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Chapter 1 
 
General introduction  
 
Soils under stress 
The soil serves a multitude of functions (Costanza et al., 1997; Van Straalen, 2002), 
most of which are not appreciated or even unknown to the general public. Still, we 
have to consider that in most terrestrial ecosystems the highest biodiversity is found 
beneath the surface (Giller, 1996; Wardle, 2002) and estimates of the number of 
species in the soil are in the range of millions while the number of aboveground 
species is in the range of thousands (Wardle, 2002). A clean and healthy soil is as 
important as clean air and clean water, in fact these three are interdependent.  The 
soil is such an important compartment in our biosphere that it needs to be protected 
from loosing any of its present functions.  
   Soil policy in the Netherlands started to develop in the eighties of the twentieth 
century. The first interim law on soil in the Netherlands was introduced in 1983 after 
severely polluted soil was discovered under a residential area in Lekkerkerk 
(Province of Zuid Holland, The Netherlands). Former ditches had been filled up 
with toxic-waste containers and covered with a layer of soil in the past. People had 
been living on this soil for years. At that time little knowledge or expertise on 
toxicological problems in the soil existed. Soon after the discovery of the pollution 
in Lekkerkerk, similar situations turned up in other parts of the country. It became 
shockingly clear this was not a single incident but rather a consequence of a lack of 
sound soil policy. 
   Nowadays there are approximately 270,000 potentially severely polluted locations 
in the Netherlands, which means that concentrations of one or more chemicals 
exceed the so-called Intervention Value. It is estimated that 11,000 of these 
suspicious spots have to be cleaned up urgently because they pose an actual or acute 
health risk to man or the environment. In 2007 alone the total costs for cleanup 
operations and research amounted up to nearly 0.4 billion euros (VROM, 2008).  
   An even bigger challenge poses the diffuse pollution in the Netherlands, which is 
sometimes referred to as the grey veil of contaminants (Posthuma and Vijver, 2007; 
Groot et al., 2008). Despite detailed knowledge on the whereabouts of polluted spots 
in the Netherlands and the level of their pollution, little is known about diffuse 
pollution. Large parts of the country are only slightly to moderately polluted with 
low levels of persistent chemicals. These chemicals originate from a vast number of 
human activities and natural processes. Each of these chemicals individually may 
affect biological processes, while the effect of the mixture may be enhanced through 
potentiation or synergism, or mitigated by antagonism (Weltje et al., 1995). For only 
the minority of the chemicals found in our soils, the modes of action are known. 
Whereas concentrations of none or only a few of them are exceeding the 
intervention value, little is known about the effects of all these chemicals acting 
simultaneously. 
   In order to support soil policy, scientists have had to tackle questions about 
threshold values above which adverse effects could be expected and the ecological 
consequences of exceeding such values. These questions lead to the development of 
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standardized single-species toxicity tests, in which an organism is exposed to a 
single chemical of interest. By testing at different concentrations, effects on several 
endpoints like survival and reproduction can be determined. These tests provide 
effective concentrations (e.g., the LC50, the concentration killing 50% of the test 
organisms, or the EC50, the concentration reducing the performance by 50% 
compared to the control) or no-effect observed concentrations (NOEC), which are 
the starting point for risk assessment. The chosen organisms are supposed to be 
representative of similar species in the natural environment. 
   With the development of single-species toxicity tests, criticism developed too 
(Cairns, 1983). Single-species tests do not take into account any effects on 
competitive characteristics, which may have significant implications in the soil 
community (Bayley et al., 1995) and responses to certain chemicals can be different 
for similar species (Ruebhart et al., 2008). Because of this criticism, different 
approaches were developed. Results from single-species toxicity tests were 
combined to construct Species Sensitivity Distributions (SSD) that were used to 
derive safe values for whole ecosystems. Although use of SSDs has greatly 
improved ecotoxicological risk assessment (Posthuma et al., 2002), the approach 
still suffers from some of the same limitations as single-species toxicity testing. The 
species are still presumed to be representative for natural occurring species and no 
effect on interactions is taken into account.  
   Less theoretical approaches were also developed in which a species is subjected to 
mixtures of chemicals (Bongers, 2007) or whole communities are subjected to either 
single toxicants (Bruus Pedersen et al., 1999) or mixtures of chemical compounds 
(Kools et al., 2008). For instance, Terrestrial Model Ecosystems (TMEs) are devices 
in which intact soil columns are incubated in the laboratory, allowing for detailed 
monitoring of the soil community and the biological processes that occur (Van 
Straalen, 2002). The structure of the soil community is related to the functioning of 
the soil (McGradySteed et al., 1997; Downing and Leibold, 2002; Petchey et al., 
2004; Kools et al., 2008). Within the SSD approach it is assumed that functioning of 
the soil is protected if the naturally occurring species are protected. If interactions 
between species or between life-stages of species are affected, this does not have to 
be the case. A whole-community approach offers a better opportunity to derive safe 
values in ecotoxicological risk assessment, since the effects of toxicants on 
interactions are also included. One of the whole-community approaches is the use of 
food-web modelling in which data on the biomass of different (groups of) organisms 
in a community from field sites (or TMEs) is used to assess the effects of toxicants. 
In a food web all species are lumped in functional groups that are defined as 
collections of organisms with similarity in resources, predators, metabolic 
efficiencies and natural death rates (Moore et al., 1988). By linking all functional 
groups with feeding relations, a web is created (Figure 1) that allows for testing of 
stability, estimation of functional responses (e.g. respiration and nitrogen 
mineralization rates) and evaluation of structural characteristics (Hunt et al., 1987; 
De Ruiter et al., 1993; Petchey et al., 1999; Berg et al., 2001; Holtkamp et al., 
2008). 
   Food webs provide a valuable tool to evaluate the effect of potentially toxic 
compounds or other stressors on the ecosystem. They combine a range of parameters 
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that can be assessed in toxicological tests. Not all parameters are affected in similar 
ways but food web modelling is capable of dealing with these differences in 
responses.  

 
 
Figure 1: Soil food web from the test site “Lovinkhoeve” (Marknesse, The Netherlands). 
Boxes are functional groups (sensu Moore et al, 1988). Lines between boxes represent 
feeding interactions. Reprinted with permission from De Ruiter et al., 1993.  
 
Figure 2 depicts how the effect of certain chemicals may be translated from single 
organisms to the community. This figure is based on Ashford’s view (1981) who 
proposed to view organisms in single species tests as collections of subsystems 
(such as central nervous system, cardio-vascular system, endocrine system, gastro-
intestinal system and hepatic system). Each of these subsystems is affected in its 
own distinctive manner by a chemical. De Zwart and Posthuma (2005) used 
Ashford’s view to visualize mechanisms, underlying the standard endpoints in single 
species toxicity tests (left side of Figure 2). The response of an organism on a 
chemical is determined by the responses of all the subsystems. If one keeps in mind 
that a functional group consists of a collection of individuals, belonging to related 
species, it becomes clear that a specific effect of a stimulus on a receptor of a 
particular species can eventually lead to an effect on community endpoints. For 
instance, in Figure 2 it is shown that if a chemical affects the nervous system, this 
may affect sensory organs. This in turn may lead to an alteration in locomotion 
(detecting environmental cues), predation rate (detecting prey), reproduction rate 
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(detecting potential partners) and/or mortality rate (detecting predators). If the 
majority of species within a functional group responds in the same way, the 
processes on the right side of Figure 2 are not only affecting individual organisms 
but even communities, such as food webs.  
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   Food webs have been studied in many ecosystems, for instance natural terrestrial 
ecosystems (Hunt et al., 1987; Polis, 1991; Berg et al., 2001), agricultural soil 
ecosystems (De Ruiter et al., 1994; Moore, 1994; Mulder et al., 2006) and 
ecosystems after land abandonment (Holtkamp et al., 2008) . Food webs have 
become a subject for research in itself (Lawler and Morin, 1993; De Ruiter et al., 
1995; Christian and Luczkovich, 1999; Neutel et al., 2002; Moore et al., 2004; 
Neutel et al., 2007; Petchey et al., 2008). All studies have to admit that real 
ecosystems are much more complex than any food web can describe. However, they 
agree on the fact that food webs are valuable tools to investigate ecosystems. Food 
web research can be split in two approaches. The first approach is a more theoretical 
one, which often uses microcosm-based food webs to focus on why and how food 
webs are built up in a particular way. The second approach is a more descriptive 
one. Food webs are used to describe real ecosystems in an abstract, but feasible 
manner. The approach followed in this study is the latter one. The ecosystem in an 
arable soil was described in a food web manner to develop an indicator for user 
oriented soil management and ecological soil quality assessment. Such an indicator 
efficiently describes the effects of low levels of persistent chemicals on the 
environment, something current single-species toxicity testing and even mixture 
toxicity testing are unable to do. The latter tests are required for elucidating 
mechanisms, providing safety limits and diagnose soil samples but lack the ability to 
assess low levels of (mixture) toxicity. Food webs do react on such low levels of 
persistent chemicals and combine historical effects (via population dynamics) and 
present environmental conditions. Therefore the soil food web is a good starting 
point to find a general soil quality indicator.  
 
 
The soil food web in this thesis is used to answer the following questions:  

• Is the soil community structure affected by environmental stress? 
• What are the effects of environmental stress on the structure, stability and 

functioning of the soil food web? 
• How are changing temperatures affecting the stability and the functioning 

of stressed soil food webs? 
• Is it possible to derive an indicator for soil quality assessment from soil 

food webs? 
 
 
From soil to numbers 
To start building a food web one needs data on biomasses, feeding relations, 
metabolic efficiencies, natural death rates and functional groups. It all starts with the 
collection of all the present species. As we are dealing with a soil food web, we have 
to take samples from the soil and to extract all faunal elements in a specialized 
setup. The type of soil strongly influences the available techniques for extracting the 
animals. In this study, the soil from the test site consists of slightly loamy fine sand 
with a low organic matter content (Korthals et al., 1996; Boon et al., 1998). It turned 
out that existing extraction procedures did not perform well in this type of soil or 
were cumbersome in use, especially since in some procedures highly toxic 
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substances were used. In Chapter two of this thesis an unforeseen research question 
had to be answered before the research on the soil food web could commence: 
 

• What is a suitable method to extract soil microarthropods from a large 
number of sandy soil samples?  

 
In Chapter 2 a newly developed method (oil flotation) is presented that is based on 
standard flotation techniques. However, some innovations were added to decrease 
the margin for error and to avoid the use of toxic substances. Oil flotation has 
advantages over existing methods. Other flotation methods often use toxic 
compounds in order to extract animals from the soil (Walter et al., 1987; Geurs et 
al., 1991; Kethley, 1991; André and Noti, 1993; Andrew and Rodgerson, 1999). The 
use of these compounds requires solvent-resistant and expensive materials in the 
setup. The newly developed method uses olive oil as the extraction fluid, which 
makes it possible to construct the setup from relatively cheap and readily available 
materials. The setup itself was designed to reduce the margin for error. Earlier 
methods were rather cumbersome in practice due to the need for frequent 
intervention of the researcher (Walter et al., 1987; Geurs et al., 1991). 
   By adding known amounts of coloured mites it was shown that the method 
performed equally well or better than existing methods.  
 
Effects on the soil community structure 
The data for constructing the soil food web was gathered in a period of four years. 
The next step towards food web modelling in this thesis was to investigate if the 
community structure was affected by stress (Chapter 3). If stress affects the structure 
of the soil community, it is quite plausible that the functioning of the soil is also 
affected since structure and functioning are closely related (Loreau, 2000; Loreau et 
al., 2001; Thebault and Loreau, 2003). In some cases a species is negatively affected 
by environmental factors and disappears from the system. If such a species is 
replaced (through colonisation) by a less sensitive one or if an already present 
species expands its niche while contributing in an equal amount to the functioning of 
soil, no effect on the functioning of the soil may be noticeable (Slobodkin, 1955; 
Klepper et al., 1999). This phenomenon is known as the “insurance effect” (Yachi 
and Loreau, 1999; Loreau, 2000) where a high biodiversity increases the chance that 
a suitable replacement species or “spare wheel” is present in the case of a local 
extinction (Wardle, 2002).  
   Structural changes in communities are not necessarily caused by anthropogenic 
influences. Large structural changes of natural origin take place in all soil 
communities. These temporal changes are mainly linked to seasonality and 
succession. As long as enough resources are available and no top-down regulation 
takes place, populations will increase in biomass and number until unfavourable 
conditions prevail and populations decrease to a minimum or even disappear 
(Ingham et al., 1986; Pahl-Wostl, 1995; Ostfeld and Keesing, 2000). Combined with 
for instance variation in fecundity or breeding success (Bauwens and Verheyen, 
1987; Lambrechts et al., 2004), presence of pathogens (Kriger and Hero, 2007) or 
the diversity of the regional species pool from which recolonization takes place, it is 
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not difficult to imagine the large number of changes that take place in the structure 
of the community. All of these changes can be part of the natural development of the 
community (Witman and Smith, 2003). 
   In Chapter 3, effects of environmental (human induced) stressors on the structure 
of the soil community were investigated. The investigated stressors were a 
combination of the presence or absence of a historical copper load and an altered pH 
level. By using the Bray-Curtis similarity index (Bray and Curtis, 1957) the effects 
of these stressors on the soil community structure were assessed. This index is 
suitable for detecting effects of stress on a community (Dahl and Blanck, 1996). The 
setup of the test site makes it possible to distinguish treatment effects from natural 
effects. 
 
Food webs under stress 
After having investigated the effect of stress on the structure of the soil community, 
the next step was to focus on other characteristics of the soil. The functioning and 
the stability of the soil food web, too, can be affected by environmental stressors. 
Therefore, the food web may reveal information about the quality of the soil, 
sometimes referred to as soil health (Doran et al., 1996). In Chapter 4 the main goal 
was to find a characteristic of the soil food web that may lead to the development of 
an easy-to-use indicator of soil health. In analogy with human health, where a body 
temperature deviating from the normal operating range indicates an unhealthy status, 
some characteristics of the food web may hold clues to the status of soil health. In 
order to find such characteristics, the food web in an arable soil was investigated 
under different levels of stress, being presence or absence of a historical copper load 
and an altered pH-level.  
   Food web modelling is a logical approach for addressing soil health since national 
and international programs for monitoring soil health include biomass, respiration 
measurements, nitrogen mineralization, microbial diversity and diversity of 
functional groups of soil fauna (Schloter et al., 2003).  
   During the analysis of the data it became clear that there were differences in the 
average temperature ranges per day between the two sampling years. In Chapter 5 
the effects of temperature on the soil food web are investigated since it is well 
known that temperature exerts a large influence on the rate at which (biological) 
processes occur (Gunn and Hopf, 1942; Frissel, 1977; Abdel-Lateif et al., 1998). As 
processes like uptake of heavy metals (Marinussen and van der Zee, 1997) and 
characteristics like fecundity, sex ratio, fitness and development time of offspring in 
ectothermic species are closely related to temperature (Warner and Shine, 2008), 
food webs will be affected by temperature.  
   The temperature effects on stressed soil food webs were investigated by modifying 
temperature-related food web parameters with the Arrhenius relation. This relation 
offers the means to estimate the rate of biological processes at a range of biological 
significant temperatures, based on a measured rate at a reference temperature. It was 
assumed that food webs, already under stress, would respond differently to the extra 
stress caused by more extreme temperatures because less energy is available for 
counteracting measures. 
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Abstract 
 
Many soil ecologists still encounter practical difficulties when extracting 
microarthropods from the soil. Methods using a humidity gradient, established by 
the use of a heat source, for collecting soil animals appeared not sufficiently 
efficient in case of sandy soils. For such type of soils, flotation techniques proved 
more suitable. The use of toxic or aggressive flotation fluids like kerosene, dibromo 
ethane, carbon tetrachloride and heptane, however, makes these methods less 
favourable. To circumvent this problem, a novel technique has been developed 
based on the flotation principle but using olive oil. The method uses a pumping 
system that injects olive oil at the base of a Perspex column in which the soil sample 
is suspended in water using a propeller. In this way, intensive contact between oil 
droplets and the organisms is established, increasing extraction efficiency. After 
stopping the propeller, animals can easily be collected from the oil floating to the 
water surface. Adding coloured mites to soil samples was used to determine 
extraction efficiency of the method. Average (±SD) recoveries of 82.7 ± 7.4 % 
(n=34) and 89.7 ± 10.0 % (n=10), respectively were obtained when extracting 
storage mites and predatory mites from a sandy soil. 
 
Keywords: flotation extraction method, soil microarthropods, mite cultures;  
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Introduction 
 
The efficiency with which microarthropods may be extracted from soils strongly 
depends on the type of soil and the species under investigation. Soil type largely 
determines the technique of choice for extracting animals from the soil. Dynamic 
methods, using a humidity gradient, established by the use of a heat source, to expel 
animals from the soil [3,16,25], are less suitable in case of sandy soils. Due to the 
physical properties of these soils, the animals cannot escape in time and die of 
desiccation before they can be collected. This may result in a serious 
underestimation of their densities [8,14,15,17]. Another factor of importance in 
using dynamic methods is the seasonal variation in extraction efficiency [14]. This 
variation is caused by altered animal behaviour due to the seasonal changes in soil 
moisture content and temperature, which may influence their sensitivity to the 
driving forces [13,26]. Because of the nature of these dynamic extraction methods, 
only mobile stages are collected. Therefore, the data are skewed towards these 
stages [10,23], resulting in an incomplete picture for the belowground community 
and its biodiversity. In particular for sandy soils, drying faster than the animals can 
move, the data is not representative for what is really living beneath the surface, and 
no proper indication of belowground biodiversity may be obtained. 
   For sandy soils, flotation methods are more suitable [10]. Using these so-called 
passive or mechanical techniques, animals are not forced to leave the soil actively 
but are passively separated from the soil. In this way not only highly mobile stages 
may be collected but also less mobile and sessile ones [1,10]. In some cases, 
flotation methods allow for the extraction of even more mobile stages than dynamic 
methods [21]. This may occur when mobile species do not flee for drought but 
instead go into diapause. This strategy may cause a low recovery of these species in 
the extract of dynamic methods. Also in case animals are in a moulting phase, 
making them less mobile, e.g. in case of mites, dynamic extraction methods may 
underestimate juvenile density [22]. Further, samples may be stored in frozen form 
for long periods before extraction without affecting efficiency of the flotation 
method [4]. 
   Flotation methods can be divided into two distinct classes: those that are based on 
the affinity of the arthropod cuticle for petroleum derivates and those based on the 
differences in specific gravity of extracted animals and the flotation fluid [9,28]. A 
disadvantage of traditional flotation methods belonging to the first class is the use of 
toxic flotation fluids like kerosene, heptane, 1,2-dibromo ethane and carbon 
tetrachloride [1,2,6,7,10,19,20,28], requiring expensive solvent-resistant materials 
and working in a fume hood.  
   Main aim of this study was to develop a new method that circumvents the use of 
toxic chemicals. Although it makes no use of petroleum derivates, the method 
described in this paper falls into the first class of flotation methods. A non-toxic 
flotation fluid of organic origin is used: olive oil. Adding known amounts of 
coloured mites was used to determine efficiency of the new extraction method. For 
that purpose a method was developed that enables the culture of coloured 
(predatory) mites limiting the risk of escaping and infecting other cultures. 
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Materials and Methods 
 
Mite cultures 
Cultures were established with storage mites [Tyrophagus putrescentiae (Shrank, 
1781)] and predatory mites [Hypoaspis (Geolaelaps) aculeifer (Canestrini, 1883)]. 
Mites are notorious for their escaping abilities. Due to their large numbers and small 
sizes, individuals can easily escape and wander off unnoticed. To prevent this, a 
simple but effective setup was constructed.  
   For the culture of T. putrescentiae, two containers (Perspex) of unequal sizes (∅ 
3.5 cm and ∅ 5 cm) were glued together with silicone kit as shown in Fig. 1.  

 
Figure 1: Container for culturing the storage mite Tyrophagus putrescentiae. 1. Outer 
container (Ø 5 cm); 2. Inner container (Ø 3.5 cm); 3. Mixture of coloured bakers’ yeast and 
mites (approximately 5 mm thick). 4. Olive oil barrier (approximately 10 mm thick). 
 
The intermittent space between the two containers was filled with a 10 mm layer of 
olive oil (Lorena® Olio extra vergine di oliva, Cavanna Olli, Casella, Liguria, Italy). 
Because the exoskeleton of arthropods is hydrophobic, the animals will immediately 
be immersed in the olive oil when trying to cross. In this way, the olive oil 
effectively prevents the mites from escaping. The bottom of the inner container was 
covered with a layer of bakers’ yeast (approximately 5 mm thick). The yeast was 
coloured according to Thiele and Larink [24], using McCormick Food Colors & Egg 
Dye as a colouring agent. Several storage mites (T. putrescentiae) were introduced 
into the culture container.  
   A slightly different setup was used for culturing predatory mites (H. aculeifer) 
(Fig. 2). The outer container was much bigger (Perspex, ∅ 15 cm) and closed with a 
lid. The space between inner and outer container was filled with a moist mixture of 
potting soil and vermiculite (1:1, approximately 3 cm thick), which served as 
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habitat. This part was inoculated with several predatory mites (H. aculeifer). Every 
other day a few hundred storage mites (T. putrescentiae) were added to the empty 
inner container (∅ 3.5 cm) as prey for H. aculeifer. 
 

 
Figure 2: Container for culturing the predatory mite Hypoaspis aculeifer. 1. Lid. 2. Outer 
container (Ø 12.5 cm) 3. Inner container (Ø 5 cm): area for adding storage mites 
(Tyrophagus putrescentiae) as food source for predatory mites. 4. Potting soil/vermiculite 
mixture (approximately 3 cm thick) containing predatory mites. 
 
   To prevent escaping, for both mite species, culture containers were placed on a 
small platform (∅ 10-15 cm) that was placed in a large shallow tray filled with olive 
oil. In the unlikely event of mites escaping from the culture container, they would 
not be able to leave the platform. Both T. putrescentiae and H. aculeifer cultures 
were kept together in a separate climate room (RH 80%, 20 °C) to prevent infection 
of other cultures present in the facility when transferring material (for cleaning and 
maintenance) between cultures. No mites escaped from the platforms. 
 
 
Flotation method 
To restrict the use of toxic chemicals and to reduce the error, a new setup for 
extracting microarthropods from soil samples was designed using readily available 
materials. The newly developed apparatus (Fig. 3) is composed of three sections that 
can be connected to each other. The bottom section is a Perspex container, ∅ 10 cm, 
equipped with an inlet for adding oil. The middle section is a Perspex column, ∅ 10 
cm that fits on top of the container. Rubber seals prevent leakage. The top section of 
the apparatus is a PVC lid, connected to a stainless steel propeller shaft. When all 
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parts of the apparatus are connected, the propeller is situated just above the oil inlet 
in the container (bottom section). Detailed CAD-files of the design are available on 
request. 
   Not shown in Fig. 3 is an electrical motor, which is attached to the propeller shaft. 
The motor should be powerful and should have an adjustable speed.  
 

 
Figure 3. Setup of a flotation method using olive oil to extract microarthropods from sandy 
soils. See text for details. 1: Bottom section: Perspex container; 2: Inlet for olive oil; 3: 
Middle section: Perspex column; 4: Top section: PVC-lid; 5: Stainless steel propeller with 
shaft. 
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Soil samples 
Soil was sampled with a stainless steel corer (∅ 4 cm, 0 – 10 cm deep) from a test 
site in Bennekom (Gelderland, The Netherlands). This site is an arable field with a 
three-year crop rotation cycle consisting of barley, potatoes and maize. The soil 
contained 3.4% organic matter, and consisted of 3% clay (< 2 µm), 10% silt (2-50 
µm) and 87 % sand (> 50 µm) [5,11]. For each extraction five samples were taken 
haphazardly to obtain a minimum of 250 grams of soil. The samples were stored at 
minus 18 °C until extraction started.  
 
 
Extracting microarthropods 
Frozen soil samples (ca. 250 g) were placed in the container of the apparatus (Fig. 3) 
immediately after thawing. Water was added to completely soak the soil. After 30 
seconds of gently shaking, the container with the soil and water was placed for 8 
minutes in a vacuum chamber under low pressure to reduce the amount of floating 
plant residues [9,28]. Subsequently, the column (middle section) was mounted on 
the container and approximately 4 l of tap water were added. The lid with the 
propeller shaft (top section) was mounted and the complete column was placed into 
a frame and connected to an electrical motor (not shown). After placing the column, 
a membrane pump was connected to the container using polyethylene tubing. For 
ten minutes the propeller turned with a speed just high enough to keep all soil 
particles in suspension (approximately 330 rpm) and 160 ml olive oil was pumped 
into the column. The oil was added in small amounts every 10 seconds. Any oil 
entering the system via the inlet is immediately fragmented into dozens of small 
droplets, thereby increasing the surface area. After ten minutes, the column was left 
to settle for at least ten minutes. During these ten minutes the soil particles sink to 
the bottom of the container while all the oil droplets aggregate and ascend to the top 
of the water column. Arthropods coming in contact with an oil droplet were taken to 
the surface of the water column by the oil. The oil was taken from the water column 
with a vacuum pump and filtered through a 63 µm sieve. The column (without oil) 
was re-connected and the whole procedure was repeated two times.  
   After three runs the residue was rinsed from the filter into a collection vial with 96 
% ethanol. The residue was screened for soil microarthropods under a binocular 
microscope (40x magnification). 
   A total of 44 soil samples were pre-treated in order to test extraction efficiency. 
Upon initial thawing of the samples, different numbers of coloured mites were 
added: 10-40 for H. aculeifer and 40-100 for T. putrescentiae. These mites were left 
for at least three hours to migrate into the samples. The soil samples were then re-
frozen and stored until extraction started. After the extraction procedure was 
completed, the number of coloured mites in the oil residue was determined and 
extraction efficiency was expressed as the percentage of the number originally 
added. 
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Results 
 
Cultures 
After a few weeks, both T. putrescentiae and H. aculeifer cultures showed a 
sufficient number of coloured mites. In our case, green turned out to give the best 
contrast, but other colours may also be suitable.  
   Due to its high population growth rate, the population of T. putrescentiae 
increased at an exponential rate, causing massive numbers of coloured mites 
roaming the setup after a few weeks. Soon after the peak-density was achieved, the 
culture started to deteriorate due to overcrowding. For that reason, it turned out to be 
necessary to prepare new culture containers once every four weeks to guarantee a 
constant supply of coloured storage mites. 
   In case of the H. aculeifer culture it took a few hours before the predatory mites 
did start finding their way to their prey. After a few weeks, depending on the success 
of the culture, the predatory mites and their offspring had turned into the colour of 
their prey and many could be found foraging inside the inner container (Fig. 2). The 
population growth rate of H. aculeifer was lower than that of T. putrescentiae. 
Nevertheless, plenty of distinctly coloured predatory mites were produced within a 
few weeks but overcrowding never occurred in the cultures, not even after several 
months of culturing.  
 
 
Extraction 
Three extraction runs turned out to be sufficient as after the third run the surface of 
the water in the column of the extraction apparatus did not show any animals. 
   The 44 soil samples (250 g of soil) showed rather variable arthropod densities, 
with on average (± SD; n = 44) 38.3 ± 51.6 Collembola and 33.9 ± 236.4 mites per 
sample. Cryptostigmatid mites were dominant. This large variation may be 
attributed to the inclusion of some soil samples that had been incubated in the 
laboratory for some time before use, the rather fluctuating conditions in the field at 
the different sampling events and a fairly heterogeneous distribution of the 
microarthropods in the field soil. 
   For T. putrescentiae, average (± SD) recovery was 82.2 ± 7.4 % (n = 34), while for 
H. aculeifer it was 89.7 ± 10.0 % (n = 10).  
   Next to adult animals, many other stages were extracted from the soil samples. 
Some of them were less mobile (newly hatched juveniles) and some were sessile 
(eggs, pupae). In addition, the extraction method also yielded injured animals or 
animal fragments that were more difficult to identify. 
 
 
Discussion 
 
Culturing coloured soil arthropods 
In this study, coloured mites were cultured to facilitate determination of the 
extraction efficiency of the newly developed flotation method. Marking animals can 
be performed either by external or by internal marking. A disadvantage of external 
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markings is that the marking itself might influence hydrophobic properties of the 
cuticle and therefore affect extractability of the animals in some passive extraction 
methods. An advantage might be that it is possible to use heavily pigmented species. 
Marking animals internally restricts the choice to the lightly pigmented species. 
However, internal marking has some advantages over external marking. Because the 
animals take up pigments via their food, colouring happens automatically and no 
extra steps need to be performed. External properties of the animals may remain 
unaffected, making them suitable for all extraction methods. 
   The colouring technique used here can also be applied to other transparent or 
white soil microarthropods, like Folsomia candida and other related species of 
Collembola. When applying the method to F. candida, however, these animals only 
showed a coloured gut. After removing the coloured food, they lost their distinctive 
colour within a matter of days. This excludes the possibility of using this species in 
establishing extraction efficiency of active methods like Tullgren or MacFadyen 
extraction, which may take up to a few weeks until completion. Another drawback 
from the selective colouring of the gut is that the colour quickly fades upon cleaning 
samples with ethanol. For that reason our assessment of extraction efficiency of the 
newly developed flotation method did only include mites and not Collembola. 
   The described setup ensured a continuous supply of coloured mites but more 
importantly it can also be used to protect cultures from being infected with any 
unwanted, surface-dwelling arthropods. A barrier of olive oil proved successful in 
preventing arthropods from crossing over for several weeks. With a few adjustments 
it is possible to construct a permanent barrier, also applicable in other setups. 
 
 
Extraction 
The extraction efficiency of any method used to extract microarthropods depends on 
soil type, sampling method, species under investigation, developmental stage and 
environmental factors like seasonal influences [13,26]. Extraction efficiency is not 
only influenced by the extraction procedure itself but also by specific characteristics 
of each soil sample [10,15]. Soil compaction, soil moisture content and structural 
characteristics are just a few factors that differ between samples and which can 
influence extraction efficiency. Therefore it is preferred to estimate extraction 
efficiency for each sample separately. 
   Several ways exist to estimate (absolute) extraction efficiency. One method is to 
extract the sample, re-introduce the extracted animals into the sample and repeat the 
extraction. Although preferred, this method has some drawbacks, mainly because 
most extraction procedures are quite harmful for the soil arthropods extracted. Re-
introducing less healthy animals may lead to wrong conclusions on extraction 
efficiency, as discussed below. Also in our case, this method seems not feasible, as 
animals suspended in water and taken up in oil were no doubt less healthy if still 
alive. Another method is to screen the sample residue by eye after extraction [19]. 
The main problem with this technique is that screening by eye is often less efficient 
than an extraction technique [19,27]. The success of a method may also be assessed 
by adding organisms that can be recognized after extraction. One can either add 
species not naturally occurring in the soil under investigation [12] or add marked 
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individuals of an indigenous species [18]. Although adding a known number of 
specimens to a soil sample prior to extraction has some drawbacks (do the animals 
reach their natural microhabitats in time? Is there any interaction between species 
during dynamic extraction?), valuable information on extraction efficiency can be 
obtained from this procedure. In this study, coloured mites were added to soil 
samples prior to extraction. When given ample time to distribute over the sample, 
the extracted number will yield valuable information about the reliability of the 
extraction procedure. And because of the colour, the added animals are easily 
distinguished from the indigenous fauna. 
   The design of the newly developed extraction method causes the oil to break up in 
small drops, thereby increasing the probability of animals coming into contact with 
the oil. The total surface area of the oil phase while suspended was estimated to span 
an area of 2.5 m2. This large surface area explains why only three runs were needed 
to extract all animals. This is in accordance with Geurs et al. [7] and Ducarme et al. 
[7], although they used heptane and 1,2-dibromoethane, respectively as flotation 
fluids. These fluids may need smaller surface areas due to their higher 
hydrophobicity but they are also much more toxic than olive oil and require special 
measures to reduce risk to the user and the environment.  
   Results of this study show that the method is very useful for sandy soils. The 
method also enables extraction of fairly large soil samples in one run. This is an 
improvement compared to the two-step method described by Kethley [10] who first 
used water extraction to separate organic residues from soil followed by kerosene 
flotation to capture the micro arthropods. The method is less suitable for use on 
organic-rich soils since next to animals, small organic particles may also bind to the 
oil. These particles cause pollution of the residue on the filter, making it more time-
consuming to screen for animals. Our experience showed that, depending on soil 
type and user’ skills, the olive oil samples from the filter might be screened for 
microarthropods in approximately one hour. 
   The high extraction efficiency (> 80 %) of the method demonstrates that oil 
flotation is a good and safe alternative compared to other flotation methods for 
extracting soil microarthropods from sandy soils. High numbers of animals are 
extracted and because of the customized design of the setup, there is little room for 
error. Extracted organisms include inactive stages (eggs, pupae, larvae, juvenile 
stages etc.), and therefore may give an accurate idea of the belowground community 
structure, without the need for repeated measurements. 
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Abstract 
 
From an agricultural test site, an arable land treated in the eighties with elevated 
copper levels combined with modified pH levels, six treatments (low-high Cu; low-
intermediate-high pH) were chosen. For two consecutive years we sampled the soil 
community and measured biomasses of all functional groups (Bacteria, Fungi, 
Protozoa, Nematoda, Oligochaeta, Arthropoda). Samples were clustered in various 
ways to evaluate the effects of both pH and copper stress and of spatial and temporal 
variation in community structure. The main stressors (Cu and/or pH) had no 
significant effect on the species composition. However, species composition in 
unstressed samples was more constant in time, with community structure in all 
replicate samples being largely similar when analysed using the Bray-Curtis 
Similarity Index. In the stressed samples, community structure through time was less 
constant and large fluctuations were found. These results suggest that a less stable, 
more variable structure of the soil community may be indicative of stress. 
 
Keywords: Bray-Curtis Similarity Index, arable soil community, seasonality, 
copper, pH.  
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Introduction 
 
The functioning of a soil ecosystem is closely related to the structure of its microbial 
and invertebrate community (Loreau, 2000; Loreau et al., 2001; Thebault and 
Loreau, 2003). Each species in the soil community contributes to the functioning of 
soil. Bacteria and Fungi are primarily responsible for processes involved in the 
cycling of various nutrients. Invertebrates contribute to the level of functioning by 
facilitating or inhibiting functional dissimilar species (Heemsbergen et al., 2004), by 
fragmenting litter (Berg et al., 1998), by increasing aeration levels and affecting soil 
moisture content due to bioturbation  (Scheu, 1987; Bouché and Al-Addan, 1997; 
Bernier, 1998; Jegou et al., 2000). 
   If the functioning of soil is affected by stress, effects on the structure of the soil 
community are likely to be found. However, changes in soil community structure do 
not necessarily lead to changes in the functioning of the soil and vice versa. Species 
may be replaced by other ones (Slobodkin, 1955; Klepper et al., 1999) with an equal 
contribution to the soil functioning. Or species already present within in the system 
may increase in population size due to adaptation of food choice and fill the niche 
left by the disappearing species (Kondoh, 2003). In both cases the overall effect on 
the functioning of the soil may hardly be noticeable or even completely absent. This 
phenomenon is known as the insurance effect (Yachi and Loreau, 1999; Loreau, 
2000).  
   It is clear that changes in the soil community structure may hold clues as how the 
functioning of the soil will develop in the near future. However, many changes in 
the structure of the soil community may have natural causes and are either related to 
temporal effects, spatial effects, stochastic effects or a combination of these. 
   Temporal changes in the structure of the soil community are mainly linked to 
seasonality and succession. As time passes populations and their biomasses increase 
until unfavourable conditions prevail and populations decrease to a minimum or 
even disappear (Ingham et al., 1986; Pahl-Wostl, 1995; Ostfeld and Keesing, 2000). 
Recolonization of the habitat depends on the spatial properties of the soil and the 
regional species pool (Huston, 1997; Tilman et al., 1997; Naeslund and Norberg, 
2006). Many stochastic effects also play a role in the development of the soil 
community structure at both a spatial and a temporal scale. These effects are for 
instance variation in fecundity or breeding success (Bauwens and Verheyen, 1987; 
Lambrechts et al., 2004) or the presence of a specific predator or pathogen (Kriger 
and Hero, 2007). Some of the effects mentioned are small but others can be 
immense and cause profound changes in the structure of the community (Scheffer et 
al., 2001). Still these effects can be part of the natural development of the 
community (Witman and Smith, 2003). 
   The aim of this study was to determine the spatio-temporal variability of the 
effects of environmental (human induced) stressors on the structure of the 
community in arable soil. The investigated stressors were a combination of the 
presence of a historical copper load and an altered pH level. It was expected that the 
structure of the soil community would differ between stressed and unstressed soils; 
within-treatment similarity would be higher than between-treatment similarity; no 
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edge-effect would occur; temporal replicate samples of a plot would be more alike 
than non-replicate samples. 
   To address these issues samples were taken from a test site laid out in the early 
eighties. This site was designed to investigate effects of copper and altered pH on 
the soil and on the crops growing on it (Lexmond, 1980). The average copper 
concentration in the copper treatment is 93 mg Cu kg soil-1. The intervention value 
for the type of soil that is present at the test site is 105 mg Cu kg soil-1. This value is 
a threshold above which the functioning of the soil is expected to be hampered and 
cleanup has to be considered. Although the Cu concentrations in the polluted soil at 
the test site are below the intervention value, significant effects of copper on the 
structure of the soil community can be expected at this Cu level (Korthals et al., 
1996; Bruus Pedersen et al., 1999; Nursita et al., 2005).  
   In order to check for any effects of stressors on the structure of the soil 
community, the Bray-Curtis similarity index was calculated (Bray and Curtis, 1957). 
This index is suitable for detecting effects of stress on a community (Dahl and 
Blanck, 1996). It differs from many other indices in that it takes not only presence or 
absence into account, but also incorporates abundances. 
 
 
Material and methods 
 
Test site 
The test site is located near Bennekom (Province of Gelderland, the Netherlands). 
The site is known as the “Bovenbuurtse site” (51°59′35.39′′ N, 5°40′18.77′′ E). The 
soil is slightly loamy fine sand with a low organic matter content (loss-on-ignition 
3.5%). It has been classified as a Fimic A Horizon (FAO-UNESCO, 1988) or a 
Plaggen Epipedon according to USDA Soil Taxonomy (USDA, 1975; Marinussen 
and van der Zee, 1997). 
   This site was divided into 128 adjoining plots, each measuring 6 x 11 meters, and 
treated with copper in the early eighties (Lexmond, 1980). Four different copper 
loads were applied in addition to four pH levels, creating 16 distinct copper-pH 
treatments that were replicated 8 times in a randomized block design. In this study 
we only focused on six treatments, each replicated four times (Table 1). 
   Maintenance and use of the test site consisted of standard agricultural procedures 
extended with a regular calibration and adjustment of copper concentrations and soil 
pH. A three-year crop rotation cycle was maintained on the test site consisting of 
barley, potatoes and maize. 
 
Sampling 
Three sets of soil samples were randomly taken from the top layer (10 cm) of each 
plot using a stainless steel corer. The first set, consisting of 15 samples (4 cm ∅), 
were bulked and sieved before further analysis of biomass of bacteria, fungi and 
protozoa. Data on nematodes was obtained from a second set of soil samples. Thirty 
samples (3 cm ∅) were taken from each plot and mixed together. Part of this amount 
of soil was used to extract nematodes. A third set of 5 randomly taken soil samples 
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(4 cm ∅) was collected to obtain an amount of 250 grams of soil. This soil was used 
to obtain data on micro-arthropods.  
   For two consecutive years, the plots were sampled in April, June and September. 
During the first year (2002), barley was growing on the test site. In 2003 potatoes 
was the crop species.  
   From each plot under investigation, data on Bacteria, Fungi, Flagellata, Ciliata, 
Amoebae, Enchytraeidae,  Collembola, Prostigmata, Cryptostigmata, Nematoda and 
Mesostigmata was collected from the various sets of soil samples. Additional data 
concerning surface-dwelling predatory arthropods was obtained from pitfall 
trapping. Earthworms were not present at the test site (Marinussen and van der Zee, 
1997). All organisms were assigned to a functional group according to Moore et al. 
(1988) who defined functional groups by partitioning the component species by their 
principal food source, mode of feeding, reproductive rate, defences against 
predation, or distribution in the soil profile. 
 
Table 1: Actual soil pH (1M KCl) and copper concentrations (Mean ±  S.E.M, n =4) of six 
treatments from the test site “Bovenbuurt” in the Netherlands. 
 

 
1: nominal pH is the original soil pH, obtained after applying the treatments. The nominal pH 
is used in the text. 2: the pH-KCl is the measured pH; 3: Cu-CaCl2 is the available fraction of 
copper in soil from the test site; 4: Cu-HNO3 is the total fraction of copper in the soil, after 
Tobor-Kaplon (2006). 
 
 
Arthropoda 
Data on surface-dwelling predatory arthropods (Aranea, Coleoptera) was collected 
by pitfall-trapping (Mitchell, 1963). Since use of these devices was restricted, only 
one pitfall per plot was used. The pitfalls were filled with a 1 cm layer of olive oil. 
Arthropods falling in the pitfalls are immediately immersed in the oil causing the 
tracheae to become blocked by the oil. Since gaseous diffusion through oil is much 
slower than required for respiration any arthropod falling in is quickly terminated.  

Cu          
(kg ha-1)

pH1 

(nominal) pH-KCl2 Cu-CaCl2
3              

(mg Cu kg soil-1)

Cu-HNO3
4             

(mg Cu kg soil-1)
Mean  ± S.E.M. Mean  ± S.E.M. Mean  ± S.E.M.

0 6.1 5.1 ± 0.20 0.07 ± 0.02 33.6 ± 9.55
4.7 4.5 ± 0.12 0.17 ± 0.03 31.1 ± 4.52
4.0 4.1 ± 0.12 0.49 ± 0.15 28.0 ± 5.16

750 6.1 5.3 ± 0.48 0.31 ± 0.08 101 ± 10.6
4.7 4.5 ± 0.52 1.04 ± 0.23 91.5 ± 8.22
4.0 4.1 ± 0.10 2.40 ± 0.22 85.7 ± 4.42
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   The pitfalls were placed in the middle of each selected plot in September 2003. 
They were checked and emptied the next day. Animals were separated from the oil 
in three steps. First, water was added to the pitfalls. As the cuticle of arthropods is 
hydrophobic, they will float on top of the water. Since their density is higher than 
that of oil, they aggregate between the layer of water and the layer of oil. A 
membrane pump, connected to a collection vial created a vacuum. The oil was 
sucked off and transferred into the collection vial. Next, the arthropods were 
collected on filter paper and thoroughly rinsed with 96% ethanol to remove excess 
oil. 
   The cleaned arthropods were identified to genus-level and checked for any 
residual oil or debris particles. If the latter were found, the animals were rinsed in 
acetone for a few seconds. After identification and final cleansing, the animals were 
dried at 100º C for 7 days. Dry weight was converted to micrograms of Carbon. 
Data on carbon content was taken from Pokarzhevskii et al. (2003). All biomasses 
were expressed as kg C ha-1. 
 
Microarthropoda 
Data on soil microarthropods were collected, using oil flotation (Kuenen et al., 
submitted). A detailed description of the method of oil flotation is available in 
Chapter 2 of this thesis.  
   Each specimen was photographed with a Leica Wild M8 stereomicroscope 
equipped with a digital camera (Leica DC 200). Body size measurements were taken 
using digital imaging software (Research Assistant 4.0, RVC B.V., Baarn, The 
Netherlands). 
   All body size measurements were calculated to biomass (Persson and Lohm, 1977; 
Berg, 2000; Caballero et al., 2004) and expressed as kg C ha-1. 
 
 
Microorganisms 
Samples for obtaining data on biomass of microorganisms were processed as 
described by Tobor-Kaplon (2006). Bacteria were stained according to Bloem and 
Vos (2004). Bacteria were counted automatically (Bloem et al., 1995). Bacterial 
biomasses were calculated from the bacterial counts and cell length and width. A 
specific carbon content of 3.1 ⋅ 10-13 g C µm3 was assumed in expressing biomass in 
kg C ha-1 (Tobor-Kaplon, 2006). 
   Fungi were stained according to Bloem and Vos (2004), and counted manually 
with an epifluorescence microscope (Tobor-Kaplon, 2006). A hyphal diameter of 
2.5 µm, a cylindrical shape and a biovolume-to-carbon conversion factor of 1.3 ⋅ 10-

13 g C µm3 were assumed to calculate biomass (Tobor-Kaplon, 2006). Biomass was 
expressed as kg C ha-1. 

 
Protozoa 
Protozoa were enumerated by the most probable number method (MPN) after 
Darbyshire et al. (1974). Series of 4-fold dilution in P&J medium in microtiter 
plates were used. Pseudomonas fluorescens was used as a food source. Presence of 
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flagellates, ciliates and amoebas was checked after one and two weeks of incubation 
at 18 °C (Tobor-Kaplon, 2006). 
 
Nematoda 
Biomass estimates of nematodes were based on the density of Acrobeloides nanus at 
the test site and body mass measurements. Nematodes were extracted from the soil 
samples according to the method of Oostenbrink (1960).  
   Densities were obtained by assessing the numbers of individuals in 100 grams of 
soil while body mass measurements (fresh weight) were derived by recalculation of 
nematode body length and width with Andrassy’s formula (Freckman, 1982). A 
fresh-to-dry mass conversion factor of 0.2 was used to obtain biomass in dry weight 
(Yeates, 1979). Biomass was expressed as kg C ha-1. 
 
Oligochaeta 
Enchytraeids were extracted from soil samples using the O’Connor technique 
(1955). Samples were waterlogged in stainless steel funnels. At the bottom end of 
the funnel a small glass tube was mounted. The funnel was filled with water up to 
the rim, leaving only the surface of the soil sample in the air. A feedback mechanism 
was used to steadily raise the temperature to about 50 °C in three hours (Andrén, 
1985). The rising temperature forced the enchytraeids to move to colder layers of the 
soil sample. At some point they reached the bottom of the soil sample where they 
passed a layer of cloth and sank to the bottom of the container. The animals were 
collected inside the small glass tube and transferred to a petri-dish (∅ 15 cm) filled 
with a layer of water. Enchytraeids were identified to genus-level using Nielsen and 
Christensen (1959; 1961). Body length of each individual enchytraeid was 
measured. These measurements were used to calculate biomass (Abrahamsen, 1973) 
and were expressed as kg C ha-1. 
   Previous studies have shown no earthworms were present at the test site 
(Marinussen and van der Zee, 1997). In addition, no signs of earthworm presence 
were found during sampling, neither as casts in the field nor as (parts of) individual 
earthworms in the samples. 
 
Bray-Curtis similarity index 
In order to investigate effects on the soil community structure the Bray-Curtis 
similarity index or BC (Bray and Curtis, 1957) was calculated for several types of 
clustering according to equation 1. Four different types of clustering were 
performed. BC within a cluster was compared to BC between clusters to investigate 
possible effects on the structure of the soil community. 
 

(1) 
 
 
BCij = Bray-Curtis similarity index between cluster i and j. Xik = biomass of 
functional group k in cluster i and Xjk is biomass of functional group k in cluster j. 
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Clustering 
Different clusterings were performed to address different issues (Table 2).  
 
Table 2: Four types of clustering performed in analysis of Bray-Curtis similarity indices of 
the soil community structure in the test site “Bovenbuurt”, Bennekom, The Netherlands. N = 
the number of clusters, based on the plots mentioned in the second column. 

 
See also Figure 1 where spatial clustering I is shown in Fig. 1A, spatial clustering II in Fig. 
1B, spatial clustering III in Fig. 1C and temporal clustering in Fig. 1D. 
 
The first type of clustering was performed to check for any effect of copper and/or 
pH. Replicate plots within one sampling were clustered (Figure 1A) as it was 
assumed that the similarity within a treatment was higher in comparison with the 
similarity between treatments.  
   The second kind of clustering was performed to check for any small-scale spatial 
effect. Therefore all relevant plots and the relevant plots directly adjacent to them 
were clustered (Figure 1B). It was hypothesized that due to the randomized block 
design of the test site, no small-scale effects would occur.  
   The third type of clustering was focused on the possibility of an edge effect. The 
northern side of the test site was of different composition than the rest of the 
surrounding habitat. To investigate a possible edge effect all relevant plots at similar 
distance from the Northern edge were clustered and compared to clusters of relevant 
plots, lying perpendicular to the Northern edge of the test site (Figure 1C).  
   The final type of clustering (Figure 1D) was performed to see if replicate plots 
were more alike in time than non-replicate plots. Therefore all replicate plots were 
clustered in time. This type of clustering also allowed the investigation of the 
possible effects of the treatments in time. In addition to the calculations with Bray-
Curtis similarity indices, some calculations were performed where BC was 
substituted with: 
 

(2) 
 
BCi is Bray-Curtis similarity index within cluster i. xBCt is the mean similarity 
within the treatment. BCt-SD is the standard deviation of the similarity within the 

Type of Clustering Subject N Hypothesis

Spatial clustering I Replicates of treatment 6 Similarity in one treatment is higher than 
similarity between treatments

Spatial clustering II Adjacent plots 18 Plots in close proximity of each other are 
more alike

Spatial clustering III Distance to grassland 8
Due to migration effects from adjacent 
grassland, plots at similar distance from 
grassland are more alike

Temporal clustering Replicates of plots 24
Replicate plots have high similarity in 
time since every next replicate originates 
from a former time point
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treatment. In this case BCij is a value to assess the “predictability” of a treatment. If 
the variance in the data is low and the average BC value is low, this indicates a 
predictable development of the soil community and community structure is rather 
constant through time. 

 
Figure 1: Graphical representation of clustering of plots in the test site “Bovenbuurt” in the 
Netherlands. Each type of clustering was performed to investigate a specific effect on the soil 
community structure using Bray-Curtis Similarity indices (see also Table 2). A: Replicate 
plots from the same treatment were clustered to check for any effect of copper and/or pH on 
the soil community structure. B: Adjacent (relevant) plots were clustered to check for any 
small-scale spatial effect on the soil community structure. C: Plots at similar distance from 
the northern edge and plots at similar distance to the western side were clustered to check for 
the presence of an edge effect, caused by difference in habitat at the northern side of the test 
site. D. Plots sampled in time were clustered to check for effects of copper and/or pH on the 
soil community structure in time. 
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Statistics 
All calculations were performed in Microsoft Excel (Mac OS X), release 1. Statistics 
were calculated with SPSS 11.0.4 (Mac OS X). Data were log-transformed if 
necessary to obtain symmetry. Analysis was performed with the General Linear 
Model-procedure with copper and pH as fixed variables. If data transformation was 
not successful in obtaining symmetry, nonparametric statistics (Kruskall-Wallis) 
were used. 
 
 
Results 
 
Biomasses 
Ranges of biomasses of all extracted functional groups are listed in Table 3. Pitfall 
data are not included in the table. One of the pitfalls failed due to a crack in the 
bottom that caused the oil to leak out. No reliable result could be obtained for the 
species composition of surface dwelling predators in this plot, therefore an estimate 
was made based on the data from the other three replicate plots.  
 
Table 3: Ranges (min – max) in biomass data from the test site “Bovenbuurt”, Gelderland, 
the Netherlands. All biomasses are expressed in kg C ha-1. Cu treatments: 0 kg Cu ha-1 and 
750 kg Cu ha-1, pH treatments: pH 6.1, pH 4.7, pH 4.0 

 
 

Functional group 0 - 6.1 0 - 4.7 0 - 4.0 750 - 6.1 750 - 4.7 750 - 4.0

Bacteria 19.4 - 121 9.0 - 96.0 13.9 - 117 4.1 - 108 15.6 - 77.4 6.6 - 136
Fungi 2.3 - 13.9 2.1 - 30.3 7.2 - 35.9 1.9 - 18.2 1.2 - 29.4 1.3 - 19.5
Amoeba 0.15 - 8.00 0.19 - 8.68 0.18 - 15.2 0.11 - 9.21 0.16 - 14.2 0.10 - 7.97
Ciliata 0 - 0.62 0 - 0.56 0 - 0.61 0 - 0.89 0 - 0.34 0 - 0.24
Flagellata 0.03 - 1.54 0.02 - 0.53 0.02 - 1.03 0.03 - 0.72 0.03 - 1.22 0.03 - 0.50
Mesostigmata 0 - 1.92 0 - 0.19 0 - 0.07 0 - 0.33 0 - 0.33 0 - 0.20
Cryptostigmata 0 - 8.50 0 - 0.14 0 - 0.35 0 - 0.44 0 - 0.48 0 - 0.19
Prostigmata 0 - 0.01 0 - 0.01 0 - 0.002 0 - 0.01 0 - 0.004 0 - 0.01
Collembola 0 - 0.23 0 - 0.93 0 - 0.21 0 - 0.18 0 - 0.29 0 - 0.12
Chironomid larvae 0 - 3.90 0 - 8.23 0 - 11.3 0 - 8.22 0 - 45.3 0 - 5.44
Carnivorous Nematoda 0 - 1.33 0 - 0.67 0 - 0.29 0 - 0.91 0 - 0.85 0 - 0.34
Omnivorous Nematoda 0 - 1.90 0 - 0.47 0 - 0.99 0 - 1.04 0 - 1.09 0 - 0.68
Fungivorous Nematoda 0 - 0.24 0 - 0.22 0 - 0.61 0.01 - 0.46 0.01 - 1.21 0 - 0.48
Bacterivorous Nematoda 0.16 - 2.45 0.10 - 1.43 0.16 - 3.04 0.26 - 4.24 0.17 - 3.17 0.26 - 2.42
Plantparasitic Nematoda 0.11 - 0.98 0.10 - 0.63 0.02 - 0.47 0.05 - 1.02 0.02 - 5.61 0.01 - 0.50
Enchytraeidae 0 - 0.44 0 - 0.41 0 - 0.89 0 - 1.52 0 - 0.20 0 - 0.52

Range of biomass (Cu - pH) in kg C ha-1
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Clustering 
1. Treatment effects 
Replicate plots were clustered resulting in 6 clusters, each representing one 
treatment (Figure 1A). Similarity within treatments was compared to similarity 
between treatments. No significant treatment effects were observed (ANOVA, p = 
0.494).  
 
2. Spatial effects 
All relevant plots lying adjacent to other relevant plots were clustered (Figure 1B), 
resulting in 18 different clusters. Similarity within clusters was compared with 
similarity between clusters. No significant effects were observed (ANOVA, p = 
0.995). 
 
3. Edge effects 
All plots lying at equal distances from the nearest grassland were clustered, resulting 
in 8 clusters (parallel clusters). Plots lying at the same relative position when 
projected perpendicular on the side of the grassland were also clustered, resulting in 
8 clusters (perpendicular clusters, Figure 1 C). Similarity within parallel clusters was 
compared to similarity within perpendicular clusters. No edge effect was observed 
(Kruskall-Wallis, p = 0.796).  
 
4. Temporal effects 
Each replicate plot was clustered longitudinally, which resulted in 4 replicates per 
treatment (Figure 1D) and 24 clusters. No significant differences were observed 
between the treatments (ANOVA, p 0.226). However, the data showed a distinct 
difference in the range and standard deviation between treatments.  Therefore BC-
indices were substituted according to equation 2. These data show significant 
differences between sampling times (ANOVA, p = 0.021). See Figure 2. 
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Figure 2: Predictability of similarity (see equation 2) of the soil community under different 

levels of stress. Soil samples were obtained from test site “Bovenbuurt” in the Netherlands. 
At the X-axis all treatments are listed (n=4). 0 Cu = 0 kg Cu ha-1, 750 = 750 kg Cu ha-1. 
Control treatment is “0 Cu, pH 6.1”. Relative position on Y-axis represents the standard 
deviation in BC-index. Height of the boxes is variance in data. 
 
 
Discussion 
 
Bacterial and fungal biomasses showed the highest values and the largest ranges 
over the experimental period of two years. Fungal biomass did not show a reduction 
in Cu-treated plots, although copper is known to act as a fungicide (Norgrove, 
2007). An explanation may be that organisms feeding on fungi with copper may also 
be affected by copper in their feeding activity (Van Straalen et al., 2001; Zaitsev and 
van Straalen, 2001). The reduced pressure from grazing might compensate for the 
toxic stress induced by elevated copper levels.  It has been shown that intermediate 
grazing leads to enhanced growth of fungi due to overcompensation (Wardle, 2002). 
   Another feature of the data is that species frequently were absent in some of the 
samples. This can be accounted for by the fact that these species mainly concerned 
relatively large animals. Due to their large home ranges and aggregated occurrence, 
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it is possible that no specimens were present in a sample although they were present 
on the test site. 
   Although Ciliata are not among the relatively large animals, they still were absent 
at several occasions. Biomass of Ciliata was determined by the Most Probable 
Number method, which is prone to highly variable data (Tobor-Kaplon, 2006). This 
high variance may be an additional cause for the absence of the animals in some 
samples. 
 
Treatment effect 
The effects of treatments were investigated in two ways. None of the treatments had 
a significant effect on the structure of the soil community. Similarity within replicate 
plots was compared with similarity between all other plots. No direct treatment 
effect could be observed within one sampling. 
 
Spatial effects 
Although the setup of the test site should prevent any effect other than treatment, the 
absence of a direct treatment effect on the structure of the soil community justified 
the investigation of spatial effects. If a spatial effect occurs it is logical that all plots 
within a certain area would be affected. Depending on the scale of the disturbance it 
could have a small or large effect. To investigate small-scale spatial effects all 
relevant plots lying adjacent to other (sampled) plots were clustered. None of these 
clusters showed a higher similarity in comparison to others. It can therefore be 
concluded that no small-scale spatial effects occurred at the test site. 
   Large-scale spatial effects may mask treatment effects. One such large spatial 
scale effect may be an edge effect (Ross et al., 2005). Although the northern edge of 
the test site is close to grassland while the other sides lie next to homogeneous 
habitat, comparable to the test site, no evidence of an edge effect was discovered. 
Therefore it is concluded that possible treatment effects were not masked by any 
form of edge effect and that the layout of the test site was successful in avoiding any 
spatial effect. 
 
Temporal effects 
The final type of clustering was performed to check for any time-related treatment 
effects on the soil community structure. From these results it is clear that the control 
treatment (0 Cu, pH 6.1) showed little variance in community structure whereas 
other treatments not only showed a lower similarity, but also a higher variance. 
Within the control treatment the variability in the development of the community 
structure is much smaller compared tot the treated communities. Previous stages 
have probably influenced the development of the control treatment while in stressed 
situations other factors have a higher influence and unpredictable factors may affect 
reproduction, survival rates and fecundity. This could mean that a low similarity 
through time is an indicator for environmental stress (Fraterrigo and Rusak, 2008). 
This low similarity can be seen as predictability (McGradySteed et al., 1997; 
Wardle, 2002) 
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Conclusions 
 
Although no large effect of the presence of copper and/or a modified pH could be 
found in our data, it is clear that these stressors affected the build-up of the soil 
community. From the clustering in time it may be concluded that the predictability 
of the species composition was much larger in unstressed systems. Copper and 
altered soil acidity caused unpredictable effects on species composition of the soil 
community, probably due to effects on population dynamics of sensitive species. 
Strong temporal oscillations in the structure of replicate soil community samples 
may indicate the presence of some form of stress.  
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Abstract 
 
The indicative value of soil food web properties for soil health was investigated. For 
two years a food web was sampled at regular intervals under six different levels of 
stress in an arable soil. The effects of the stressors (Cu and/or modified pH) on the 
structure, stability and functioning of the soil food web were linked to soil health. 
Several significant treatment effects were present but no clear consistent pattern in 
the response of the soil food web was evident. The soil food web under stress 
seemed to develop into a simpler version of the control treatment. 
   An important result is that significant differences were found between years, 
which implies that stressed soil food webs are more sensitive to an extra stressor 
(extreme weather conditions) than unstressed soil food webs. This serves as a 
warning that although soils may be qualified as unstressed (healthy) based on abiotic 
measurements and single/multiple species tests under laboratory settings, in reality 
large shifts in the functioning of the soil may occur due to unforeseen effects of 
global warming on the food web. 
 
Keywords: soil food web, copper, pH, stress, arable soil, global warming, soil 
health. 
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Introduction 
 
The soil serves many functions (Costanza et al., 1997), most of which remain 
unnoticed by the people who live on it. Living on the soil is a function in itself and 
is facilitated by a range of other functions the soil provides us with. Functions of the 
soil include its physical base for construction works, housing and technical 
applications; its filtering and buffering capacities, allowing for clean ground water; a 
source of valuable materials, including ores; medium of sufficient fertility to allow 
agricultural production; and a place where ecological functions are conducted that 
are relevant for the biosphere in general (Van Straalen, 2002). All these functions 
are equally important but the latter one is probably the least appreciated by the 
human community since it has no obvious economic value, although the overall 
value of all terrestrial ecosystems has been estimated over 12 trillion US$ a year 
(Costanza et al., 1997). The latter function includes the cycling of nutrients, which 
links it directly to other functions with clear economic values (clean groundwater, 
agricultural production, forestry). Nutrient cycling is the result of an intricate play of 
organisms, each contributing to the processes involved. Primary producers generate 
a range of chemical substances using minerals from the soil, water and sunlight, 
which are combined into biomass. Biomass is transferred to several trophic levels. 
At each conversion to a different trophic level, part of the biomass is returned to the 
soil as organic matter. Detritivores fragment organic matter, while vast numbers of 
microorganisms break it down to provide the primary producers with the essential 
building blocks for producing biomass. Many complicating interactions take place 
like facilitation and inhibition (Heemsbergen et al., 2004), competition (Darwin, 
1859), apparent competition (Holt, 1977), mutualism (Moore, 1988), cannibalism 
(Van den Bosch et al., 1988), adaptive foraging (Kondoh, 2003; Mayntz et al., 
2005), internal food chains (Pokarzhevskii et al., 2003) and effects of the physical 
environment (Finke and Denno, 2006). 
   Thus, the processes involved in the cycling of nutrients through the ecosystem and 
especially through the soil, are depending on numerous factors and are in delicate 
balance. Some of these processes can be used as indicators of soil health (Costanza 
et al., 1992). 
   Soil health can be affected by all kinds of stressors. The number of stressors is too 
large to monitor them all. However, soil health, in analogy with human health, can 
be diagnosed by monitoring only a few important properties. Like body temperature, 
a deviation from the normal operating range does not specify which illness is having 
an effect, but it indicates that the system is indeed “unhealthy”. 
   At present national and international programs for monitoring soil health include 
biomass, respiration measurements, nitrogen mineralization, microbial diversity and 
diversity of functional groups of soil fauna (Schloter et al., 2003). Biomass, 
respiration, nitrogen mineralization and diversity of functional groups can all be 
assessed within the soil food web. Food webs have been developed to provide a 
simplified roadmap of the intricate composition of real-world ecosystems. This 
roadmap is simplified by lumping individual species together in functional groups 
and many of the earlier mentioned complicating interactions are often either ignored 
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(internal food chains, competition) or taken into account in an abstract sense, e.g. 
cannibalism (Van den Bosch et al., 1988) or adaptive foraging (Kondoh, 2003). 
   Modelling a simplified version of the real world is essential since incorporating all 
the data on abundances, life history traits of species and all possible types of 
interactions in one food web model would render it completely useless. It would 
require vast amounts of data, detailed knowledge about all links and tremendous 
computing capacity. Above all, the interpretation of the results would be a daunting 
task subject to intense debate.  
   Despite the relative simplicity of food web models, they have become a valuable 
tool in addressing ecosystem issues. In this study the soil food web was used to 
screen a range of properties for consistent effects of environmental stress on the 
structure, the stability and/or the functioning of the system. 
   Structural properties are based on abundances of functional groups and the 
interactions between them. These properties are important since they can indicate 
whether or not changes in stability or functioning are about to happen (Thebault and 
Loreau, 2003). If the stability or the functioning of the soil food web were affected, 
one would definitely expect changes in the structure of the food web. 
   The stability of the soil food web is indicative of the ability of the system to 
withstand stress and to recover from it. Changes in the stability of the soil food web 
could cause changes in the functioning of the soil. However, this is not necessary 
since it is possible that a species with stable population dynamics is replaced by a 
species with unstable dynamics without affecting the level of functioning 
(Slobodkin, 1955; Yoshida et al., 2007). Still, even in such a case a change in 
stability is relevant since it uncovers a possible decline in the ability of the system to 
withstand further stress (McCann, 2000).  
   As stressors may affect physiological characteristics of soil organisms, their 
functioning in the soil food web may also be directly influenced. Thus, the level of 
functioning of the soil can be directly affected by environmental stress. Therefore, 
soil functioning is a suitable property to be used as an indicator tool of soil health 
(Schloter et al., 2003). 
   The aim of this study was to investigate the soil-health indicating value of the soil 
food web to environmental stressors. A lowered pH and addition of copper in the 
soil are stressors that may cause important factors of soil health to deviate from their 
normal operating range. By measuring several properties of the soil food web at 
regular intervals and under different levels of stress (low pH and Cu addition) the 
soil-health indicative value was assessed. 
 
 
Materials and methods 
 
Test site 
Soil samples originated from the “Bovenbuurtse site”, which is located near 
Bennekom (Province of Gelderland, the Netherlands, 51°59′35.39′′ N, 5°40′18.77′′ 
E). The soil consists of slightly loamy fine sand with a low organic matter content 
(loss-on-ignition 3.5%). It has been classified as a Fimic A Horizon (FAO-



Food webs under stress, Chapter 4 

 52

UNESCO, 1988) or a Plaggen Epipedon according to USDA Soil Taxonomy 
(USDA, 1975; Marinussen and van der Zee, 1997). 
   The site was laid out in the 1980s as a randomized block design, each block 
consisting of 16 adjoining plots (6 x 11 m) that received a unique combination of 
four copper loads and four pH levels (Lexmond, 1980). Every block was replicated 
eight times (Figure 1). In this study we only focused on six Cu x pH treatments, each 
replicated four times (Table 1). 
 

 
 
Figure 1: Layout of test site “Bovenbuurtse Site” (Province of Gelderland, the Netherlands, 
51°59′35.39′′ N, 5°40′18.77′′ E). Sixteen distinct treatments are laid out in a randomized 
block design. Six treatments in four blocks were investigated (white plots); 0 kg CuSO4 ha-1 = 
1, 750 kg CuSO4 ha-1 = 4, pH 4.0 = A, pH 4.7 = B, pH 6.1 = C. Other treatments (grey plots) 
were not taken into account. 
 
   Maintenance and use of the test site consisted of standard agricultural procedures 
extended with a regular calibration and adjustment of copper concentrations and soil 
pH. A three-year crop rotation cycle was maintained on the test site consisting of 
maize (2001), barley (2002) and potatoes (2003).  
 
Soil samples 
For two successive years, the plots were sampled in April, June and September. 
Three sets of soil samples were randomly taken from the top layer (10 cm) of each 
plot using a stainless steel corer. The first set consisted of 15 samples (4 cm ∅), 
which where bulked and sieved before further analysis of the biomass of Bacteria,  
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Fungi and Protozoa. Data on Nematoda was obtained from a second set of soil 
samples. Thirty samples (3 cm ∅) were taken from each plot and mixed together. 
Part of this amount of soil was used to extract nematodes. A third set of 5 randomly 
taken soil samples (4 cm ∅) was collected to obtain an amount of 250 grams of soil, 
which was used to generate data on microarthropods.  
   From each plot under investigation, data on Bacteria, Fungi, Amoebae, Ciliata, 
Flagellata, Collembola, Cryptostigmata, Prostigmata, Mesostigmata, Nematoda and 
Olichochaeta were collected from the various sets of soil samples. Additional data 
on more mobile soil arthropods (mainly predators) was obtained from pitfall 
trapping. Earthworms were not present at the test site (Marinussen and van der Zee, 
1997).  
 
Table 1: Actual soil pH (1M KCl) and copper concentrations (Mean ±  S.E.M, n =4) of six 
treatments from the test site “Bovenbuurt” in the Netherlands. 

 
1: nominal pH is the original soil pH, obtained after applying the treatments. The nominal pH 
is used in the text. 2: the pH-KCl is the measured pH; 3: Cu-CaCl2 is the available fraction of 
copper in soil from the test site; 4: Cu-HNO3 is the total fraction of copper in the soil, after 
Tobor-Kaplon (2006). 
 
Biomass estimates 
Arthropoda 
Data on surface-dwelling predatory arthropods (Aranea, Coleoptera) was collected 
by pitfall-trapping (Mitchell, 1963). Since use of these devices was restricted, only 
one pitfall per plot was used. The pitfalls were filled with a 1 cm layer of Olive oil. 
Arthropods falling in the pitfalls are immediately immersed in the oil, which 
hampers the gaseous exchange through their tracheae. Since gaseous diffusion 
through oil is much slower than required for respiration any arthropod falling in is 
quickly terminated.  
   The pitfalls were placed in the middle of each selected plot in September 2003. 
They were checked and emptied the next day. Animals were separated from the oil 
by adding water to the pitfalls, and transferring the oil layer containing the animals 

Cu          

(kg ha-1)
pH1 

(nominal) pH-KCl2 Cu-CaCl2
3              

(mg Cu kg soil-1)

Cu-HNO3
4             

(mg Cu kg soil-1)
Mean  ± S.E.M. Mean  ± S.E.M. Mean  ± S.E.M.

0 6.1 5.1 ± 0.20 0.07 ± 0.02 33.6 ± 9.55
4.7 4.5 ± 0.12 0.17 ± 0.03 31.1 ± 4.52
4.0 4.1 ± 0.12 0.49 ± 0.15 28.0 ± 5.16

750 6.1 5.3 ± 0.48 0.31 ± 0.08 101 ± 10.6
4.7 4.5 ± 0.52 1.04 ± 0.23 91.5 ± 8.22
4.0 4.1 ± 0.10 2.40 ± 0.22 85.7 ± 4.42
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to a collection vial using a membrane pump. The arthropods were collected on filter 
paper and thoroughly rinsed with 96% ethanol to remove excess oil. 
   The cleaned arthropods were identified to genus-level. To remove any residual oil 
or debris particles, the animals were rinsed in acetone for a few seconds. After 
identification and final cleansing, the animals were dried at 100º C for 7 days. Dry 
weight was converted to micrograms of Carbon according to Pokarzhevskii et al. 
(2003). All biomasses were expressed as kg C ha-1. 
 
Microarthropoda 
Biomass data on soil microarthropods were collected by using oil flotation. A 
detailed description of the method of oil flotation is available in Chapter 2 of this 
thesis.  
   All measurements were calculated to biomass (Persson and Lohm, 1977; Berg, 
2000; Caballero et al., 2004) and expressed as kg C ha-1. 
 
Microorganisms 
Samples for obtaining data on microbial biomass were processed as described by 
Tobor-Kaplon (2006).  Bacteria were stained according to Bloem and Vos (2004) 
and counted automatically (Bloem et al., 1995). Bacterial biomasses were calculated 
from the bacterial counts and cell length and width. A specific Carbon content of 3.1 
⋅ 10-13 g C µm3 was assumed in expressing biomass in kg C ha-1 (Tobor-Kaplon, 
2006). 
   Fungi were stained according to Bloem and Vos (2004) and counted manually 
with an epifluorescence microscope (Tobor-Kaplon, 2006). A hyphal diameter of 
2.5 µm, a cylindrical shape and a biovolume-to-carbon conversion factor of 1.3 ⋅ 10-

13 g C µm3 were assumed to calculate biomass (Tobor-Kaplon, 2006). Biomass was 
expressed as kg C ha-1. 

 
Protozoa 
Protozoa were enumerated by the most probable number method (MPN) after 
Darbyshire et al. (1974). Series of 4-fold dilution in P&J medium in microtiter 
plates were used. Pseudomonas fluorescens was used as a food source. Presence of 
flagellates, ciliates and amoebas was checked after one and two weeks of incubation 
at 18 °C (Tobor-Kaplon, 2006). Biomass was expressed as kg C ha-1. 
 
Nematoda 
Biomass estimates of nematodes were based on the density of Acrobeloides nanus at 
the test site and body mass measurements. Nematodes were extracted from the soil 
samples according to the method of Oostenbrink (1960). 
   Densities were obtained by assessing the numbers of individuals in 100 grams of 
soil while body mass measurements (fresh weight) were derived by recalculation of 
nematode body length and width with Andrassy’s formula (Freckman, 1982). A 
fresh-to-dry mass conversion factor of 0.2 was used to obtain biomass in dry weight 
(Yeates, 1979). Biomass was expressed as kg C ha-1. 
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Oligochaeta 
Enchytraeids were extracted from soil samples using a Wet Tullgren Extraction 
technique (O'Connor, 1955). Samples were waterlogged in stainless steel funnels. At 
the bottom end of the funnel a small glass tube was mounted. The funnel was filled 
with water up to the rim, leaving only the surface of the soil sample in the air. A 
feedback mechanism was used to steadily raise the temperature to about 50 °C in 
three hours (Andrén, 1985). The rising temperature forced the enchytraeids to move 
to colder layers of the soil sample till they reached the bottom of the soil sample 
where they passed a layer of cloth and sank to the bottom of the container. The 
animals were collected inside the small glass tube and transferred to a petri-dish (∅ 
15 cm) filled with a layer of water. Enchytraeids were identified to genus level using 
Nielsen and Christensen (1959; 1961). Body length of each individual enchytraeid 
was measured. These measurements were used to calculate biomass (Abrahamsen, 
1973), expressed as kg C ha-1. 
 
Model 
The food web model used in this study was originally developed in 1987 (Hunt et 
al., 1987) to describe a short-grass prairie, and has been modified and used for 
describing the food web of other ecosystems (De Ruiter et al., 1993b; De Ruiter et 
al., 1994; Berg et al., 2001; Neutel et al., 2002; Holtkamp et al., 2008). The model 
is based on a community matrix describing the topology of the food web under 
investigation. The rate at which an organism ingests material from a food source is 
split into three distinct rates. A rate describing the flow of faeces or undigested 
remains of prey into the detritus pool, a rate describing the incorporation of the 
ingested material into biomass and a rate describing the flow of inorganic 
compounds from the organisms after digestion (Figure 2). 
 

 
 
Figure 2: Scheme relating consumption, biomass production and excretion of organic and 
inorganic material in a food web (adapted from Hunt et al., 1987). 
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   By using C/N ratios, feeding preferences, assimilation efficiency, production 
efficiency and natural death rate it is possible to calculate (the amount of) carbon 
and nitrogen mineralization for all functional groups within the soil food web. 
   Functional groups are defined as collections of organisms with similarity in 
resources, predators, metabolic efficiencies and natural death rates (Moore et al., 
1988). It is assumed that top predators only suffer from natural death and that the 
production of new individuals is in balance with losses from the population.  
By starting the calculations at the highest trophic level (top predators), it is possible 
to work backwards to the lowest trophic level. 
   The first step is to calculate the feeding rate F (kg C ha-1 year-1) of a predator on its 
prey, using: 
 

(1) 
 
 

Dnat is the natural death rate (year-1), B is the biomass (kg C ha-1), P is death rate due 
to predation (kg C ha-1 year-1), eass is the assimilation efficiency (%) and eprod is the 
production efficiency (%) (De Ruiter et al., 1993a). 
 
   If predators are omnivores, then the feeding rate on each of their preys has to be 
calculated according to: 
 
  

 (2) 
 
 
 
where Fi is the feeding rate on prey i (kg C ha-1 year-1), wi is the preference of the 
predator to feed on prey i over other preys, n is the number of preys, Bi is the 
biomass of prey i (kg C ha-1) (De Ruiter et al., 1993a). Since no data of the feeding 
preferences could be obtained, all preferences were set to one, see also Berg et al. 
(2001). This means that predators consume prey relative to their abundance.  
 
Site-related food web parameters 
Some food-web parameters depend on the site of origin of the samples. Especially in 
the case of different treatments that may affect functional properties of organisms or 
functional groups, it is important to determine treatment-specific parameter values. 
Several of these parameter values could be successfully determined (C:N ratio 
detritus, natural death rate nematodes, assimilation efficiency bacteria). Others were 
taken from the literature (Hunt et al., 1987; De Ruiter et al., 1993a; Berg et al., 
2001).  
   
Detritus 
The size of the detritus pool in the soil food web was estimated by assuming that the 
residue remaining after the extraction of microarthropods was mainly composed of 
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organic matter. By recalculating the detritus weight to the specific sample size, 
reliable estimates on the detritus pool could be obtained.  
   The C:N ratio of the detritus in each sample was measured in the residue 
remaining after extraction of soil microarthropods. The residue was ground to a fine 
powder. Samples of 2 to 3 mg of ground organic matter were weighed and enclosed 
in tin capsules. C:N ratio was determined on a HP5890A gas chromatograph. 
Average C:N ratios per treatment and average sizes of the detritus pools are shown 
in Table 2. 
 
Table 2: Average C:N ratios of detritus (± SD, n = 24) and average size of the detritus pool 
(kg C ha-1, ± SD, n = 24) for each copper * pH treatment in soil originating from the test site 
“Bovenbuurt” near Bennekom (Province of Gelderland, the Netherlands). 
 

Six out of the available sixteen treatments were used to model the effect of temperature on the 
soil food web under copper and/or pH stress (0/750 kg CuSO4 ha-1 in combination with soil 
pH of 6.1, 4.7 or 4.0). Actual values were used in model calculations if possible, otherwise 
average values of replicate samples of the same sampling date were used. Biomass of roots 
was assumed to be equal to detritus pool. 
 
Death rate Nematoda 
Nematodes were extracted from soil samples originating from the test site and from 
each treatment laboratory cultures of Acrobeloides nanus were established 
(Doroszuk, 2007). From these cultures the death rate was determined (number of 
generations year-1). Treatment-specific death rates (Table 3) were incorporated in 
the model. The death rate of all nematode species was assumed to vary comparable 
to A. nanus, being the most abundant species in the test site.  
 
Natural death rate and assimilation efficiency of bacteria 
From each treatment bacteria were cultured in the laboratory in order to screen for 
microbial indicators of stress. Within these laboratory cultures, the bacterial growth 
rate was measured based on [3H]thymidine and [14C]leucine incorporation in 
bacterial DNA and proteins (Tobor-Kaplon, 2006). Based on the differences in 
growth rate, treatment-specific death rates and assimilation efficiency parameter 
values were derived (Table 3) and incorporated in the model.  

Cu kg ha-1 pH (nominal)
average C:N 
ratio detritus 

(± SD)

average detrital 
biomass in kg 

C ha-1 (± SD)

0 6.1 18.9 ± 3.2 57.4 ± 40.3
4.7 20.0 ± 3.4 52.1 ± 28.2
4.0 19.9 ± 3.0 74.8 ± 39.2

750 6.1 18.8 ± 2.6 40.9 ± 23.6
4.7 19.1 ± 2.7 65.4 ± 38.8
4.0 19.8 ± 2.0 58.5 ± 36.4
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Table 3: Treatment-specific model parameters: natural death rates of nematodes (generations 
year–1) were determined in a population study in soil originating from the test site 
“Bovenbuurt” (Doroszuk, 2007). The natural death rate of bacteria (generations year–1) and 
assimilation efficiency of bacteria (%) were derived from a study on microbial indicators of 
stress at the test site (Tobor-Kaplon, 2006), where [3H]thymidine and [14C]leucine 
incorporation rate in bacterial DNA and proteins was measured. 

Food web 
We made the distinction between the actual food web and the potential food web. 
The actual food web is constructed from the data collected in a single plot during a 
sampling. The potential food web is constructed from all data collected from the test 
site. It includes all functional groups encountered in soil samples from the test site 
and acts as a blueprint for all possible food webs on the test site. The difference with 
the potential food web can be indicative for the development of the actual food web. 
 
Food web properties 
A number of food web properties was determined, divided in structural properties, 
stability and functional properties (Table 4). 
   The structural properties of this food web are based on the number of functional 
groups, their biomass and the number of links between functional groups. These 
properties include the number of functional groups (S), the number of links (L), 
average number of links per functional group or linkage density (LD), the proportion 
of all possible links that are realized (Connectance), the amount of biomass (total 
and basal biomass), omnivory, generality (average resource biomass) and 
vulnerability (average predators biomass). 
   Within this study, the stability of the food web was defined in two ways (Table 4). 
The first type of stability was defined as the least negative eigenvalue of the 
Jacobian matrix (May, 1972), which is based on a matrix describing the topology of 
the food web. All functional groups were arranged from left to right and from top to 
bottom. A zero in the matrix means no link exists. If a link does exist between the 
predator (column) and its prey (row), the feeding preference was entered in the 
matrix (all feeding preferences were set to 1). It was assumed that all functional 
groups within the soil food web were present as a stable population. From this 
matrix, the Jacobian matrix is constructed by calculating interaction strengths. By 
entering small deviations from the stable state it was possible to calculate the overall 
food web stability based on the least negative eigenvalue of the Jacobian matrix. 
   A much simpler, second type of stability was also calculated, based on the ratio 
between Vulnerability (V) en Generality (G). As a rule of thumb the predator:prey 
ratio in a stable ecosystem is 1:10 (Mulder et al., 2005).  Therefore V should be 0.1 

pH 6.1 pH 4.7 pH 4.0 pH 6.1 pH 4.7 pH 4.0

natural death rate nematodes 6.6 10.7 11.2 13.6 15.2 0.7
natural death rate bacteria 2.4 1.8 1.2 2.4 1.8 1.2
assimilation efficiency bacteria 0.3 0.2 0.2 0.3 0.2 0.2

0 kg Cu ha-1 750 kg Cu ha-1
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Table 4: All soil food web properties, which were determined within this study at the 
“Bovenbuurt” test site near Bennekom, The Netherlands. Properties are divided into 
structural properties, stability and functional properties. 

 
and G should be 10. The ratio between V and G was multiplied by 100 to acquire 
maximum stability at a value of 1. If (V/G) • 100 is higher than 1, prey biomass is 
insufficient and predator populations will decrease. If  (V/G) • 100 is lower than 1, 
plenty of prey items are available and the population of predators will increase or an 

Food web property Description Symbol Formula

Number of species Number of functional groups within the food web S -

Number of links Number of links between functional groups L -

Linkage density Average number of links per functional group LD L/S

Connectance I Proportion of all possible links that are realized CN1 (LD) * 2 * (S-1)

Connectance II Proportion of all possible links that are realized CN2 (L)/(S*(S-1))/2

Complexity I Proportion of all possible links that are realized CP1 �(S * C1)

Complexity II Proportion of all possible links that are realized CP2 �(S * C2)

Total Biomass Sum of all biomass available within the food web Btotal · Biomass

Basal Biomass Sum of biomass of groups that are only prey 
(Bacteria, Fungi, Root feeding Nematoda) Bbasal · Biomass prey

Potential Omnivory Proportion of functional groups feeding on 
multiple resources (determined in potential web) Op -

Potential Ominvory 
weighed by biomass

Proportion of functional groups feeding on 
multiple resources (determined in potential web 

and weighed by biomass)
Opw Op * Biomass

Generality Average amount of resource biomass per 
functional group G Sprey * Biomass/Spredator

Vulnerability Average amount of predator biomass per 
functional group V Spredator * Biomass/Sprey

Stability 1 Least negative eigenvalue of the jacobian matrix S1 see text

Stability 2 Ratio between vulnerability and generality S2 (V/G)*100

Estimated Respiration Estimated respiration rate in kg C ha -1 year-1 Cestimated see text

Estimated Nitrogen 
mineralization

Estimated nitrogen mineralization rate in the soil 

food web (kg N ha-1 year-1)
Nestimated see text

Measured Respiraton
Measured respiration rate in incubated soil (kg C 

ha-1 year-1)
Cmeasured -

Measured Nitrogen 
mineralization

Measured nitrogen mineralization rate in 

incubated soil (kg N ha-1 year-1)
Nmeasured -
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invasive predator will establish itself in the system and compete with already present 
predators.  
   Functional properties of the soil studied here include part of the cycling of carbon 
and nitrogen through the soil. Respiration and nitrogen mineralization were 
estimated from the food web model and measured in field soil (Table 4). 
 
Respiration was estimated from the soil food web by 
 

(3) 
 

 
where Cmin is the respiration rate in kg C ha-1 year-1, eass is the assimilation 
efficiency, eprod is the production efficiency and Fi is the feeding rate of the ith group 
(i=1) (kg C ha-1 year-1) (De Ruiter et al., 1993a; De Ruiter et al., 1993b; De Ruiter et 
al., 1994). 
 
The nitrogen mineralization was estimated from the soil food web by: 
  
  

(4)  
 

 
where Nmin is the Nitrogen mineralization rate in kg N ha-1 year-1, eass is assimilation 
efficiency, eprod is the production efficiency, rprey is the C:N ratio of the prey, rpred is 
the C:N ratio of the predator and F is the feeding rate (kg C ha-1 year-1) (De Ruiter et 
al., 1993a; De Ruiter et al., 1993b; De Ruiter et al., 1994). 
 
Soil respiration was measured in laboratory incubations of soil samples over a 6-
week period of incubation. Results from the first week were not used to prevent 
short-term artefacts. Sieved, field-moist soil samples (200 aliquots) were placed into 
glass bottles (approximately 600 ml) and incubated in darkness at 20º C. To 
determine CO2-content in the head space, a gas chromatograph (Carlo ERBA 
instruments, Milan, Italy) was used (Tobor-Kaplon, 2006). 
   Nitrogen mineralization was measured according to Bloem et al. (1994) where the 
increase in mineral N was used to calculate N mineralization rates. 
 
Statistics 
All model calculations were performed in Matlab. Statistics were calculated with 
SPSS 11.0.4 (Mac OS X 10.4.11). Characteristics were log-transformed if necessary 
to obtain symmetry. Analysis was performed by GLM procedure with copper and 
pH as fixed variables. If data transformation was not successful in obtaining 
symmetry, nonparametric statistical tests (Kruskall-Wallis) were used. 
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Results  
 
Potential food web/actual food web 
Figure 3 represents the potential food web that could be constructed from all data 
from the test site, resulting in 20 functional groups connected by 53 links.  
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The spatial variability in the test site is depicted in Figure 4. In Figure 4A the actual 
food web is represented from a plot treated with copper and with a pH of 4.0. The 
number of functional groups present in the depicted actual food web is 11 with 14 
links between them. Figure 4B shows an actual food web of a replicate plot at the 
same sampling date. In this particular food web 16 functional groups are present 
with 29 links between them. A minimal distance of 12.5 m separates these actual 
food webs. 
 

 

A
. 
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   Temporal variability or seasonality is depicted by the actual food webs in Figure 5. 
The actual food web from a control plot (37:1D), sampled in June 2003 is shown in 
Figure 5A. Only ten functional groups were present at the time of sampling, 
connected by 12 links. The actual food web from the same plot but now sampled in 
September 2003 is shown in Figure 5B. Only two months later 17 functional groups 
were found, connected by 39 links. 
 

 
 

A
. 
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Detritus estimates 
Average detrital C:N ratios and biomass values are listed in Table 2. No significant 
differences between treatments in detrital C:N ratio (GLM, Cu: p = 0.435, pH: p = 
0.229, Cu x pH: p = 0.749) or in detrital biomass (GLM, Cu: p = 0.267, pH: p = 
0.052, Cu x pH: p = 0.059) were encountered. The detrital C:N ratio was 
incorporated in the food-web model as a sample-specific parameter value, not as an 
overall average value for all food webs.  
 
Omission of functional groups 
In order to obtain a good alignment between model outcome and food-web 
properties, all groups with a home range expanding beyond the perimeter of a plot 
were excluded from the analysis. The functional groups omitted are Coleoptera and 
Aranea. Chironomidae were also omitted from the analysis since they appeared in 
large numbers only during the first sampling date. During the rest of the year, hardly 
any chironomid larvae were encountered, therefore these animals were ignored. 
Deleting these functional groups profoundly enhanced model performance. All 
results shown here are without the above described functional groups.  
 
Effects on structural properties of the soil food web 
The applied stressors affected several structural properties (Table 4) of the soil food 
web. The presence of copper decreased linkage density (LD), connectance, 
complexity, total biomass and basal biomass (Table 5). A low pH reduced LD, 
complexity and generality (Table 6). No symmetry in the data could be obtained, 
therefore only nonparametric statistics were performed.  
 
Effects on the stability of the soil food web 
Stability 1 (S1), which is calculated from the interaction matrix, was not affected by 
the presence of copper (Table 5). The food web is most stable at a value of 0 
measured as S1. At low pH the food web had highest stability (Table 6).  
   Stability 2 (S2) is calculated from the ratio between predator and prey biomass. A 
value (S2) of 1 is typical for a stable food web. This type of Stability was also not 
affected by the presence of copper (Table 5). Contrary to S1, at high pH the food 
web had the highest stability (Table 6). A distinct feature of the S2 data is that all 
values are deviating far from the most stable situation. Most food webs are still 
developing. 
 
Effects on the functioning of the soil food web 
The estimated and measured respiration and nitrogen mineralization rates (Figure 6) 
were both unaffected by the presence of copper (Table 5). Estimated values were 
consistently lower than measured values. In the case of respiration, estimated values 
were about five times lower, in the case of nitrogen mineralization about three times 
lower. The pattern of the estimated values is however largely similar to the pattern 
of the measured values. The stress caused by a lower soil pH also was ineffective in 
changing the rates of respiration or nitrogen mineralization (estimated and 
measured) (Table 6).  
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Table 5: Effects of addition of copper on structural properties, stability and functional 
properties of the soil food web at the test site “Bovenbuurt” (n = 72, ± SEM, Kruskal-Wallis). 
For explanation of abbreviations, see Table 4. *: significant at p � 0.05 
 

Food web 
property

mean ± S.E.M. mean ± S.E.M. p-value

L 24.2 ± 0.43 22.7 ± 0.54 0.060
S 13.7 ± 0.15 13.4 ± 0.16 0.311
LD 1.8 ± 0.02 1.7 ± 0.02 0.014*
CN1 45.0 ± 0.82 42.0 ± 1.03 0.075
CN2 0.13 ± 0.00 0.12 ± 0.00 0.029*
CP1 24.8 ± 0.36 23.7 ± 0.43 0.115
CP2 1.33 ± 0.01 1.29 ± 0.01 0.014*
Op 0.41 ± 0.01 0.40 ± 0.01 0.293
Opw 0.05 ± 0.01 0.05 ± 0.01 0.282
Btotal 65.9 ± 3.51 56.1 ± 2.92 0.037*
Bbasal 62.6 ± 3.52 52.3 ± 2.85 0.034*
G 70.6 ± 16.1 202.1 ± 49.7 0.268
V 2.9 ± 0.33 2.6 ± 0.34 0.065

S1 0.01 ± 0.00 0.01 ± 0.00 0.129
S2 29.7 ± 9.68 25.5 ± 7.60 0.125

Cestimated 192 ± 17.1 197 ± 20 0.517
Nestimated 4.64 ± 0.6 5.63 ± 0.8 0.581
Cmeasured 1265 ± 85.5 1197 ± 83.8 0.734
Nmeasured 28.4 ± 1.8 30.8 ± 2.2 0.882
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0 kg CuSO4 ha-1 750 kg CuSO4 ha-1
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Table 6: Effects of a modified pH on structural properties, stability and functional properties 
of the soil food web at the test site “Bovenbuurt” (n = 48, Kruskal-Wallis). For explanation 
of abbreviations, see Table 4. *: significant at p � 0.05 

Food web 
property mean ± S.E.M. mean ± S.E.M. mean ± S.E.M. p-value

L 24.4 ± 0.59 23.5 ± 0.59 22.5 ± 0.61 0.071
S 13.9 ± 0.20 13.6 ± 0.19 13.3 ± 0.18 0.092
LD 1.75 ± 0.02 1.72 ± 0.03 1.68 ± 0.03 0.043*
CN1 45.3 ± 1.14 43.5 ± 1.14 41.6 ± 1.16 0.072
CN2 0.1 ± 0.00 0.1 ± 0.00 0.1 ± 0.00 0.967
CP1 25.0 ± 0.49 24.3 ± 0.48 23.5 ± 0.48 0.070
CP2 1.32 ± 0.01 1.31 ± 0.01 1.29 ± 0.01 0.043*
Op 0.4 ± 0.01 0.4 ± 0.01 0.4 ± 0.01 0.143
Opw 0.0 ± 0.01 0.1 ± 0.01 0.0 ± 0.01 0.187
Btotal 57.0 ± 3.9 58.3 ± 3.4 67.7 ± 4.5 0.133
Bbasal 53.5 ± 3.8 54.3 ± 3.4 64.5 ± 4.5 0.114
G 124 ± 57.0 122 ± 36.0 163 ± 43.4 0.035*
V 2.8 ± 0.35 2.9 ± 0.46 2.5 ± 0.42 0.366

S1 0.011 ± 0.002 0.009 ± 0.001 0.007 ± 0.001 0.050*
S2 23.6 ± 7.4 34.3 ± 12.0 24.8 ± 12.0 0.050*

Cestimated 166 ± 17.6 221 ± 27.4 199 ± 22.4 0.187
Nestimated 4.4 ± 0.5 6.9 ± 1.2 4.2 ± 0.8 0.250
Cmeasured 1315 ± 110.6 1196 ± 88.1 1174 ± 109.2 0.331
Nmeasured 28.9 ± 2.2 31.2 ± 3.0 28.8 ± 2.2 0.649

pH 6.1 pH 4.7 pH 4.0
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Figure 6: From the food web respiration and nitrogen mineralization rates were calculated 
(black lines). All samples were grouped by treatment and time and ranked according to 
sample number.  Respiration and nitrogen mineralization rates (grey dotted lines) were 
measured in soil originating from the test site “Bovenbuurt” near Bennekom (Province of 
Gelderland, the Netherlands). 
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Effects of seasonality on the soil food web 
While analysing the data it became clear that seasonality might affect the structure, 
the stability and the functioning of the soil food web since clear differences during 
the year became apparent. During the year, seasonal development takes place; at the 
beginning of the agricultural season, the soil lies bare (April). Soon after sowing, 
crop vegetation starts to develop and microclimates change (June). At the end of the 
season the crop is removed from the field and the soil is ploughed, ‘resetting’ the 
soil system (September).  
   This kind of seasonality indeed was observed in the development of the soil food 
web, which became more complex during the year (Table 7). The number of links 
(L), the number of functional groups (S), connectance (CN1, CN2), complexity 
(CP1) and omnivory all increased in time.  

Table 7: Effects of months (seasonal development) on the structure, stability and the 
functioning of the soil food web at the test site “Bovenbuurt” (n = 48). For explanation of 
abbreviations, see Table 4. *: significant at p � 0.05, ** : p � 0.01, *** : p � 0.001. 
 

Food web 
property

mean ± S.E.M. mean ± S.E.M. mean ± S.E.M. p-value

L 22.2 ± 0.61 23.1 ± 0.59 25.0 ± 0.55 0.003**
S 13.1 ± 0.17 13.2 ± 0.19 14.3 ± 0.16 < 0.000***
LD 1.67 ± 0.03 1.74 ± 0.02 1.74 ± 0.02 0.072
CN1 41.0 ± 1.16 42.8 ± 1.13 46.6 ± 1.06 0.001***
CN2 0.13 ± 0.00 0.13 ± 0.00 0.12 ± 0.00 < 0.000***
CP1 23.2 ± 0.48 23.8 ± 0.49 25.8 ± 0.44 0.001***
CP2 1.3 ± 0.01 1.3 ± 0.01 1.3 ± 0.01 0.072
Op 0.39 ± 0.01 0.39 ± 0.01 0.44 ± 0.01 < 0.000***
Opw 0.03 ± 0.00 0.03 ± 0.00 0.09 ± 0.01 < 0.000***
Btotal 71.1 ± 4.03 46.3 ± 3.03 65.5 ± 4.02 < 0.000***
Bbasal 68.4 ± 4.00 44.7 ± 3.01 59.2 ± 4.13 < 0.000***
G 265.2 ± 71.50 85.4 ± 24.0 58.4 ± 15.28 < 0.000***
V 1.8 ± 0.21 1.5 ± 0.08 4.9 ± 0.56 < 0.000***

S1 0.0075 ± 0.0015 0.0084 ± 0.0010 0.0107 ± 0.0009 0.000***
S2 7.33 ± 2.87 5.69 ± 0.78 69.68 ± 16.68 0.000***

Cestimated 170 ± 17.7 104 ± 5.4 307 ± 26.5 0.000***
Nestimated 4.4 ± 0.8 2.4 ± 0.2 8.5 ± 1.1 0.000***
Cmeasured 1141 ± 55 781 ± 61 1759 ± 119 0.000***
Nmeasured 22.3 ± 1.1 26.4 ± 2.2 39.9 ± 3.0 0.000***

SeptemberApril June
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   The total biomass and the basal biomass showed a dip in June while being higher 
at the start and the end of the season. Generality showed a significant decrease 
throughout the year. Vulnerability also showed a decrease during the first two 
samplings, but increased sharply towards the end of the season. 
   Both types of stability were affected by seasonality (Table 7). Stability (S1) 
decreased during the months (0 = most stable situation). Stability (S2) showed a 
different pattern. All months showed a value indicative of growing populations 
(S2>1). 
   The functioning of the soil food web was also affected by seasonal development. 
During the year the estimated and the measured respiration rate increased after a dip 
in June. The estimated nitrogen mineralization rate showed the same pattern 
although no dip in the measured rate was observed in June. 
 
Effect of sampling year on the soil food web 
In 2003 cf with 2002, the range of temperatures within a day was significantly larger 
(Kruskal Wallis, p<0.0001), maximum daily temperature was higher (Kruskall 
Wallis, p=0.020) and relative air humidity was lower (ANOVA, p=0.002). Thus, the 
weather conditions in 2003 proved to be more challenging than in 2002 and 2003 
can be indicated as a dry year. Many significant differences occurred between the 
two years (Table 8).  
   In 2003 more links and more functional groups were observed. The average 
number of links per functional group (Linkage density, LD) remained unaffected 
however. The connectance was higher during the dry year. Also a larger proportion 
of functional groups were omnivoric (Op), while at the same time their biomass was 
lower (Opw). Both generality (G) and vulnerability (V) showed a significant 
decrease in 2003.  
   The stability of type 2 (S2) was significantly affected by the drought. The drier 
year lead to a more stable food web. 
   The estimated as well as the measured soil respiration and nitrogen mineralization 
all decreased in 2003. 
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Table 8: Effects of sampling year on the structure, the stability and the functioning of the soil 
food web (n = 72). For explanation of abbreviations, see Table 4. *: significant at p � 0.05, 
** : p � 0.01, *** : p � 0.001 

Food web 
property

mean ± S.E.M. mean ± S.E.M. p-value

L 22.65 ± 0.51 24.24 ± 0.46 0.029*
S 13.25 ± 0.16 13.89 ± 0.14 0.008**
LD 1.69 ± 0.02 1.74 ± 0.02 0.115
CN1 41.92 ± 0.98 45.00 ± 0.88 0.022*
CN2 0.13 ± 0.00 0.13 ± 0.00 0.200
CP1 23.53 ± 0.42 24.97 ± 0.37 0.017*
CP2 1.30 ± 0.01 1.32 ± 0.01 0.115
Op 0.39 ± 0.01 0.42 ± 0.01 0.009**
Opw 0.07 ± 0.01 0.03 ± 0.00 < 0.000***
Btotal 58.94 ± 3.40 63.03 ± 3.14 0.343
Bbasal 54.71 ± 3.45 60.17 ± 3.02 0.152
G 146.80 ± 42.99 125.89 ± 31.60 0.018*
V 3.52 ± 0.42 1.94 ± 0.17 0.003**

S1 0.01 ± 0.00 0.01 ± 0.00 0.191
S2 47.79 ± 11.75 7.34 ± 1.42 0.013*

Cestimated 237 ± 21.7 149 ± 11.5 0.001***
Nestimated 6.9 ± 0.9 3.2 ± 0.4 0.000***
Cmeasured 1530 ± 86.3 908 ± 60.5 0.000***
Nmeasured 32.4 ± 1.5 26.6 ± 2.4 0.000***

2002 2003
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Discussion 
 
Food web 
The potential food web of the test site had 8 trophic levels. Such high numbers are 
rarely seen in real ecosystems. But the potential food web is not comparable to a real 
ecosystem since it only provides a blueprint of all possible food webs that may be 
encountered in the plots of the test site. In reality omnivoric species gain most of 
their energy from the lowest trophic level they feed on, thereby substantially 
reducing the number of trophic levels (Hastings and Conrad, 1979). 
   The actual webs show that large structural fluctuations are present.  Within a 
single treatment highly variable food webs were encountered, but also in time the 
food web structure can vary strongly. It is important to realize these actual food 
webs are merely snapshots in time. Therefore, an odd phenomenon, like a distinct 
energy flow between roots and phytophagous nematodes, is likely to have occurred 
only for a short while.  
   The incorporation of the C:N ratio of detritus for each associated dataset resulted 
in a much better fit between calculated and estimated respiration and nitrogen 
mineralization This discrepancy may be explained from the parameters of the food 
web model, which were based on average values for each functional group. To 
measure all necessary parameters would be the best option, with the most reliable 
results. However, this was not feasible, considering the workload involved. Since 
the pattern of measured rates was fairly well predicted by the estimated rates, no 
further attempts were undertaken to reduce the difference between estimated and 
measured values. Other studies also revealed consistently lower estimated nitrogen 
and carbon mineralization levels (Berg et al., 2001; Van Dijk et al., submitted) 
 
Effects of copper 
The total copper-concentration in the soil of the Bovenbuurtse test site ranges from 
28 – 101 mg Cu kg soil-1. In the Netherlands, the intervention value for copper in 
this type of soil is around 105 mg Cu kg soil–1, the target value is around 20 mg Cu 
kg soil–1 (VROM, 2008). Other studies have shown effects of copper at 100 mg Cu 
kg soil-1 for nematodes (Korthals et al., 1996), 50 – 700 mg Cu kg soil-1 for 
microarthropods (Bruus Pedersen et al., 1999; Nursita et al., 2005), 700 mg Cu kg 
soil-1 for enchytraeids (Lock and Janssen, 2001), although different soil types were 
used. These data suggest that only minor effects of copper were to be expected. 
However, copper had significant effects on the structure of the soil food web. It 
significantly affected linkage density, connectance and complexity. This indicates 
that the structure of the food web was less complex under the influence of copper. 
While the food web became simpler, the stability remained unaffected by the 
presence of copper. So it has to be concluded that different structures yield the same 
stability. 
   The same is true for the functioning of the soil food web. Under presence of 
copper, soil respiration and nitrogen mineralization were unstable but not affected 
by copper. The fact that structural differences did occur and that the level of 
functioning was unstable, may act as an early warning system if the available copper 
concentration increases (Van Straalen, 2003; Hedlund et al., 2004).  In another 
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study, non-lethal, behavioural effects of copper (Bayley et al., 1995) or other 
stressors (Gunn and Hopf, 1942; Sorci and Clobert, 1997) on top predators were 
observed. Despite seeming quite harmless under laboratory settings, in real systems 
such effects can profoundly influence food-web characteristics by decreasing fitness 
of organisms on the long run. 
 
Effects of pH manipulation  
As species react on the pH of the substrate they live in (Van Straalen and Verhoef, 
1997), it is not surprising that soil pH affects the soil food web. The effects of a 
lowered soil pH on the structural properties of the soil food web were comparable to 
the effects of the addition of copper. A lowered pH caused a reduction in linkage 
density, complexity and generality, and the food web seemed to develop to a simpler 
version. 
   The stability of the soil food web was also affected by pH, albeit the effects are 
puzzling. According to the stability from the interaction matrix, the food web is 
more stable under relative acid conditions where it is also simpler. However, 
according to the stability calculated from vulnerability and generality, the soil food 
web under normal pH is the most stable.  These findings are not necessarily in 
contradiction since values above 1 of the latter type of stability are indicative of a 
surplus of available resources. Even at the lowest pH plenty of resources are 
available. In fact, the values of Stability type 2 are always much higher than the 
assumed value of 1 in the most stable situation, which is indicative of food webs in 
early development. The food web at the test site never reaches full stability due to 
the setback in development caused by agricultural practices. If the constraints of 
agricultural practices are removed, the average value of S2 may gradually converge 
to lower levels (Holtkamp et al., 2008). 
   In addition to the effects on stability, the functioning of the soil food web was 
varying between treatments but not significantly.  As structure and stability were 
affected by pH, it seems likely that functioning of the soil food web is prone to 
change if pH stress increases in severity. 
 
Effects of seasonality 
Seasonality can have large consequences for the structure, stability and functioning 
of soil food webs (Bardgett, 2005). During a year the structure of the soil food web 
becomes more complex (Neutel et al., 2007). This increase in complexity can be 
concluded from the increase in number of functional groups, number of links, 
connectance, complexity, omnivory and generality. As more biomass builds up at 
higher trophic levels, the amount of resources goes down, indicating an increasing 
complexity throughout the year. 
   The pattern of vulnerability is slightly different. One would expect vulnerability to 
increase as the amount of predator biomass increases. Vulnerability showed a dip in 
June, to be followed by a sharp increase in September. This could be in accordance 
with agricultural practices, having a relatively large effect on predators living on the 
soil surface. 
   The stability of the soil food web changed due to seasonality. Stability 1, which is 
based on the interaction matrix, decreased during the year, which would be in 
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contradiction with the opinion that “complexity begets stability”, as in the present 
case the more complex the soil food web became, the lower the stability. Stability 2, 
which is based on vulnerability and generality, was not completely in accordance 
with Stability 1. During the first months, the system became more stable, only to 
destabilize at the end of the season. A decrease in stability towards the end of the 
summer would be expected in a temperate climate where most arthropods hibernate 
in egg stage. After oviposition has taken place adult individuals die, causing a 
decrease in biomass of their functional group. Organisms from higher trophic levels 
tend to be exposed to harsher environmental conditions because they have to migrate 
in order to obtain energy from limited resources. Therefore, they will be among the 
first to experience the onset of winter. A decrease in biomass of higher trophic levels 
due to harsh environmental conditions causes stability 2 to further deviate from 1, 
which indicates a destabilizing food web. 
   Seasonality affected the functioning of soil food webs as well. Estimated and 
measured respiration were higher in September compared to April, with low 
respiration in June. High respiration at the end of the season would be in accordance 
with the results obtained from stability 2. As the biomass of higher trophic levels 
dies off it is converted by lower trophic levels resulting in a high respiration. The 
reduction of respiration in June is accounted for by the reduction in basal biomass. 
Respiration was measured in laboratory incubations of soil samples and is therefore 
linked to microbial (basal) biomass. 
   An almost similar pattern in the mineralization rate of nitrogen was observed. 
Measurements of nitrogen mineralization showed no reduction in June. A possible 
explanation is the input of material, relatively high in nitrogen content. If 
agricultural practices have affected higher trophic levels, this could have occurred. 
Agricultural practices at the test site did not include the application of fertilizers. 
 
Differences between years 
A range of significant differences occurred between sampling years. In 2003 the 
number of species and the number of links was higher. Connectance 1, Complexity 
1 and Potential Omnivory were higher whereas the Potential Omnivory, weighed by 
biomass, was lower. The total biomass and the basal biomass in the food web were 
highest in 2003. Further, from the ratio between basal biomass and other biomass it 
can be concluded that in 2003 most of the biomass was located at the lowest trophic 
levels. An explanation of these differences lies in the weather conditions. With more 
extreme weather conditions in 2003, higher trophic levels, which often live near or 
on the surface, were more exposed to the environmental conditions. Therefore it is 
not surprising that their biomasses were negatively affected. These organisms have 
to deploy migratory measures to avoid too harsh conditions (Verhoef and Witteveen, 
1980; Verhoef, 1981). Migration is a costly process that negatively affects growth 
and reproduction through trade-off effects.   
 
No truly consistent pattern could be distinguished in the effects of copper treatment 
or manipulation of soil pH on the structure, stability or the functioning of the soil 
food web. It is quite clear that the soil food web, even in its simplest form, is a 
complicated set of interactions between species. Because of this complexity, it is not 
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possible to precisely predict the behaviour of the food web under the influence of a 
stressor. It is however clear that the presence of a stressor does affect the food web. 
In most cases less developed soil food webs were encountered in the most severely 
treated plots. However, some soil food web properties were contradicting these 
findings. Therefore, it can be concluded that the indicative value of the soil food 
web is limited for assessing soil health. Indicators for soil health are required to 
meet certain criteria. They should be sensitive to changes in management but not too 
sensitive as to be influenced by short-term weather fluctuations, comprehensible to 
land managers, easy and inexpensive to measure (Doran and Zeiss, 2000) and 
reliable in revealing which problems exist where (Schloter et al., 2003),  
   The complexity of the soil food web, the workload required to obtain all data and 
the difficulties in assigning consistent effects to specific stressors, reduce the 
possibilities for assessing soil health with food-web properties. However, studies of 
the soil food web do shed light in the black box we often refer to when speaking of 
the soil. If more types of soils are investigated, some pattern or mechanism may 
emerge as a suitable indicator of soil health. 
   In this study, clear differences between months and sampling years were obtained. 
These differences, especially between consecutive years, indicate an increased 
sensitivity of stressed soil food webs to an extra stressor, the extra stressor being 
extreme weather conditions. Seen in the light of global warming, where extreme 
weather conditions are predicted to occur more frequently in temperate zones 
(Bresser et al., 2005), the effect of such conditions on the responses of the soil food 
web should definitely be thoroughly investigated. 
 
 
Conclusion 
 
The food web investigated within this study has not lead to easy-to-use indicators of 
soil health. Given the workload involved, the food web itself is probably never 
suitable for a quick assessment of soil health. However, the results presented here do 
indicate an increased sensitivity of stressed soil food webs under more extreme 
weather conditions compared to unstressed soil food webs. Seen in the light of 
global warming, this phenomenon should be investigated more thoroughly. 
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Chapter 5 
 
Temperature change and the stability and functioning of stressed soil food webs 
 
F.J.A. Kuenen, C.A.M van Gestel, H.A. Verhoef 
 
VU University, Amsterdam. Institute of Ecological Science, Department of Animal 
Ecology. 
 
 
Abstract 
 
Stressed ecosystems may respond differently to an additional stressor than 
unstressed systems. To investigate this phenomenon, the effects of temperature on 
stressed and unstressed food webs in an arable soil were analysed. The soil was 
previously treated with copper and its pH was manipulated. Using the Arrhenius 
relation, the response of the food web was modelled at temperatures beyond the 
normal operating range of organisms, thus creating an extra level of stress on top of 
the Cu and pH stress already present. While at normal temperatures the stability of 
the soil food web was affected by pH whereas the functioning remained unaffected, 
temperature-related effects were observed at more extreme temperatures. Changing 
temperatures caused a shift between significant stressors. At low temperatures raised 
copper levels had significant effects on stability while at high temperatures pH 
effects dominated. At low temperatures significant effects of pH on the functioning 
of the soil food web did occur while these were unforeseen in a previous study. 
These findings show that although polluted soils may not cause problems at first 
sight, with temperatures changing as a result of global warming they may become a 
source of concern in the future. 
 
Keywords: Soil food web, Arrhenius-relation, temperature, soil functioning, 
stability. 
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Introduction 
 
The soil serves many functions for mankind, ranging from providing a sturdy basis 
to build on, to the cycling of nutrients, essential for agricultural production (Van 
Straalen, 2002). The rate at which nutrients are (re)cycled through the soil is 
depending on the prevalent environmental conditions at and prior to the time of 
measurement (Frissel, 1977; Meehan, 2006b). Environmental conditions dictate the 
rate at which biological processes occur (Gunn and Hopf, 1942). Although a 
multitude of variables is of importance (rainfall, irradiation, clay content, soil 
moisture content, particle size distribution), temperature is the factor exerting the 
largest influence (Gunn and Hopf, 1942; Frissel, 1977; Abdel-Lateif et al., 1998). 
Temperature effects on biological and physical processes consist of an intricate mix 
of inhibiting and stimulating factors. For instance, temperature affects soil moisture 
content while soil moisture content may affect dissolved nutrient concentrations and 
pH. At its turn, soil pH affects the biological availability of essential, non-essential 
and potentially toxic compounds. Temperature effects are even more complicated 
when biological processes are involved, like the mobility of organisms and the 
uptake of metals (Marinussen and van der Zee, 1997). 
   These processes can only take place within a certain temperature range. Since 
fecundity, sex ratio, fitness and development time of offspring in ectothermic 
species can be closely related to temperature (Warner and Shine, 2008), slight 
changes in the temperature can have profound effects on their population dynamics.  
Indications of a possible influence of temperature were obtained in an earlier study 
on stressed soil food webs (Chapter 4). For two consecutive years the effects of 
copper and pH on the soil food web were determined in an arable land. In these 
years the food web responded differently to the factors pH and Cu. The results 
indicated an unforeseen effect of temperature. Clear evidence was found that 
stressed soil microbial communities at the same test site were less able to cope with 
an additional stressor (lead and salt) than unstressed ones. Therefore it was 
hypothesised that differences in response to stress become clearer when temperature 
acts as an additional stressor (Tobor-Kaplon et al., 2005). 
   To further investigate temperature effects on a soil food web already under stress 
(Cu/pH), the Arrhenius relation was deployed to calculate model parameters for a 
range of temperatures. This relation offers the means to estimate the effect of 
temperature on the rate of biological processes based on a measured rate at a 
reference temperature. The obtained model parameters were used to estimate the 
effects of temperature on three responses of a stressed soil food web: stability, 
nitrogen mineralization rate and respiration rate.  
 
 
Material and Methods 
 
Model 
The food-web model used in this study was originally developed by Hunt et al. 
(1987) to describe a short-grass prairie, and has been modified and used for 
describing the food web of other ecosystems (De Ruiter et al., 1993b; De Ruiter et 
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al., 1994; Berg et al., 2001; Neutel et al., 2002; Holtkamp et al., 2008). A detailed 
description of the model is given in Chapter 4.  
 
Site description 
Soil samples originated from a test site known as the “Bovenbuurtse site”. This site 
is located near Bennekom (Province of Gelderland, the Netherlands, 51°59′35.39′′ 
N, 5°40′18.77′′ E). The soil consists of slightly loamy fine sand with a low organic 
matter content (loss-on-ignition 3.5%). It has been classified as a Fimic A Horizon 
(FAO-UNESCO, 1988) or a Plaggen Epipedon according to USDA Soil Taxonomy 
(USDA, 1975; Marinussen and van der Zee, 1997) . 
   The site was designed in the 1980s as a randomized block design, each block 
consisting of 16 adjoining plots (6 x 11 m) that received a unique combination of 
four copper loads and four pH levels (Lexmond, 1980). Every block was replicated 
8 times. In this study we focused on six Cu x pH treatments, each replicated four 
times (Table 1). 
   Maintenance and use of the test site consisted of standard agricultural procedures 
extended with a regular calibration and adjustment of copper concentrations and soil 
pH. A three-year crop rotation cycle was maintained on the test site consisting of 
barley, potatoes and maize.  
 
Soil samples 
Three sets of soil samples were randomly taken from the top layer (10 cm) of each 
plot using a stainless steel corer. The first set consisted of 15 samples (4 cm ∅), 
which were bulked and sieved before further determination of the biomass of 
bacteria, fungi and protozoa. Data on nematodes was obtained from a second set of 
soil samples. Thirty samples (3 cm ∅) were taken from each plot and mixed 
together. Part of this amount of soil was used to extract nematodes. A third set of 5 
randomly taken soil samples (4 cm ∅) was collected to obtain an amount of 250 
grams of soil to collect data on microarthropods.  
   For two consecutive years, the plots were sampled in April, June and September. 
During the first year (2002), barley was growing on the test site. In 2003 the crop 
species was potatoes.  
   From each plot under investigation, data on Bacteria, Fungi, Amoebae, Ciliata, 
Flagellata, Collembola, Cryptostigmata, Prostigmata, Mesostigmata, Nematoda, and 
Enchytraeidae was collected from the various sets of soil samples. No samples were 
taken for estimating biomass of earthworms since these were not present at the test 
site (Marinussen and van der Zee, 1997).  
 
Biomass estimates 
Arthropoda 
Data on soil microarthropods were collected by using oil flotation (Kuenen et al., 
submitted).  
   Each individual organism was identified to genus level and body size was 
measured using digital imaging software (Research Assistant 4.0). All 
measurements were calculated to biomass (Persson and Lohm, 1977; Berg, 2000; 
Caballero et al., 2004) and expressed as kg C ha-1. 
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Microorganisms 
Samples for obtaining data on biomass of microorganisms were processed as 
described by Tobor-Kaplon (2006). Bacteria were stained according to Bloem and 
Vos (2004) and counted automatically (Bloem et al., 1995). Bacterial biomasses 
were calculated from the bacterial counts and cell length and width. A specific 
carbon content of 3.1 ⋅ 10-13 g C µm3 was assumed in expressing biomass in kg C ha-

1 (Tobor-Kaplon, 2006). 
   Fungi were stained according to Bloem and Vos (2004), and counted manually 
with an epifluorescence microscope. A hyphal diameter of 2.5 µm, a cylindrical 
shape and a biovolume-to-carbon conversion factor of 1.3 ⋅ 10-13 g C µm3 were 
assumed to calculate biomass expressed as kg C ha-1 (Tobor-Kaplon, 2006). 

 
Protozoa 
Protozoa were enumerated by the most probable number method (MPN) after 
Darbyshire et al. (1974). Series of 4-fold dilution in P&J medium in microtiter 
plates were used. Pseudomonas fluorescens was used as a food source. Presence of 
flagellates, ciliates and amoebae was checked after one and two weeks of incubation 
at 18 °C (Tobor-Kaplon, 2006). 
 
Nematoda 
Biomass estimates of nematodes were based on the density of Acrobeloides nanus at 
the test site and body mass measurements. Nematodes were extracted from the soil 
samples according to the method of Oostenbrink (1960).  
   Densities were obtained by assessing the numbers of individuals in 100 g of soil 
while body mass measurements (fresh weight) were derived by recalculation of 
nematode body length and width with Andrassy’s formula (Freckman, 1982). A 
fresh-to-dry mass conversion factor of 0.2 was used to obtain biomass in dry weight 
(Yeates, 1979). Biomass was expressed as kg C ha-1. 
 
Oligochaeta 
Enchytraeids were extracted from soil samples using a Wet Tullgren Extraction 
technique (O'Connor, 1955). A feedback mechanism was used to steadily raise the 
temperature to about 50 °C in three hours (Andren, 1985). Enchytraeids were 
identified to genus level using Nielsen and Christensen (1959; 1961). Body length of 
each individual enchytraeid was measured. These measurements were used to 
calculate biomass (Abrahamsen, 1973) expressed as kg C ha-1. 
   No signs of presence of earthworms were found during sampling, neither as casts 
in the field nor as (parts of) individual earthworms in the samples.  
   
Weight and C:N ratio of detritus 
The size of the detritus pool in each soil food web was estimated by assuming that 
the residue remaining after the extraction of microarthropods was mainly composed 
of organic matter. By recalculating the detritus weight to the specific sample size, 
reliable estimates of the detritus pool could be obtained. Each dataset had a unique 
value for the biomass in the detritus pool. When no material for the analysis was 
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available, the average value of the other three replicate samples belonging to the 
same treatment and the same sampling date were used. Average estimates of the 
detritus pools (kg C ha-1) per treatment are listed in Table 1.  
   No actual data on the root biomass could be obtained. Therefore it was assumed 
that root biomass was equal to the biomass of the detritus pool.  
   The C:N ratio of the detritus in each sample was measured in the residue 
remaining after extraction of soil microarthropods. The residue was ground to a fine 
powder, 2-3 mg samples were enclosed in tin capsules and C:N ratio was determined 
on a HP5890A gas chromatograph. Each dataset had a unique value for the C:N 
ratio of the detritus pool. When no material for the analysis was available, the 
average C:N ratio of the other three samples belonging to the same treatment and the 
same sampling date was used. Average C:N ratios of the detritus per treatment are 
listed in Table 1. 
 
Death rate Nematoda 
Laboratory cultures were established with nematodes extracted from soil samples of 
each treatment (Doroszuk, 2007). From these cultures the natural death rate was 
determined (generations year-1). Treatment-specific death rates (Table 1) were 
incorporated in the model.  
 
Death rate and Assimilation efficiency of bacteria 
From each treatment bacteria were cultured in the laboratory in order to screen for 
microbial indicators of stress. Bacterial growth rate was measured based on 
[3H]thymidine and [14C]leucine incorporation in bacterial DNA and proteins (Tobor-
Kaplon, 2006). Based on the differences in growth rate, treatment-specific death 
rates and assimilation efficiency parameter values were derived (Table 1). 
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Temperature effects 
The parameters in the model, which are assumed to vary with varying temperature, 
were recalculated in the range of 10 to 30 °C by using the Arrhenius relation. This 
was done for the natural death rate, the assimilation efficiency and the production 
efficiency. No modifications were made to C:N ratios, feeding preferences or any 
other food web characteristic that is based on structural properties. 
   To calculate a model parameter at a specific temperature, the Arrhenius relation 
was used: 
 

(1) 
 
 
where k(T) is the rate or parameter value at temperature T(K), k(Tref) is the rate or 
parameter value at the reference temperature (293 K), TA is the Arrhenius 
temperature (K), which is assumed to be similar for all physiological processes that 
take place within the functional group (Kooijman, 2000; Jager et al., 2005).  The 
Arrhenius temperature for all functional groups has been determined in several other 
studies listed in Table 2. 
 
To prevent the use of unrealistic parameter values throughout a temperature range, a 
three-step procedure was followed.  
 
Step 1: Minimum and maximum parameter values were determined by applying the 
Arrhenius relation to model parameter values with extremes in temperature as input. 
To prevent unrealistic values the minimum and maximum temperatures were chosen 
outside the range under investigation, at 8°C and at 32°C, respectively (See also step 
2). 
   It was not possible to simply use the reference values as input for all parameters 
since these values (Assimilation efficiency, Production efficiency) logically have to 
decrease with increasing temperature (Oleksyn et al., 2003). For these parameters, 
input in the Arrhenius equation was as follows:  1 - (reference value). 
 
Step 2: For all temperatures in the range of 10° - 30°C the associated parameter 
values were calculated and normalized to values between 0 and 1. This is not 
necessary for the Natural Death Rate since it is quite normal for organisms to have 
multiple generations in a single year. Values for Assimilation efficiency and 
Production efficiency are, however, restricted to values between 0 and 1. As values 
of 0 and 1 are also highly unlikely, minimum and maximum temperatures were set 
at 8° and 32°C, respectively. By doing so the lowest parameter values are above 0 
and the highest parameter values below 1. 
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Normalisation was performed by: 
 
 

(2) 
 
where PVnor is the normalised parameter value, PVArr is the parameter value 
calculated with Arrhenius, PVext is the most extreme parameter value calculated with 
Arrhenius at 8°C or at 32°C, PVref is the parameter value at the reference 
temperature. 
 
Step 3: For each temperature in the range, all associated normalised parameter 
values were used to calculate three responses of the soil food web under different 
levels of stress (Cu, pH): respiration, nitrogen mineralization rate and stability. 
 
Table 2: Values of model parameters for all functional groups used to estimate the effect of 
temperature on a soil food web under copper and/or pH stress.  

Source values = original literature from which values have been obtained. “M” indicates a 
parameter value that was modified according to data from the test site “Bovenbuurt”. These 
modified parameter values are listed in Table 1. TA = Arrhenius temperature (Kelvin). Source 
TA = literature from which the Arrhenius temperature was obtained. 
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Mesostigmata 8 1.84 0.6 0.35 Hunt et al., 1987 8117 Meehan, 2006a

Carnivorous nematoda 10 1.60 0.5 0.37 Hunt et al., 1987 6150 Jager et al., 2005
Omnivorous nematoda 10 4.36 0.6 0.37 Hunt et al., 1987 6150 Jager et al., 2005
Amoebae 7 6.00 1.0 0.40 Hunt et al., 1987 12700 Finlay, 1977
Ciliata 7 6.00 1.0 0.40 Hunt et al., 1987 12700 Finlay, 1977
Cryptostigmata 8 1.20 0.5 0.35 Hunt et al., 1987 8117 Meehan, 2006a

Prostigmata 8 1.84 0.5 0.35 Hunt et al., 1987 8117 Meehan, 2006a

Fungivorous nematoda 10 1.92 0.4 0.37 Hunt et al., 1987 6150 Jager et al., 2005
Collembola 8 1.84 0.5 0.35 Hunt et al., 1987 9058 Meehan, 2006a

Enchytraeidae 5 3.71 0.3 0.40 Berg et al., 2001 3340 Jager et al., 2005
Flagellata 7 6.00 1.0 0.40 Hunt et al., 1987 12700 Finlay, 1977
Bacterivorous nematoda 10 M 0.6 0.37 Hunt et al., 1987 6150 Jager et al., 2005
Fungi 10 1.20 1.0 0.30 Hunt et al., 1987 7043 Kooijman, 2000
Bacteria 4 M M 0.30 Hunt et al., 1997 8580 Kooijman, 2000
Plant parasitic nematoda 10 1.08 0.3 0.37 Hunt et al., 1987 6150 Jager et al., 2005
Roots 10 0.00 1.0 1.00 Berg et al., 2001 6842 Kooijman, 2000
Detritus M 1.00 1.0 1.00 Berg et al., 2001 6843 Kooijman, 2000
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Respiration of the soil food web 
Respiration rate was calculated as: 
 

(3) 
 
 
where Cmin is the respiration rate in kg C ha-1 year-1, eass is the assimilation 
efficiency, eprod is the production efficiency and Fi is the feeding rate of the ith group 
(i=1) in kg C ha-1 year-1 (De Ruiter et al., 1993a; De Ruiter et al., 1993b; De Ruiter 
et al., 1994). 
 
Nitrogen mineralisation of the soil food web 
Nitrogen mineralisation rate was calculated as: 
 
 

(4) 
 
 
where Nmin is the nitrogen mineralization rate in kg N ha-1 year-1, eass is assimilation 
efficiency, eprod is the production efficiency, rprey is the C:N ratio of the prey, rpred is 
the C:N ratio of the predator and F is the feeding rate in kg C ha-1 year-1 (De Ruiter 
et al., 1993a; De Ruiter et al., 1993b; De Ruiter et al., 1994). 
 
Stability of the soil food web 
In calculating the stability of the soil food web according to May (1972), it was 
assumed that each functional group was present as a stable population. The links 
between functional groups were represented in a community matrix, where absence 
of links was depicted as zeros and links were represented by a value for the 
interaction strength. The stability of the soil food web was calculated as the least 
negative eigenvalue near the equilibrium of the (Jacobian) community matrix. The 
closer the value is to zero, the more stable the community matrix is. Higher values 
indicate a less stable system that is likely to undergo changes, either by the 
disappearance of functional groups or by invasion of new species. 
 
Feeding preferences 
Food-web models offer the opportunity to set feeding preferences of predators for 
certain prey. However, since no data was gathered on these preferences, all feeding 
preferences for all species in the food web were set to one. This means predators 
consume prey according to their abundance. This approach is similar to Berg et al. 
(2001). 
 
Statistics 
All model calculations were performed in Matlab. Statistics were calculated with 
SPSS 11.0.4 (Mac OS X 10.4.11). Characteristics were log-transformed if necessary 
to obtain symmetry. Analysis was performed by GLM procedure with copper and 
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pH as fixed variables. If data transformation was not successful in obtaining 
symmetry, nonparametric statistical tests (Kruskall-Wallis) were used. 
 
 
Results 
 
Respiration 
Respiration was calculated from the carbon content of each functional group in 
combination with model parameters describing assimilation efficiency, production 
efficiency and feeding preferences. Respiration was affected by pH only at 
temperatures ranging from 10 to 13 °C. Within that range, a low pH caused a higher 
respiration rate (Figure 1). The presence of copper in the soil had no significant 
effect on the respiration rate throughout the range of chosen temperatures (Figure 2).   
  
Nitrogen mineralization 
At the lower end of the temperature range (10 – 16 °C) pH had a significant effect 
on the rate of nitrogen mineralization. The lowest pH caused the lowest 
mineralization rate. At temperatures above 16 °C no significant effects could be 
distinguished (Figure 3). Copper had no effect at all on the Nitrogen mineralization 
rate (Figure 4). 
 
Stability 
At higher temperatures the stability of the soil food web was affected by pH. In the 
range of 20 – 28 °C a significant effect of pH on the stability of the soil food web 
was detected, a low pH caused the soil food web to become more stable (Figure 5). 
   Within the range of investigated temperatures no effect of copper on the stability 
of the soil food web was detected at temperatures above 18 °C. At temperatures 
below 18 °C, a significant effect became apparent (Figure 6). Copper then had a 
stabilizing effect on the soil food web. 
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Figure 1: Effects of temperature and pH on the respiration rate of the soil food web from the 
“Bovenbuurt” test site. In the top figure respiration rates are plotted. Dotted line: pH 6.1, 
Grey line: pH 4.7, Solid black line: pH 4.0. Boxplots are added to indicate how respiration 
rate is affected by soil pH at two temperatures: 10 and 30 °C. In the lower figure the p-values 
are shown. At temperatures ranging from 10 to 13 °C a low pH causes a higher respiration 
rate. At higher temperatures, treatment effects are no longer significant (Kruskal-Wallis). 
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Figure 2: Effects of temperature and copper on the respiration rate of the soil food web from 
the “Bovenbuurt” test site. In the top figure respiration rates are indicated. Grey, dotted lines 
represent control-treatments, black lines are copper-treatments. In the lower figure the p-
values are shown. Copper does not have a significant effect in the range of 10 – 30°C 
(Kruskal-Wallis). 
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Figure 3: Effects of temperature and pH on the nitrogen mineralization rate of the soil food 
web from the “Bovenbuurt” test site. In the top figure nitrogen mineralization rates are 
plotted. Dotted line: pH 6.1, grey line: pH 4.7, solid black line: pH 4.0. Boxplots are added to 
indicate how nitrogen mineralization rate is affected by soil pH at two temperatures: 10 and 
30°C. In the lower figure the p-values are shown. At temperatures ranging from 10 to 16°C a 
low pH causes a lower nitrogen mineralization rate. At higher temperatures, treatment effects 
are no longer significant (Kruskal-Wallis). 
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Figure 4: Effects of temperature and copper on the nitrogen mineralisation rate of the soil 
food web from the “Bovenbuurt” test site. In the top figure nitrogen mineralisation rates are 
indicated. Dotted, grey lines represent control-treatments, black lines are copper-treatments. 
In the lower figure the p-values are shown. Copper does not have a significant effect in the 
range of 10 – 30°C (Kruskal-Wallis). 
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Figure 5: Effects of temperature and pH on the stability of the soil food web from the 
“Bovenbuurt” test site. In the top figure the stability of the soil food webs is plotted. Dotted 
line: pH 6.1, Grey line: pH 4.7, Solid black line: pH 4.0. Boxplots are added to indicate how 
stability is affected by soil pH at two temperatures: 10 and 23°C. In the lower figure the p-
values are shown. At temperatures ranging from 20 to 28°C a low pH has a stabilizing effect 
on the stability of the soil food web. At other temperatures, treatment effects are not 
significant (Kruskal-Wallis). 
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Figure 6: Effects of temperature and copper on the stability of the soil food web 
from the “Bovenbuurt” test site. In the top figure the stability of the soil food webs is 
plotted. Dotted, grey line: 0 kg Cu/ ha-, Black line: 750 kg Cu/ha-1. Boxplots are 
added to indicate how stability of the soil food web is affected by copper at two 
temperatures: 10 and 30°C. In the lower figure the p-values are shown. In the range 
of 10 – 18°C the presence of copper stabilizes the soil food web. At higher 
temperatures, copper does not have a significant effect (Kruskal-Wallis).
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Discussion 
 
While no clear treatment effects were found at the prevailing temperature (see also 
Chapter four of this thesis), significant treatment effects on stability and functioning 
might occur at more extreme temperatures. With respect to global warming, these 
findings may act as a warning for soil policy makers when considering slightly 
polluted soils as harmless. The average concentration in the copper treatment at the 
test site “Bovenbuurt” is 93 mg Cu kg soil-1. The intervention value for the soil type 
present at the test site is 105 mg Cu kg soil-1. This value is a threshold above which 
the functioning of the soil is hampered and cleanup has to be considered. Copper 
values at the test site are below intervention values (VROM, 2008). Nevertheless, in 
this study significant effects of copper on the stability of the soil community were 
found. Furthermore, the results show that the possible effects of soil pollution below 
the intervention value are augmented at lower temperatures.  
   It is  hardly possible to exactly model the temperature effects on the soil food web, 
as it is not the temperature at the time of sampling but rather the temperature prior to 
sampling that may be of importance. Extreme temperatures will undoubtedly have a 
negative effect on population dynamics. The period in which temperature may affect 
population dynamics and the (range of) temperature itself that is effective is 
different for each species. These temperatures were not taken into account since no 
data is available. 
   The number of functional groups and its links remain unaffected when the 
temperature is raised in the model. In reality extreme temperatures at some point 
will cause species or functional groups to disappear from the community. It is not 
possible to predict at which temperature this will happen. Nevertheless, it is obvious 
that the position of each functional group in the soil is dependent on the local 
temperature. By migrating to other layers, animals may avoid extreme temperatures 
and low moisture levels to a certain extent (Frampton et al., 2001; Weithoff, 2004). 
However, no data is available on the level of migratory behaviour of the functional 
groups at the test site. Therefore, the effects of temperature on the structural 
characteristics of the soil food web cannot not be evaluated.  
   This is also applicable to the feeding preferences of the functional groups. If 
organisms do migrate to deeper soil layers, the feeding preferences of the migrating 
animals themselves and of their preys and predators will be affected, e.g. relatively 
large predators may be unable to follow their prey. Since specific knowledge about 
this phenomenon is lacking, no adjustments were made in the feeding preferences.  
   It has been shown that temperature has the potential to influence the severity of 
soil stressors. At low temperatures respiration rate was positively affected by low 
pH. Similar findings were found in other studies (Doelman and Haanstra, 1984) 
although there are contradictory results (Giller et al., 1998).  
   A higher respiration rate can be indicative of an elevated level of stress and may 
be caused by a larger amount of energy being directed into maintenance (Killham, 
1985). At lower temperatures ectothermic organisms reduce their metabolism. 
However, a low pH necessitates a higher level of metabolism to cope with the 
possible damaging effect of the acid environment.  
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   As expected low temperatures increased the susceptibility of nitrogen 
mineralization to a low pH. However, at temperatures higher than 17° C, effects of 
pH were no longer significant. This can be explained from the fact that the optimal 
temperature for nitrogen mineralization lies much higher (Thamdrup and Fleischer, 
1998). The extra stress caused by a low temperature on top of the stress caused by a 
low pH reduced the rate of nitrogen mineralization. Nearer to the optimum 
temperature, the overall level of stress was diminished and the food web was better 
capable of withstanding the effects of the acid environment. 
   Clear results were obtained concerning the stability of the soil food web. At the 
lower temperatures, copper had a significant effect, while at the higher temperatures 
effects of a lowered soil pH prevailed. The most stressed food webs seem to be the 
most stable. This can be explained by the fact that a stable system is unlikely to be 
invaded because the stressors cause a shift in energy flow from population growth to 
maintenance. Therefore, less energy is available for the production of biomass and 
the chances of a successful invasion diminish (Tilman, 1999).  
 
 
Conclusion 
 
Soils under stress are in some cases less able to cope with an extra stressor (Tobor-
Kaplon, 2006). Extreme temperatures may enhance the influence of already present 
stressors on the soil community. Any reserve for adequately avoiding or coping with 
increased levels of stress is depleted because due to trade-offs all available reserves 
are deployed for maintenance.  
   From the results of this study it can be concluded that if temperatures continue to 
rise due to global warming even slightly polluted soils may pose a threat to nature or 
human health. Even a slight temperature change may cause stressors to suddenly 
have an effect. Therefore, soil policy makers should be aware of these risks involved 
in soils with relatively low levels of pollution.  
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Chapter 6 
 
General discussion 
 
In the Netherlands detailed knowledge exists on the whereabouts of (potentially) 
polluted sites (RIVM, 2008). In contrast, relatively little is known about the low 
levels of diffuse pollution with mixtures of chemical compounds (Posthuma and 
Vijver, 2007; Groot et al., 2008). Even less is known about the cumulative effect of 
these low concentrations of persistent chemicals on ecosystem or human health. 
Environmental factors like global warming may influence the response of organisms 
to potentially toxic compounds or may induce behaviour that increases exposure to 
chemicals. 
   The effect of potentially toxic compounds is usually assessed in laboratory tests 
where single species are exposed to (mixtures of) different concentrations of 
toxicants. Although this type of testing uses clear endpoints like survival this type of 
testing is not suitable for investigating more subtle effects on complex levels of 
organisation. Other tools are needed to address these issues like approaches that 
focus on community level.  
   A food-web approach was deployed to investigate the effects of relatively low 
levels of copper under different pH levels on the structure, functioning and stability 
of the soil community and to investigate temperature effects on stressed soil food 
webs. 
 
Extraction 
The soil is often referred to as a black box due to the large uncertainties soil 
scientists have to deal with. Many soil ecologists still encounter practical difficulties 
with one of the basic procedures in soil biology, which is the extraction of soil 
fauna. Existing methods can be divided into active methods, where animals are 
forced to actively leave the soil by providing strong environmental cues (usually 
heat-induced drought), and passive methods, where the animals are separated from 
the soil by means of phase-separating steps and differences in density. 
   The test site used in this study is located near Bennekom in the Province of 
Gelderland (The Netherlands). It is a sandy soil, low in organic matter, where 
methods using a temperature gradient for collecting soil animals proved to perform 
inadequate. Existing flotation techniques were cumbersome in use or required 
toxic/aggressive flotation fluids and expensive construction materials (Walter et al., 
1987; Geurs et al., 1991; Andrew and Rodgerson, 1999). Therefore, the first 
question that had to be answered in order to be able to proceed with the study was: 
What is a suitable method to extract soil microarthropods from a large number of 
sandy soil samples?  
   In answering this question (Chapter 2), the method of oil flotation was developed, 
in which olive oil is used as a flotation fluid. Olive oil was chosen because of its 
relatively non-toxic character and readily availability. Flotation methods have the 
advantage that they can extract more life stages and more species than dynamical 
methods (Snider and Snider, 1997; Søvik and Leinaas, 2002). Some species enter a 
resting stage when exposed to harsh conditions or are in a less mobile stage (e.g. 
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moulting), making it impossible to extract them with environmental cues. Flotation 
methods also extract more life stages (even eggs), which provides a more detailed 
picture of the belowground biodiversity. The newly developed method showed 
recoveries equal to or larger than other methods (Healey and Russel-Smith, 1970; 
Van Straalen and Rijninks, 1982; Ducarme et al., 1999). The setup performed 
reliably in extracting soil samples for the 144 food webs that were constructed 
within this research without significant need for maintenance.  
 
Community structure 
In Chapter 3 the second question of this study was answered: How is the soil 
community affected by environmental stress? Environmental stress in this case was 
the presence of copper in combination with lowered pH levels. The effects of these 
treatments on the soil community structure were investigated using Bray-Curtis 
indices (Bray and Curtis, 1957; Michie, 1982; Mumby et al., 1996). The test site 
performed well in that no edge effect or local effects could be found. If such effects 
had been found, this would have compromised the setup of the study. At first sight 
no treatment effects could be distinguished. The clustering of similar treatments did 
not reveal an effect of either the presence of copper or a lowered pH. However, 
when individual plots were clustered in time, a clear effect of the stress caused by 
copper and/or a lowered pH became apparent. Control plots were very similar 
throughout time compared to the plots treated with copper and/or pH modification. 
The structure of the soil community from one control plot could be predicted by 
knowing the soil community structure from other control plots. Therefore it was 
concluded that the “predictability” (McGrady-Steed et al., 1997; Wardle, 2002) is 
much higher for an unstressed ecosystem than for a stressed system. Small effects of 
relatively low levels of available copper on individual organisms can be enhanced 
through population dynamics leading to large effects at the level of the community 
structure. While the effect of a stressor on a specific species is predictable to a 
certain extent, biological variation between individuals and in population dynamics 
causes the effect at community level to become chaotic and unpredictable. 
   Doroszuk (2007) revealed signs of genetic adaptation of nematodes to the levels of 
stress occurring at the same test site used in this study. Strictly speaking, in such 
case there is no stress (Van Straalen, 2003). Although adaptation in other species 
may also have occurred, it is unlikely that all species within the soil community 
have adapted. Species from the highest trophic levels had home ranges larger than a 
plot, making it unlikely they will adapt to a specific treatment. Of the species with 
home ranges smaller than a plot, many are able to migrate occasionally. Since plots 
on the test site are lying adjacent, there is a constant exchange of genetic material 
between organisms from different treatments. This effectively inhibits genetic 
adaptation to a specific treatment hence the organisms within a specific treatment 
would after many generations still experience stress by elevated copper levels and/or 
a modified pH. The fact that some species in a system adapt and others experience 
stress clearly indicates the unhealthy state of the soil. 
   The unpredictability of the development of the soil community under stressed 
conditions has definitely diagnostic value for the effects of stress on soil health. 
However, determining whether or not a community is developing in a predictable or 
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unpredictable way requires a lot of work and is therefore unsuitable to detect 
impairment of soil health. Nevertheless, these findings do confirm the importance of 
soil monitoring programs (Mulder et al., 2004; Breure et al., 2005). It may also have 
implications for changing the function of soils. For instance, to protect endangered 
species in the Netherlands, large areas of agricultural soils are converted into natural 
habitats. Based on present and historical distribution, soil type and other 
environmental factors, future habitats for the endangered species are assigned. In the 
case of an unhealthy soil, the development of the community may strongly deviate 
from that desired specified habitat. In this case the protection of endangered species 
may even result in a further loss of habitat. 
   The structure, stability and functioning of the soil food web were analysed in 
Chapter 4 to further investigate the effects of stress on soil health. A range of food 
web characteristics was screened to identify specific responses of the soil food web 
to environmental stressors. Several significant treatment effects were present but no 
clear consistent pattern in the response of the soil food web was evident. In most 
cases the food webs under stress were simpler than those without stress. The stress 
caused by an altered pH and/or the presence of copper may hamper the population 
development of some species. As only the highest copper levels in this study were 
near the intervention value, it is unlikely that population development was only 
affected by direct toxic effects of copper. Most likely there are trade-off effects 
(Kneitel and Chase, 2004). The counteracting measures required for coping with 
stress cost energy (Van Straalen, 2003), which is no longer available for other 
processes like reproduction or growth.  Effects on reproduction or growth are easily 
linked to population development. However, even if growth and reproduction are 
not affected, the lower level of energy reserves will have some effect in other 
species characteristics like locomotion. These characteristics indirectly influence 
population development through cascading effects. Reduced energy levels may 
affect locomotion, which in turn may increase the vulnerability to predators (see 
Chapter 1, Figure 2). 
   During the analysis of the soil food-web characteristics a striking difference was 
encountered between the sampling years. Weather conditions in 2003, the second 
sampling year, were more extreme than the year before. The average range of 
temperatures during the day in 2003 was significantly larger than in 2002. Larger 
ranges in temperature require more migratory measures to prevent stress that is 
induced by drought or heat (Verhoef and Nagelkerke, 1977). Therefore, more 
extreme weather conditions are an extra stressor for the soil community. The effects 
of these differences in weather conditions were visible in the soil food web. The 
stressed soil food webs were more sensitive to the extreme weather conditions than 
unstressed ones. Again, trade-off effects are most probably the cause. The higher 
need for compensating migratory measures puts an extra strain on energy reserves 
that are already smaller in stressed food webs. This emphasizes the risk of global 
warming, where more extreme weather conditions are expected. Soils that are now 
qualified as healthy, based on abiotic and biotic measurements, may in fact be 
pushed towards the brink of showing adverse effects.  
   The differences between the two sampling years demanded a further investigation 
of the temperature effects. In Chapter 5 we examined how changing temperatures 
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may affect the stability and the functioning of stressed soil food webs. The rates of 
biological processes are all temperature dependent. While in endothermic organisms 
the temperature is regulated at an optimum to ensure the highest efficiency, 
ectothermic organisms have to rely on environmental temperatures. All biological 
processes follow the Arrhenius relation, which describes how process rates increase 
with increasing temperature within a biological range. In the soil food web from the 
test site all organisms are ectothermic. Therefore, most food-web parameters are 
temperature-dependent and can be recalculated for different temperatures. In 
Chapter 5 the temperature-dependent food web parameters were determined in the 
range of 10 to 30 °C. These temperatures should be seen as average temperatures 
since in reality most ectothermic biological processes respond swiftly to changing 
temperatures. After all parameters were recalculated for different temperatures, 
stability, respiration and nitrogen mineralization of the soil food web were 
estimated. This exercise demonstrated that stressed soil food webs are indeed more 
sensitive to an extra type of stress. While at normal temperatures the functioning of 
the soil food web remained unaffected and only the stability of the soil food web 
was affected by pH, temperature-related effects were observed at more extreme 
temperatures. Global warming will probably affect food webs in the future (Petchey 
et al., 1999). Stressed ecosystems are even more vulnerable since changing 
temperatures can cause a shift between significant stressors. At temperatures below 
18° C elevated copper levels had a significant effect on food-web stability while at 
high temperatures effects of lowered pH dominated. The effects of copper were not 
observed in Chapter 4 because the temperature was set at 20° C, which is in the 
middle of the chosen range of temperatures of 10° to 30°C. 
   These findings confirm that although slightly polluted soils may not cause 
problems at present, with temperatures changing as a result of global warming they 
may become a source of concern in the future.  
   The complexity of the most intricate food web pales in comparison to the real 
world. However, the simplification of the real world is essential since incorporating 
all the data on abundances, life history traits of species and all possible types of 
interactions in one food web model is well beyond our current expertise. It would 
require vast amounts of data, detailed knowledge about a multitude of potential links 
and tremendous computing capacity. Above all, the interpretation of the results 
would be a daunting task subject to intense debate. Despite these limitations, food 
webs provide a valuable tool to evaluate the effect of potentially toxic compounds or 
other stressors on the ecosystem (Preziosi and Pastorok, 2008).  
   Although this study revealed no clear indicator for soil health, food webs are 
essential in understanding the world beneath our feet. Contrary to more conventional 
approaches, a food web provides information about effects of pollutants in the past 
and in the future as the structure of the food web at present is the result of effects of 
toxicants in the past. These effects may still be detectable at present and if sufficient 
data is available about toxic effects on communities, it is possible to predict the 
onset of irreversible changes in the vitality of the soil. To obtain the desired level of 
knowledge, it is necessary to combine any food-web approach with more 
conventional methods. To assess the effects of toxicants on food webs a large 
dataset has to be collected and maintained. The indicative value of food webs will 
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become clearer when information about soil properties, level of pollution and effects 
of multiple toxicants on the soil community is combined and used in an integrated 
way. 
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Samenvatting 
 
De bodem in Nederland is op veel plaatsen licht vervuild met persistente toxische 
stoffen. De concentraties waarin deze stoffen in het milieu aanwezig zijn, vormen 
afzonderlijk van elkaar meestal geen gevaar voor de volksgezondheid. Maar wat 
gebeurt er met het ecosysteem wanneer al deze stoffen tegelijkertijd een kleine 
invloed uitoefenen? Deze vraag is in dit onderzoek onderzocht door te kijken naar 
het voedselweb van de bodem. 
   Het voedselweb is een uitgebreide variant van een voedselketen. Door te kijken 
welke organismen in de bodem voorkomen en deze in te delen in groepen, kan 
onderzocht worden op welke wijze het systeem reageert. Bepaalde karakteristieke 
wijzigingen in het voedselweb kunnen wijzen op een aantasting van het ecosysteem 
terwijl geen van de aanwezige toxische stoffen in gevaarlijke concentraties 
voorkomen. 
   Zoals aangegeven moet voor deze aanpak gekeken worden welke organismen in 
de bodem voorkomen. Hiervoor bestaan verschillende methoden die elk hun voor- 
en nadelen hebben. De gebruikelijke methode maakt gebruik van een gradiënt in 
temperatuur en vocht om dieren uit de grond te verdrijven. Door het afwijkende 
bodemtype werkte deze methode niet bij de grond van het proefveld “Bovenbuurt” 
in Bennekom. 
   In Hoofdstuk 2 is een nieuwe methode beschreven die is ontwikkeld op basis van 
een ander principe. Door toevoegen van water aan de grond en een waterafstotende 
vloeistof kunnen dieren uit de grond worden gehaald. De meeste geleedpotigen 
hebben een waterafstotend, uitwendig skelet. Hierdoor zullen ze binden aan de 
waterafstotende vloeistof. Doordat het soortelijk gewicht van de waterafstotende 
vloeistof lager is dan water, verzameld deze vloeistof met de insecten en andere 
geleedpotigen aan het oppervlak waar de dieren kunnen worden verwijderd. De 
nieuw ontwikkelde methode maakt, in tegenstelling tot bestaande methoden, geen 
gebruik van gevaarlijke stoffen maar van olijfolie. 
   Een voor de hand liggend effect dat men zou verwachten is dat de structuur van 
het voedselweb veranderd onder invloed van toxische stoffen. Om dit te achterhalen 
is driemaal per jaar in twee opeenvolgende jaren op een proefveld het voedselweb in 
kaart gebracht. In totaal zijn 144 voedselwebben geconstrueerd. Het proefveld is zo 
ingericht dat er 16 verschillende combinaties zijn van een lage pH en een 
concentratie koper. Binnen dit onderzoek is slechts gekeken naar de aan- of 
afwezigheid van koper onder drie pH-niveaus. 
In Hoofdstuk drie kwam naar voren dat er geen duidelijke effecten zijn op de 
structuur. Het werd echter wel duidelijk dat bij de controlesituatie de 
voorspelbaarheid van het voedselweb hoger lag. Het voedselweb aan het eind van 
het seizoen was onder de controle sterk afhankelijk van de beginsituatie in het 
voorjaar. Deze voorspelbaarheid was bij de behandelingen met koper en/of bij een 
verlaagde zuurgraad (pH) veel minder. 
In Hoofdstuk 4 zijn de effecten van stress (verlaagde pH, aanwezigheid van koper) 
op de stabiliteit en het functioneren van het voedselweb in kaart gebracht. Deze 
effecten bleken niet eenduidig te zijn maar een voedselweb met stress is over het 
algemeen minder complex dan een voedselweb zonder stress. Een belangrijk 
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resultaat was dat er een verschil te zien was tussen de twee jaren waarin monsters 
zijn genomen. Het tweede jaar waarin monsters zijn genomen was droger dan het 
eerste jaar. Dit heeft geleid tot het idee dat andere factoren zoals temperatuur een rol 
spelen.  
   In Hoofdstuk 5 is het idee dat temperatuur een derde factor kan zijn, verder 
onderzocht. In het voedselwebmodel dat ook in Hoofdstuk 4 is gebruikt, worden 
verschillende parameters gebruikt die temperatuursafhankelijk zijn. Denk hierbij 
bijvoorbeeld aan het aantal generaties per jaar. Door gebruik te maken van de 
Arrheniusrelatie is het mogelijk om, op basis van de waarde van een parameter bij 
een referentietemperatuur, dezelfde parameter uit te rekenen bij andere 
temperaturen. Daarmee ontstaat de mogelijkheid om het voedselweb bij 
verschillende temperaturen door te rekenen. Uit deze exercitie is naar voren 
gekomen dat extreme temperaturen kunnen leiden tot het optreden van effecten die 
bij “normale” temperaturen niet voorkomen. Deze conclusie doortrekkend naar het 
broeikaseffect leidt tot de stelling dat het veranderen van het klimaat kan leiden tot 
aantasting van ecosystemen door stressfactoren die voorheen niet van belang waren. 
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