to determine the best way to be able to use the soil for fruit cultivation again 

after a solar park having been operational for 25 years. The best vegetation management for a high soil 

fertility can be determined by testing and eventually adjusting different vegetation systems and vegeta-

tion management strategies below the PV system. This results in the overarching research question for 

this soil monitoring plan: 

 

Which vegetation system and vegetation management can best keep the soil fertility at a similar level 

than before the installation of the PV system or possibly improve it? 

 

Soil fertility is generally defined as “the ability of a soil to sustain plant growth by providing essential plant 

nutrients and favorable chemical, physical, and biological characteristics as a habitat for plant growth” 

(FAO 2022). Thus, soil fertility cannot be directly measured but can be assessed by examining different 

biological, chemical, and physical properties of soil. Biological and chemical properties include the pres-

ence of macro- and micronutrients, pH, salt concentrations, and the organic matter content. Physical 

properties include the soil structure (aggregates, pores, particle size distribution), color, penetration re-

sistance (soil strength), bulk density (soil density), soil moisture and temperature. All properties are inter-

linked and determine the fertility and health of soil. Thus, to determine soil fertility, the following re-

search questions need to be answered:  

 

1) How is the biochemical composition (macro- and micronutrients, pH, salt concentrations, organic 

matter content) of the soil before the PV system is installed and how does it change within the 

different vegetation and management systems over time? 

2) How is the physical structure of the soil (aggregates, color, pores, particle sizes, share of roots, 

soil strength and density) before the PV system is installed and how does it change within the dif-

ferent vegetation and management systems over time? 

3) How could changing biochemical and physical properties of the soil be related to the different 

vegetation and management systems? 

 

To answer the first two research questions, we propose to conduct a laboratory-based analysis of soil 

samples with a strong focus on nutrients, pH, salt concentrations, and the amount of organic matter 

(humus) present. Additionally, the laboratory should analyze the particle size distribution of the soil to 

determine the soil type and the physical composition of the soil. Additionally, a visual assessment of soil 

structure, texture and share of roots in combination with an assessment of soil strength (penetration 

resistance) helps to determine compaction induced by installation processes of the PV system. To answer 

the third research question, sensor-based assessments of microclimate (soil moisture and temperature) 

and visual vegetation assessments can help to link changes of soil properties to the vegetation systems 

and management. All assessments and a preliminary monitoring schedule will be described in detail in 

section 4. 
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3  Proposed Vegetation Management Systems  

In the document “Formulation of a soil study under photovoltaics”, which was delivered by Fraunhofer-

Institute for Solar Energy Systems ISE to Sunvest Ontwikkeling B.V, the current soil conditions are de-

scribed as the following: There is sufficient N present in the soil and the fraction available to plants is 

exactly on target for fruit crop production. The plant-available N fraction should stay constant if possible. 

The C:N ratio is at 11:1 and should be raised to 13-17:1. The soil contains sufficient P but not in plant-

available form. The humus content is currently at 4-5 % and should be raised.  

 

Based on this information and the recommendations in the above-mentioned document, five distinct 

vegetation systems were chosen that all aim at improving the soil structure, humus content, and nutrient 

concentrations:  

A) A mixture of grass species with a high share of nitrogen fixing plants, e.g., clover or lucerne 

B) A flowering meadow, being a pollinator-friendly management strategy 

C) A mixture of grass and flowering species to get benefits from both  

D) Wood chip mulch cover, which will reduce weed pressure and slowly degrade over time while 

forming habitats for nesting insects and being a rich C source for the formation of organic mat-

ter 

E) A combination of the existing Lolium and Poa vegetation and tree logs from removed apple and 

pear tree stems. The wood is a source of organic matter and provides habitat for insect nesting. 

In this plot, plant, animal, and fungal communities that would naturally occur can return to the  

site (natural succession).  

 

Figure 1 Proposed vegetation systems: Grass species with high share of nitrogen fixing plants (A), flower-
ing meadow (B), mix of A and B (C), wood mulch cover (D), and leaving the current vegetation + adding 
tree logs (E) 
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Since the vegetation systems are planned to stay on the field for approximately 25 years, a mixture of 

different species is preferable since this increases the ecosystem resilience and decreases the risk for dis-

eases and depletion of plant-specific nutrients.  

Generally, grass and flower mixtures (System A, B, and C) do theoretically not need to be resown but 

sustain themselves. However, if weeds or diseases spread, the involved agricultural party (e.g., the solar 

developer) should decide if it is necessary to add herbicides or to renew/change the vegetation system. 

Deep-rooting grass and flowering species improve the soil structure and foster the formation of healthy 

aggregate and pore systems, thereby increasing the water retention capacity of soil. Additionally, the 

grown biomass provides input material for the formation of humus. When choosing the seeds, a plant 

mix with a balanced C/N ratio should be chosen that supports the formation of humus.  

 

Wood generally has a high C/N ratio, which is why a one-time N fertilization needs to be considered 

when first distributing the wood mulch on the area. In the beginning phase of wood degradation, micro-

organisms need higher N input to start degradation processes. Once in progress, microorganisms source 

C and N from the wood and transform it into humus and no further fertilization should be needed. The 

cover of wood mulch might reduce the growth of weeds or vegetation in general, but after one season, 

plants might grow despite of the wood cover. How long the wood cover will suppress vegetation de-

pends on the thickness of the layer, the present microbial activity, and the degradation rate of the wood. 

To prevent shrub formation, we recommend cutting the vegetation at the wood cover area when vegeta-

tion is high enough to be cut by typical machinery/the machinery used for the other areas. After some 

years, the wood chip mulch might be completely degraded depending on the microbial activity. If so, the 

soil fertility (humus layer and nutrient availability) should be compared to the other vegetation systems 

and depending on their success, it should be decided whether to apply another cover of wood mulch, to 

switch to another vegetation system, or to leave the area as it is.   

 

In summary, all areas are expected to be regularly mowed to prevent shrub formation and to foster the 

formation of humus, including vegetation system E. Even though shrub formation could improve biodi-

versity, it should be carefully monitored or avoided to prevent shadowing the PV panels. The cut vegeta-

tion could be shred and left as mulch cover, which would transform to humus over time. The mulch layer 

should not be too thick (due to high vegetation) to avoid rotting processes. The specific management 

(frequency of cutting, machinery used for shredding and distribution) should be directly decided on site 

because it is dependent on the weather, species mix, and growth rates. A gradual reduction of mowing 

from 4 times to once per year, times as late in the year as possible, would be beneficial for biodiversity. 

However, meadows can reach humus concentrations of up to 15%, while orchards prefer humus con-

tents of 8-10%. Therefore, an alternative strategy could be to cut and remove biomass (and potentially 

sell it). It could be tested, if the vegetation systems still sufficiently improve their humus concentrations 

when partially removing the grown biomass. Another possible option to manage growing vegetation is 

sheep grazing, which could add to the revenue of the PV system. Additionally, sheep dung fertilizes the 

soil and could improve the nutrient availability. In summary, we propose three different management 

strategies that could be tested on all vegetation systems that produce biomass (all systems, except system 

D in the beginning):  

1) Frequent cutting, shredding, and distribution of all vegetation to create a mulch cover that sup-

ports the formation of humus. 

2) Removal (and sale) of grown biomass 

3) Sheep grazing 

The proposed vegetation systems and management strategies only serve as suggestions and are open for 

discussion and adaption by the executing parties. Alterations in vegetation system and management do 

not necessarily affect the soil monitoring plan.   
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4  Soil monitoring plan 

The goal of the soil assessments integrated into this monitoring plan is to answer the following question: 

Which vegetation system and vegetation management can best keep the soil fertility at a similar level as 

before the installation of the PV system or possibly improve it? Since soil fertility cannot be directly meas-

ured but is dependent on a variety of biological, chemical, and physical soil characteristics, this monitor-

ing plan is based on the following four complementary assessments (see also Figure 2).  

1) On-site assessment of soil structure 

2) Laboratory assessment of biochemical soil properties  

3) Microclimate monitoring  

4) Vegetation assessment 

The necessity of all four different assessments is explained in detail in the next section. Then, a prelimi-

nary schedule for when assessments need to be made and the sampling strategy will be presented. Lastly, 

a description for how to conduct each measurement and a list of optional measurements that could re-

place or complement proposed assessments is provided. 

 

 

 

Figure 2 The soil monitoring plan is based on four assessment strategies to capture biological, 

chemical, and physical aspects of soil fertility 

4.1 An introduction to soil fertility and its assessment 

Each assessment of the soil monitoring plan targets different aspects of soil fertility. The following short 

introduction to the composition of soil and the interplay of biological, chemical, and physical properties 

helps to explain why different assessments are necessary. Agricultural soil normally consists of about 45 

per cent of solid particles, 50 per cent air and water, and about 5 per cent organic compounds (Idowu 

and Angadi 2013). Small solid compounds can be classified into sand, silt, and clay particles, distin-

guished by decreasing particle size. The ratio of sand, silt, and clay particles determines the characteristics 

of a soil and should be assessed in the beginning of the monitoring to know the soil type at the site. All 

assessments will be described in detail in a later section. Through microbiological activity, solid particles 

are clustered into aggregates, which are ”the distinct arrangement of soil particles into ’clumps’ or 

’units’, and these units are bound together more strongly than the adjacent soil” (Idowu & Angadi, 2013, 

p. 2). Between the solid particles and aggregates are pores that determine the porosity of the soil and are 

filled with air and water. The formation of a strong, homogeneous pore system is enhanced by swelling 

and shrinking processes, freeze/thaw cycles, and biological activity (Horn et al. 1995). Pores can be classi-
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fied into macro-, meso- and micro pores (Idowu & Angadi, 2013). Generally, the occurrence of macro 

pores enhances soil drainage, while meso pores influence the water retention capacity of a soil (Idowu & 

Angadi, 2013). A simple visual assessment of the soil structure including the aggregates, the presence of 

pores, and the share of roots should be performed to capture the effect of the different vegetation sys-

tems on the soil’s structure.  

 

Stress applied by vehicle traffic (e.g., during the installation of the PV system) can destroy aggregates and 

pore systems and compact the soil. The availability of air and water to plants and the N-mineralization is 

limited in compacted soil. Even though it is possible that the soil is partially compacted after the installa-

tion of the PV system, the roots of the planned vegetation are expected to mitigate effects and even im-

prove the soil structure over time. After 25 years, the soil is expected to have a strong aggregate and 

pore system supported by plants’ roots and a high humus content, which will be less vulnerable to soil 

compaction by vehicle traffic. Therefore, the risk for soil damage is lower when the PV system is dein-

stalled. Remaining soil compaction in the top layers can additionally be reduced by ploughing. However, 

present compaction, especially in the subsoil (below 30cm depth), can impede the success of future fruit 

cultivation. To ensure that the soil structure is ameliorated over time, the penetration resistance of soil 

should be measured with a penetrometer. The penetration resistance is an indicator for soil compaction 

and is a simple assessment method. Alternatively, the bulk density can be assessed, which is however 

more time- and material-intensive. Both measurements are good indicators for soil compaction, but for 

this case study, one measurement should be sufficient. 

 

Next to the on-site assessment of soil structure, the nutrient availability and humus content should be 

assessed because they are key indicators for soil fertility. Humus is decomposed organic matter and is a 

rich source of nutrients for plants. Additionally, humus improves the soil structure and its water retention 

capacity. The availability of macro- and micronutrients in soil determine crop growth and productivity 

(Kalcsits et al. 2020). The three main macronutrients are nitrogen (N), phosphorus (P), and potassium (K). 

Other important macronutrients are calcium, magnesium, and sulfur. Plants additionally needed minor 

quantities of iron, manganese, zinc, copper, boron and molybdenum. In case of nutrient deficiencies, 

fertilizers are commonly added to agricultural fields. Next to nutrient concentrations, the particle sizes of 

soil, the pH, and salinization and acidification levels play a role in soil fertility and should be assessed. In 

this case study, the goal is to keep favorable levels of nutrients over time, especially of nitrogen, such that 

fertilizer input can be reduced in the future cop cultivation. Thus, the presence of nutrients and the share 

of humus are advised to be regularly assessed by taking soil samples at different depths and sending 

them to an agricultural laboratory.  

 

The availability of nutrients and the formation of humus depend not only on the presence of input mate-

rials (e.g., mulch), but also on microbiological activity and nutrient loss by leaching. The latter occurs 

when excess rainwater containing dissolved nutrients transports them below the root zone into deeper 

soil layers. Nutrient leaching might especially occur at the dripping edges of the PV panels. A simulation 

of the distribution of rainwater below the PV system is shown in Figure 3. The year simulated was a very 

wet year with an average annual rainfall of 1142 l/m2/year, whereas the average for the region is 800 

l/m2/year. The simulation shows that at the dripping edges, the annual amount of rainwater hitting the 

ground is increased by a factor of almost 5. Below the PV panels, however, there is not much rainwater 

hitting the ground. The excess water below the dripping edges might cause nutrient leaching into deeper 

soil layers or nutrient transport into dry areas below the PV panels. The flow of water should be assessed 

with soil moisture sensors to explain nutrient inhomogeneities that might be measured with the laborato-

ry analysis.  
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Figure 3 Annual rainwater distribution in l/m2/year (colored scale) for an exemplary area  

of 30m x 45m below the PV system 

 

Moreover, nutrient availability and the presence of humus depends on microbiological activity and nutri-

ent uptake by plants, which are both dependent on soil moisture but also on soil temperature and irradia-

tion rates. Figure 4 shows the results of a simulation of shading rates, average irradiation below the PV 

panels and without PV panels, photosynthetically active radiation (PAR), and coefficient of variance for a 

cloudy, aver-age, and sunny day. On average, the PV panels are expected to shade approximately 70 per 

cent of the surface area below. The resulting average irradiation that reaches the plants is much lower 

than if there were no PV system. Since plants need solar irradiation for their energy supply, the plant 

growth rates below the PV panels might be smaller due to energy supply deficiencies or higher, such that 

the plants have larger surface areas to capture more photons. Additionally, surface and soil temperatures 

might be altered heterogeneously by the PV system, which would again affect microbiological activity and 

plant growth. This would result in lower nutrient demand and uptake, but also lower decomposition rates 

of organic material. Therefore, soil temperature close to the surface should be measured to explain po-

tentially occurring nutrient heterogeneities. Additionally, plant growth rates should be compared below 

and next to the panels. In summary, four different assessments are needed to measure soil fertility and 

explain eventually occurring inhomogeneities. Heterogeneous nutrient concentrations would require 

adapted fertilization strategies after the PV system is deinstalled to ensure that future crops do not suffer 

from nutrient deficiencies or over-fertilization.  
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Figure 4 Summary of simulated shading rates, average irradiation, photosynthetically active  

radiation (PAR), and coefficient of variance for a cloudy, average, and sunny day. 
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4.2 Preliminary schedule 

Figure 5 displays a preliminary annual schedule of on-site assessments of soil structure and biochemical 

composition, microclimate, and vegetation. Soil structure and nutrient analysis should start before the PV 

system is installed (Year -1) to capture the entire impact of the system. Even though tree removal might 

negatively influence the soil quality, it is part of the normal orchard management. Occurring damage 

should therefore not be linked to the installation of the PV system, which is why we suggest to conduct 

the first assessments after tree removal but before the installation processes begin. All assessments 

should be performed after the system is installed (Year 0) and in the year after (Year 1) to capture the 

development of the vegetation systems at the site. Afterwards, most assessments should minimally be 

performed every 5 years (as displayed in Figure 3), but more frequent assessments would increase data 

quality. After deinstallation of the PV system, soil structure and nutrient analyses should be conducted 

once more (Year 26), to capture any effects of deinstallation processes. Microclimate sensors take meas-

urements over the entire lifetime of the PV system. An assessment of the plant growth would best be 

performed every year just before the vegetation is cut but minimally every five years. Assessments should 

always take place at a similar time of the year. Given the different optimal conditions for the different 

type of measurements, it might be preferable to visit the field two times per year: Firstly, in periods where 

there is much vegetation (just before mowing) for the vegetation assessment, and secondly, after the 

vegetation is cut, e.g., in late august or early September 2-3 days after rainfall for the analysis of the soil 

structure and to take samples. The plant growth assessment could also be performed by the person who 

cuts the vegetation because it is a simple assessment that should not take much time. For the analysis of 

the penetration resistance, it would be best if it was performed 2 -3 days after heavy rainfall to assess the 

penetration resistance at field capacity, being the maximum water-holding capacity of the soil. This en-

sures that measured values are better comparable over time. If this is not the case in early September, the 

assessment might have to be done later in fall or spring when the soil is sufficiently wet. Figure 5 also 

shows optional measurements that would complement or replace the proposed assessments.  

 

 

 

Figure 5 Preliminary schedule of assessments including the year before construction (Year -1), the theoret-

ical 25 years lifetime of the PV system, and (directly) after the deinstallation (Year 26). More optional 

measurements further complement the gathered data. 
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4.3 Sampling strategy 

To capture the effects of heterogeneous microclimates and nutrient leaching, the four assessments need 

to be made at multiple plots. Microclimate sensors should cover every vegetation system. Soil tempera-

ture sensors should be installed below the PV panels and between the PV panels (see Figure 6) to capture 

the effect of the PV system on microclimate. Soil moisture sensors should additionally be installed below 

the dripping edge. To save money and because this is such a long-term experiment, it could be discussed 

if it would be sufficient to install the microclimate sensors only in one vegetation plot and to move them 

to the next vegetation plot after five years. Over five years, the effect on microclimate by the PV panels 

should be sufficiently captured and the microclimate is not expected to be so dependent on the vegeta-

tion or management systems. In this case, at least three sensors should be installed per group, e.g. three 

sensors between the panels and three sensors below the panels, as well as three sensors at the dripping 

edge for the soil moisture sensors, to account for variability and measurement inaccuracies.  

 

 

Figure 6 Illustration of sample plot locations. Source: Fraunhofer ISE 

 

For the soil structure, nutrient analysis, and the vegetation assessment, we recommend comparing not 

only the vegetation systems but also the management systems in case they differ (sheep vs. mulch vs. 

removal of biomass). Additionally, the dripping edge should be included as a third sample group to assess 

nutrient leaching and the impact of dripping rainwater on soil structure and vegetation. As a sample plot, 

we understand small areas from which samples are taken or at which the soil structure or vegetation is 

assessed. At one sample plot, multiple assessments are conducted. Since soil has a high local variance, 

multiple samples should be taken per assessment. The sample areas that are tested should best not be 

close to each other but distributed over the entire PV system, except very close (3m) to the boundaries of 

the PV system to exclude boundary effects. The following distribution of sample groups is proposed for 

the assessments excluding microclimate (see above): 

1) All assessments should be conducted in every vegetation system.  

2) If management within a vegetation system significantly differs, assessments should be conducted 

for every respective management system within a vegetation system.  

3) Assessments should be taken below the PV panels, between the PV panels, and at the dripping 

edge. Those are the respective sample groups. 

4) Several assessments need to be done within every sample group to account for variability of the 

soil. For the visual assessment of soil structure and plant growth, we recommend comparing 

three different spots within the sample group. For the penetration resistance, we recommend 

taking ten measurements within each sample group. For the biochemical analysis, we recom-

mend adding up soil at six different locations to one sample that is sent to the laboratory within 
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each sample group. Assessments should not be conducted directly next to each other but be 

randomly distributed over the sample group area.   

 

4.4 Description of soil assessment measures 

In this section, each soil assessment will be described in detail. The assessments are ordered according to 

how we recommend conducting them when going to the site. First, the vegetation assessment will be 

described, since it will probably be conducted most often. Then, the soil structure and biochemical analy-

sis will be explained step by step. Lastly, the sensor-based assessments will be described, which only need 

to be installed once. In addition, optional measurements that would enrich the data quality are men-

tioned.  

4.4.1 Vegetation assessment before vegetation is mowed/grazed 

4.4.1.1 Growth and health of plants and plant species 

Materials: Camera, meter rule 

 

The heterogeneous microclimates created by the PV panels might affect the success of certain plant spe-

cies, while hindering others to thrive. Just before mowing the vegetation, the plants below and between 

the panels and at the dripping edge should be examined. To do so, the height of the plants should be 

measured with a meter rule and photos should be taken to capture the abundance of present plant spe-

cies. If possible, dominant plant species and their preferences in soil conditions (moisture, compaction, 

etc.) could be identified. Additionally, rarely occurring species might be worth to take pictures from and 

identify to see if any protected species thrive. In combination with soil moisture and soil temperature 

data, these pictures might serve as an explanation for the soil structure and biochemical analysis. Plant 

growth rates might be lower between the panels and at the dripping edges, due to a lack or excess of 

water. In the former case, the nutrient uptake and demand of plants might be affected resulting in higher 

or lower nutrient concentrations than in the surroundings, while in the latter, nutrient leaching might 

reduce the plant-available nutrients.  

 

4.4.2 On-site assessments after vegetation is mowed/grazed 

4.4.2.1 Visual soil assessment 

Material: Spade, meter rule, camera, gloves, pencil, plan with sample locations 

Material when assessed for the first time: Munsell color chart, jar with a lid, water 

 

Simple soil assessments can be performed directly on site to determine soil properties such as texture, 

aggregation, porosity, color, and share of roots. For the analysis of the aggregates, pore system, and 

share of roots, the guide by Houskova (2004) can be followed. This assessment should be repeated at 

minimum every five years. In short, a 10 cm3 block of soil is digged out with a spade from the soil surface. 

The share of roots and the size of pores can then be visually estimated (and photographed). Then, the 

size of aggregates is measured with the meter rule and the strength of the aggregate system is evaluated 

by examining the aggregate structure of the soil. A minimum of three visual assessments should be con-

ducted within each sample group. Optionally, a worm count described in the optional assessment section 

could be integrated into this assessment.  

 



Fraunhofer ISE  Soil Research Plan  Sunvest Ontwikkeling B.V 

 

 15 | 21 

 

 

 
 

open 

Before the PV system is installed, two additional soil tests should be performed once to assess the soil 

type by its color and particle size distribution. To determine the soil color, a Munsell color chart can be 

used for a high accuracy. For the soil type aka particle size distribution, a simple test can be performed. 

Soil is filled into a jar, water is added, and both are shaken until there are no clumps left. Then, the jar is 

not moved for 24 hours. Sand, silt, and clay particles have different sizes and will sediment in layers. The 

ratio of the layers’ thickness is the ratio of sand, silt, and clay particles. The soil type can be determined 

with the soil triangle. For better data accuracy, the particle size distribution can also be determined by the 

laboratory when analyzing the soil samples for nutrients and humus 

 

4.4.2.2 Penetration resistance 

Material: Penetrometer, pencil, plan with sample locations 

 

Penetration resistance is an indicator for soil strength and can help to determine soil compaction in tillage 

pans or damages created by the installation or management of the PV system. Penetration resistances of 

soils can be measured with a simple penetrometer. Simple soil penetrometers are available in agricultural 

shops and cost approximately 200-300 Euros. Penetrometers measure the penetration resistance while 

being inserted by hand into the soil. Even simple devices can differentiate between different soil depths 

and can thus detect compacted layers. For Dutch soils, a penetration resistance of 2.0 Mega Pascal is 

generally considered as a threshold at which root penetration is impeded (van Orsouw et al. 2022). 

Measurements should be repeated ten times per sample group to account for soil heterogeneity. Meas-

urements are best conducted at field capacity, e.g., when the soil has taken up the maximum amount of 

water it can hold, and excess water has drained away. This is normally the case in fall and spring 2 - 3 

days after rainfall (Beckett et al. 2018). Over time, penetration resistances are likely to decrease due to 

increased microbial activity, humus formation, and root penetration. Penetration resistance necessarily 

needs to be measured before the PV system is installed to capture compaction effects by installation pro-

cess. Alternatively, bulk density is an even better indicator for soil compaction and cold replace or com-

plement the analysis with a penetrometer. Bulk density measurements are described in the optional sec-

tion. Bulk density is a more accurate indicator than penetration resistance, but it is more time and labor 

intensive (van Orsouw et al. 2022). van Orsouw et al. (2022) conclude in a study comparing penetration 

resistance and bulk density for Dutch soils, that 70 per cent of the measurements are in agreement. Thus, 

when repeating penetration resistance measurements at least ten times, it is a valid indicator for soil 

compaction.  

 

4.4.2.3 Soil samples for laboratory soil analysis of biochemical factors 

The following indicators for soil fertility are all examined by a standard biochemical laboratory analysis. 

Per sample group, one sample should be sent to the laboratory. To account for soil heterogeneity, one 

sample should be a mix of soil taken at ten different locations at 10 to 15 cm depth within the sample 

group area. The exact procedure and packaging of the samples should be discussed with the laboratory. 

Samples are taken best after vegetation is mowed or grazed to ease access to the area.  

 

Material: Container/plastic bag, big and small spades, meter rule, gloves, pencil, plan with sample loca-

tions 
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Macro- and micronutrient development  

The main macronutrients that determine crop growth and health are nitrogen (N), phosphorus (P), and 

potassium (K). Other important nutrients are Ca, Mg, and S. Plants also need minor concentrations of the 

trace elements Cu, Fe, Mn, and Zn. A laboratory will analyze the presence of nutrients in the soil and 

normally also give standard values for the type of soil. Over the years, nutrient concentrations might 

change and differ below and between the panels.  If some local nutrient deficiencies become apparent in 

the last years of the experiment, fertilizers should be added or management should be altered, e.g., 

planting of legumes such as clover, to achieve a favorable nutrient concentration for fruit cultivation. The 

comparison of the different vegetation and management systems will show, which management system 

keeps the nutrient concentrations at favorable levels over time.  

Salinization and acidification 

Salt concentrations and pH are important factors for microbial activity, crop development, and soil health. 

Unfavorable levels of salt concentrations and acidity can severely limit crop growth. Both are commonly 

assessed in standard laboratory soil analysis. At this case study, pH is normally between5 and 7 (van der 

Linden et al. 2009). Salinity is caused by increasing salt concentrations in irrigation water in the Nether-

lands (van Bakel et al. 2009). Since there will be no irrigation on the site, salinity should not be a problem 

but should still be examined because fruit crops are sensitive to high salt concentrations. Threshold for 

salt concentrations are soil and crop dependent. In case there is doubt, thresholds for salt concentrations 

should be discussed with local agricultural experts. Planting of legumes can have a negative impact on 

soil acidification (Burle et al. 1997). Unfavorable values should be carefully monitored and eventually neu-

tralized by the addition of material, e.g. lime, before the land is reused for crop production.  

Soil organic carbon and humus content 

Elevated levels of soil organic carbon have been found to improve the success of orchard replant, espe-

cially when nutrient deficiencies are present (Kalcsits et al. 2020). They were also found to reduce the loss 

of N fertilizer via leaching or volatilization and enhance nutrient cycling. Additionally, high organic matter 

contents improve the aeration and water retention capacity of soil. However, grassland tends to achieve 

unfavorably high levels of organic matter content that reduce the amount of nutrients available to plants. 

Approximately five years before the end of lifetime of the PV system, management strategies should be 

adapted if humus contents exceed a critical level of ca. 10 per cent. The regular removal of biomass helps 

to control and lower high humus contents.  

Microbial biomass: C:N ratio 

The C:N ratio is the ratio of the mass of carbon to the mass of nitrogen in a soil sample (Cardoso et al. 

2013). The optimal C:N ratio for microorganisms to decompose organic material is 24:1. A higher C:N 

ratio of organic material or crop residues added to soil will result in a temporary nitrogen deficit, while a 

lower C:N ration causes a temporary nitrogen surplus, which will be available for plants (USDA Natural 

Resources Conservation Service 2011). Over the years, the C:N ratio might significantly change between 

the vegetation systems. The laboratory soil analysis will help to determine which vegetation system 

achieves the best C:N ratio.    
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4.4.3 Sensor-based microclimate assessments 

Soil moisture and temperature sensors should be installed after the construction of the PV system is com-

pleted and the vegetation systems are set up to avoid any damage. The sensors will be left in the field 

until the PV system will be deinstalled. To avoid data loss or inaccuracy, sensors might need to be cali-

brated and it should be regularly checked if they still send data. Per sample group, at least three sensors 

should be installed. All sensors could be placed in one vegetation system and be moved every five years 

to examine all five systems in 25 years. Thus, a minimum of nine soil moisture sensors and a minimum of 

six soil temperature sensors are required. Some soil moisture measurement devices integrate soil tempera-

ture measurements. 

4.4.3.1 Soil moisture  

Rainwater distribution will be altered on the field due to the PV panels (see Figure 3). This effect is miti-

gated by large row distances of 1.75m between the panel rows and by leaving space between each 

module. However, all rainwater falling on PV panels is channeled at the lowest part of the panel and drips 

of on the soil. To derive the effect of the dripping edge on the soil and vegetation, soil moisture should 

be measured. Soil moisture influences microbial activity and nutrient transport (Kalcsits et al. 2020). Ex-

cess water might cause nutrient leaching, being the transport of dissolved nutrients below the root zone 

and into deeper soil layers. Per vegetation system, at least two sensors should be installed, of which one 

is located below the PV panel and one between the PV panels. Additionally, one sensor should be placed 

below the dripping edge, to capture the effect of the PV panels on the soil. Soil moisture at the dripping 

edge can be linked to nutrient availability and soil structure, since the excess water might alter the aggre-

gate and pore system and leach nutrients.  

Multiple-depth sensors yield better scientific data but are expensive, but single depth sensors should yield 

sufficient data for this case study.   

 

4.4.3.2 Soil temperature  

Soil temperature can slightly differ from their surroundings below PV panels (Weselek et al. 2021). Soil 

temperature directly influences microbial activity. The distinct microclimates below and between the PV 

panels might affect the degradation rate of organic matter and plant growth rates. Differences in soil 

temperature should be assessed and if possible linked to the results of the biochemical laboratory analy-

sis, meaning that differences of nutrient concentrations below and between the panels could be partially 

explained by higher/lower soil temperatures.   

 

4.4.4 Optional assessments 

In the following section, measurements are proposed that could be optionally performed but are not 

necessary. Optional measurements could enrich the data quality, some of them without much effort. In 

the case of bulk density, the described measurement could replace penetration resistance measurements, 

if bulk density measurements are more convenient due to the collaborations or material availability.  

Bulk density and gravimetric water content 

Like penetration resistance, bulk density is an indicator for soil structure and compaction. To measure the 

bulk density, soil samples of a specific volume are taken, for instance with cylindrical soil cores. Samples 

are weighted in a laboratory and dried in an oven at 105°C for 2 - 4 days. The ratio of the dry soil weight 

and the volume of the soil core is the bulk density. In each sample area, at least 6 samples should be 
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taken to account for variability (Horn and Fleige 2009). Moreover, samples are best taken at two distinct 

depths, for instance in the topsoil and in the subsoil. If the bulk density exceeds critical values indicating 

soil compaction after the construction of the PV system, the soil should be mechanically loosened. To-

wards the end of the experiment, lower bulk densities can be expected due to a built-up of organic mat-

ter and rooting structures. Samples can be taken at any time but digging holes for the samples at deeper 

depths might be more convenient in moist soil. Assessing this parameter is quite time intensive and re-

quires specific equipment. It is probably more convenient to measure the penetration resistance instead. 

Bulk densities could be assessed before the construction, in the first year after construction and all subse-

quent five years to trace changes.  

When assessing the bulk density, the water content of the samples can be easily assessed by comparing 

the weight of the initial soil sample to the weight of the dry soil. The water content also is an indicator 

for soil compaction and general soil structure.  

Worm Count 

Worms are an indicator for soil fertility because they play a substantial role in the transformation of or-

ganic matter into humus and in improvement of a soil’s structure. This assessment could be integrated 

into the visual soil assessment. A block of 20 x 20 x 20 cm is removed from the soil with a spade, at least 

twice per sample area (vegetation system). Earthworms are hand sorted and identified. A distinction 

should be made between epigeic, endogeic, and anecic earthworms. Epigeic worms are found in decay-

ing organic matter at the soil surface and are darker than the others and relatively small 3 – 18 cm. Epige-

ic worms play an important role in the decomposition of organic matter. Endogeic worms are found in 

the upper soil layers, reach sizes between 3 and 30 cm, and are rather colorless. Endogeic worms create 

semi-permanent horizontal burrows and improve soil aeration and mineral distribution. Anecic earth-

worms create permanent vertical burrows from the surface into deeper soil layers. Their sizes range from 

3 to up to 150 cm (Koopmans and Bloem 2018). Worm counts per vegetation system can be compared. 

Higher worm counts indicate a better soil structure and fertility.  

Surface and air temperature 

Next to the soil temperature, surface and air temperature could enrich microclimate data. These addition-

al measurements provide more detailed information on how the PV panels affect the microclimate. Simi-

lar to the soil temperature, a comparison of temperatures below and between the panels could be linked 

to microbiological activity and plant growth.  

Photosynthetically active radiation (PAR)  

Measuring the photosynthetic active radiation allows to determine how much plant-relevant light is 

blocked by the PV panels. One PAR sensor could be installed below a PV panel and one sensor in be-

tween the panels. The results of PAR measurements could be linked to plant growth rates. Less PAR 

might result in reduced plant growth due to a lack of energy supply or into increased plant growth be-

cause the plants try to increase their surface.  

Indicator plants 

Plants have preferences in soil type, texture, and nutrient availability. Some plants can serve as indicators 

for soil conditions. In the plot that is left naturally and in the plot with wood chip mulch, a vegetation 

assessment might provide valuable insights into soil composition, texture, and nutrient availability. In the 
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other plots, plants that have not been sown or the success or failure of species that were sown as part of 

a seed mixture might serve as indicators for soil conditions. Comparing the vegetation on site with a re-

gional plant guide can provide an estimate of soil conditions and the impact of the distinct vegetation 

systems. Examining indicator plants requires a certain expertise or time and is only a weak indicator for 

soil fertility, but it could be performed as part of an educational input in cooperation with a school.  

Biodiversity: The Shannon Index 

In this case study, the primary goal is not to maximize biodiversity, but the focus is on soil fertility. How-

ever, plant biodiversity and soil fertility is closely linked. Furey and Tilman (2021) found that perennial 

grassland plat species increase nutrient levels by 30 to 90 per cent, with highest increases if functional 

plant diversity was highest. Functional plant diversity depends on the presence of plants of the three fol-

lowing functional groups: legumes, forbs, and grasses. Thus, the success of the distinct vegetation sys-

tems to improve soil fertility is related to biodiversity. The Shannon index is one possibility to assess and 

compare biodiversity in the vegetation systems. The Shannon Index considers species richness, meaning 

the number of different species present, and species evenness, being the proportions of species present 

(Vervloesem et al. 2022). Even though the Index can be criticized for conceptual and statistical problems 

that do not allow for direct comparison with other sites or projects, it is a simple and commonly used 

method to compare vegetation systems within one site or project. The advantage of the Shannon Index is 

that biodiversity within different systems can be easily compared, while it is not a necessity that plants’ 

names are identified.  

The Shannon-Wiener index can be calculated as follows: 

1) Identify the number of different plant species in a given area in each vegetation system (e.g. 

4m2) 

2) Identify the frequency at which these species occur 

3) Calculate the proportions at which each species is present pi 

4) Calculate the natural logarithm of each proportion: ln(pi) 

5) Multiply the proportions with the natural log of the proportions: pi * ln(pi) 

6) Sum up the output of step 5 to calculate the Shannon Diversity Index. Multiply it by (-1) to 

yield a positive result. The Shannon Index is likely to be in the range of 1.5 to 3.5.  

𝐻 =  − ∑ 𝑝𝑖  ∗  ln(𝑝𝑖) 

7) Compare the Shannon Indices of the different vegetation systems with each other.  
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