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Stellingen 

1. Met deltamethrin vergiftigde spinnen sterven door uitdroging. 
- dit proefschrift. 

2. Immobilisatie en wateruitscheiding als gevolg van vergiftiging met deltamethrin zijn 
van elkaar onafhankelijke processen. 

- dit proefschrift 

3. De tegenstrijdigheid in de literatuur over de invloed van temperatuur op de toxiciteit 
van pyrethroïden heeft de volgende oorzaken: 
a. In experimenten worden immobilisatie en mortaliteit zelden onderscheiden. 
b. Immobilisatie vertoont een negatieve temperatuur-effect relatie, wateruitscheiding 
daarentegen een positieve. 
c. Pyrethroïden verschillen in de mate waarin ze immobilisatie en/of 
wateruitscheiding veroorzaken. 

- dit proefschrift. 
- G. Scott and F. Matsumura 1983. Pestic. Biochem. Physiol. 19: 141-150. 

4. Het effect van toxische stoffen op de waterhuishouding van arthropoden verdient 
uit ecotbxicologisch oogpunt meer aandacht. 

- Sun Y.-P., Johnson E.R. 1972. J. Econ. Entomol. 65. 
- Kramer R.D. et al. 1989. J. Econ. Entomol. 82. 
- dit proefschrift. 

5. 'No one would now dream of testing the response to a treatment by comparing two 
plots, one treated and the other untreated'. 

- R.A. Fisher (1930). 

6. Omdat de theorieën van Lamarck wel van toepassing zijn op cultuur, gaan 
wetenschap en kunst een steeds snellere ontwikkeling tegemoet. 

7. De levenskwaliteit van toekomstige generaties wordt sterker bepaald door hun 
cultuur dan door hun aantal. 

8. Het ecologisch verantwoord beleggen van de Nederlandse pensioengelden zou een 
steun van 170 miljard gulden betekenen voor het milieu. 

9. Er dient voor te worden gewaakt dat langdurige toediening van antibiotica bij 
imuundeficiëntie de resistentieontwikkeling van besmettelijke humane bacterie- en 
schimmelziekten niet onaanvaardbaar vergroot. 

10. Naar 't Twents: 'Ak ow geliek gewe', zee de boer,'dan zi'w doaluks oetkuiert'. 

Stellingen behorende tot het proefschrift: 
'Physical conditions affecting pyrethroid toxicity in arthropods' 
Gerard Jagers op Akkerhuis, Wageningen, 17 september 1993 
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spider behaviour, I very much enjoyed my stay with you in Southampton. 

Tinka Murk, niet alleen ben ik blij dat ik je als paranimf heb kunnen 'strikken'. Het 
was ook een groot plezier om met jou de kamer in de barak te delen. Het was erg 
inspirerend om te zien hoe jij vakgroepstaken en onderzoek combineerde, een nieuw 
computernetwerk opstartte en ook nog tijd had voor gesprekken tussendoor. Martien 
Janssen, zowel op koninginnedag als bij de studie van kleine beestjes speelden fysische 
factoren ons nogal eens parten. Ik denk dat je als paranimf wel temperatuurbestendig zult 
zijn. Allebei bedankt voor jullie bijdrage aan de promotie. 



Ook de vakgroepsgenoten die niet op de barak zaten, wil ik bedanken voor hun interesse 
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ABSTRACT 

The aim of this thesis was to obtain mechanistic information about how the toxicity of 
pesticides in the field is affected by physical factors, pesticide bioavailability and arthropod 
behaviour. The pyrethroid insecticide deltamethrin and linyphiid spiders were selected as 
pesticide-effect model. In Part I of this thesis the relationships between the toxic action of 
deltamethrin, physical factors and spider behaviour were studied in field experiments, and 
attention was focused on the contribution of walking behaviour to pesticide exposure. In 
Part II laboratory experiments were carried out where special attention was payed to 
residual bioavailability of deltamethrin and the effects of this compound on the behaviour 
and hygrothermal physiology of female O. apicatus. 

Part I: Field studies 
Field studies have shown that high walking activity in spiders after deltamethrin 
application leads to a strong reduction of the trapping success (Chapter 6). This supports 
the hypothesis that walking activity is an important means of exposure to residues of 
deltamethrin for spiders on the soil surface. The testing of the above hypothesis was made 
possible by the spraying of the pesticide under conditions of low and high spider walking 
activity, the use of small plots that still allowed for independent replication, and the use of 
a low level of toxicant application rate. The low application rate was chosen so that 
trapping success would then depend both on physical factors and the effect of the toxicant. 
The prediction of daily spider walking activity in relation to physical factors was based on 
observations of the effects of physical factors and internal activity rhythms on trapping 
success. Factors showing a very high positive or negative relationship with trapping 
success were identified in an experiment in which the number of spiders trapped daily in 
30 pitfall traps for a period of 72 days was correlated with a number of easily measurable 
physical factors using multivariate analysis (Chapter 2). Another experiment demonstrated 
that spiders posess highly predictable, species dependent nicthemeral activity rhythms 
which are little affected by varying physical conditions, the latter implying an internal 
mechanism, i.e. some physiological factor (Chapter 3). It was shown that the 
independence of treatments for at least one week could be assured when traps in a certain 
field are surrounded by a similarly treated boundery of 7 meters, as spider migration into a 
sprayed plot was found to be relatively slow; however, the spatial distribution of spider 
activity showed rapid changes in relation to microclimatic conditions in the crop (Chapter 
4). An appropriate low dose rate for deltamethrin was determined to be between 0.2 and 
0.5 g ai ha"' deltamethrin (Chapter 5). 
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Part II: Laboratory studies 
Laboratory experiments were used to study the bioavailability of deltamethrin in 

substrate, and the effect of deltamethrin on the hygrothermal physiology and behaviour of 
O. apicatus. 

Using [14C]deltamethrin, it was shown that residual bioavailability was more than 100 
times higher for moss or fungi covering the soil, than for the clay soil used in the 
experiments. Bioavailability showed an exponential decline over time with a halflife of 157 
min and was raised by increasing water content of the soil only at 63% (dwt), at which 
humidity the soil was water-logged. The rate of pesticide uptake by O. apicatus decreased 
with distance walked (Chapter 7). 

Experiments on the hygrothermal physiology of female O. apicatus, indicated that water 
loss is probably the main cause of mortality following deltamethrin poisoning. Water loss 
in O. apicatus is the sum of evaporation and deltamethrin induced water excretion. 
Evaporation was related linearly to the vapour pressure deficit of the air, and showed an 
exponential increase with temperature in relation to water conductivity of the cuticle. 
Deltamethrin induced water excretion was independent of the vapour pressure deficit, and 
showed an increase with dose and temperature (Chapter 8). 

As long as spiders are able to walk, they can compensate for water loss by drinking. 
Immobile spiders loose the capacity to drink free water and are therefore vulnerable to 
lethal water loss. In this respect it should be noted that the results in chapter 8 indicated 
that the immobilisation rate of spiders poisoned by deltamethrin depends on the humidity 
of the air. A simulation model combining quantitative measurements of the independent 
effects of deltamethrin on immobilisation and water excretion is presented in Chapter 9. 
The model simulates mortality in a laboratory population of female O. apicatus at different 
air humidities and temperatures. 

12 



CHAPTER 1 

General Introduction 

In spite of numerous publications on the effects of pesticides on arthropods in the 
laboratory and field (see Newsom 1967, Croft and Brown 1975, Bostrom and Lofs-Holmin 
1982, Croft and Whalon 1982, Basedow 1985, Smith and Stratton 1986, Thieling and 
Croft 1988, Inglesfield 1989), little attention has been paid to the influence of physical 
factors on pesticide toxicity. Yet these factors govern the bioavailability of pesticides, and 
due to the poikilotherm nature of arthropods, may cause changes in the physiology and 
behaviour of these animals. The less homogeneous the environment, the more pronounced 
this influence will be. As physical factors at the soil surface of arable fields show large 
temporal and spatial variation, these factors are likely to affect pesticide poisoning of 
arthropods in the field. 

The relevance of taking into account the role of physical factors in pesticide poisoning 
may be deduced from the following and other studies. A shift in temperature from 15 to 
35 °C, increases the penetration rate of permethrin throught the cuticle of the house fly 
Musca domestica by nearly 200 % (Ann et al. 1987). The inhibitory effect of pyrethroids 
on the closing of the sodium channel gating in neurons shows an exponential decrease with 
temperature (Vijverberg et al. 1982). In analogy to the positive temperature effect 
relationship of metabolic activity in arthropods, walking activity, and the metabolisation 
and excretion of a pesticide increase considerably with temperature. Effects of air humidity 
on pesticide toxicity have also been reported. High air humidity reduced toxic effects in 
carabid beetles (Demetrias atricapillus) exposed to Cypermethrin (Jepson et al. 1987), and 
in a linyphiid spider (Oedothorax apicatus) exposed to deltamethrin (Everts 1991). 

The observation that a multitude of laboratory and field studies about pesticide effects 
in arhropods has not as yet resulted in adequate predictions of effects under field 
conditions, may reflect the limited understanding of how physical factors affect the 
following factors: 

a. bioavailability of the compound, 
b. behaviour and physiology of arthropods. 

The bioavailability of a compound depends on the physico-chemical characteristics of 
the compound, the substrate, and the cuticular contact area (Salt and Ford 1984, Ford and 
Salt 1987, Jepson 1989, Mullie and Everts 1990). Bioavailability from substrate normally 
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introduction 

shows a decline with time (Salt and Ford 1984, Cilgi et al. 1988, Mullie and Everts 1990, 
Wiles 1992). 

Arthropod behaviour determines exposure in the field. Arthropods living at the soil 
surface may be exposured to pesticides by direct contact with spray droplets (topical 
exposure)(Everts 1991, Jepson 1987), by contact with the substrate during walking activity 
(residual exposure), or from eating contaminated food (oral exposure)(Salt and Ford 1984, 
Mullie and Everts 1990, Wiles 1992). Following uptake, pesticide poisoning may affect 
physiology as well as the behaviour of an arthropod (Salt and Ford 1984). 

It is likely that the importance of physical factors in field trials with pesticides has often 
been underestimated, because the relationships between toxicity and the above factors are 
obscured by the use of the advised high application rates. A few unpublished results exist 
on the effects of ambient factors on pesticide toxicity, even at advised application rates. 
Tobacco budworm control in Imperial Valley, California, failed when temperatures 
exceeded 40 °C during the night (see Miller and Salgado 1985) and different effects 
between years have been reported for linyphiid spiders, as non-target organisms, in winter 
wheat, whilst all other treatment parameters, except the physical conditions, remained the 
same (Inglesfield 1989). 

It should be noted that insight into the modification of pesticide effects by physical 
factors in the field is of particular importance, when the use of a reduced application rate 
is required for environmental reasons. 

Practical approach 

Understanding pesticide effects in the field requires insight into many different 
relationships. In order to reduce the complexity of the problem to a manageable situation, 
a decision was made to work with one taxon, with one pesticide, in one crop and to study 
in the field only the short term effects, excluding population recovery. Laboratory 
experiments were used to supply quantitative information about subjects for which the field 
was too complex an environment. 

- The taxon of linyphiid spiders, notably Oedothorax apicatus, was chosen for its 
stable temporal and spatial abundance in arable crops in temperate regions, and for its 
sensitivity to agricultural insecticides (Everts 1990). Linyphiid spiders are easy to 
collect, to rear, and to identify, and can withstand the gentle treatment required in 
experiments. 

- The insecticide deltamethrin was selected as a commonly used representative of the 
economically important group of synthetic pyrethroids, which includes many highly 
insecticidal compounds. 
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chapter 1 

- Winter wheat was chosen as it was thought to have a relatively stable crop 
microclimate, with a stable species composition. In addition, many relevant field 
trials using linyphiid spiders have been conducted in winter wheat. 

- Only short term effects were studied because this allowed for the reduction of the 
temporal and spatial scale of the field experiments, which would otherwise have had to 
have been much larger to prevent long-term effects of immigration. 

Linyphiid spiders 

Money spiders or linyphiids {Aranaea, Linyphiidae) inhabit a wide range of habitats 
including arable land. Many species show ballooning behaviour which allows them to 
invade new habitats rapidly (van Wingerden and Vughts 1979, van Wingerden 1980, 
Thomas et al. 1990). The dominant species in arable fields in the Netherlands and 
surrounding countries are Erigone atra, E. dentipalpis, Oedothorax apicatus, O. fiiscus, 
O. retusus, Bathyphantes gracilis, Lepthyphantes tenuis and Meioneta rurestris (Cottenie 
and De Clercq 1977, De Keer et al. 1989, Everts et al. 1989). 

These species dwell in cracks in the soil and on the soil surface, or in the crop canopy 
just above the soil surface. Some species rely on their webs to catch prey, others hunt. 
The prey consists mainly of collembola such as Isotomuridae or Sminthuridae, but also 
includes mites, flies and aphids (Nyffeler 1982, De Keer and Maelfait 1987). The 
contribution of linyphiid spiders to the biological control of aphids depends on species and 
the time of the year (Sunderland et al. 1985). 

Linyphiid spiders inhabit arable land in densities of 20 to more than 100 per m2 (De 
Keer et al. 1989, Heydemann 1961). In grassland, densities of O. fiiscus were reasonably 
constant throughout the year at a level of ±30 m2. This species preferred low vegetation 
from February to June and high vegetation from July to January (De Keer and Maelfait 
1987). 

In O. fiiscus seasonal variations in activity were related to the occurrence of new 
generations, to the walking activity of males searching for females to mate, and for 
females, to the deposition of egg-batches (De Keer and Maelfait 1987). 

Nicthemeral or 'diel1' cycles in activity in linyphiidae show no general pattern when 
comparing species or sex. Dondale (1972) has shown that, in Erigone autumnalis, male 
activity peaked strongly between 11.00 and 16.00 h, whereas females spread their activity 
throughout the afternoon and night. In both sexes of O. fiiscus walking activity in the field 
was lowest from 06.00 to 08.00 and from 14.00 to 16.00 hours (De Keer and Maelfait 
1987a). Male O. fiiscus showed shifts in microhabitat conditions, with a preference for 
high vegetation during the night (De Keer et al. 1989). 

1: The word 'diel' is used according to Cloudsley-Thompson In: Ed. Nentwig, W. (1987). 
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Figure 1.1: The molecular structure of deltamethrin. 

Depending on species and the availability of prey, a female linyphiid spider produces 
2-17 egg-batches during her life, which may contain up to 25 eggs. There is little variation 
between linyphiid spider species in the development of the eggs, which hatch after 11 to 
14 days at 20 °C (De Keer mandaat 1985). The development rate of the instars shows a 
species dependent increase with temperature as has been demonstrated for O. ruscus, O. 
apicatus, B. gracilis and E. atra (Schaeffer 1976, De Keer and Maelfait 1987b, Lissens 
1987). The rate of development may depend on day-length as has been demonstrated for 
O. fiiscus (Schaeffer 1976). 

Deltamethrin and pyrethroid effects on arthropods 

Synthetic analogues of Pyrethrins, the pyrethroids, have been developed, some of which 
show increased insecticidal activity and light-stability. At present, deltamethrin (synonym: 
decamethrin), S-a-cyano-3-phenoxybenzyl (lR,3R)-cis-3-(2,2-dibromophenyl)-2,2-
dimethylcyclopropane-carboxylate (Fig. 1.1), is one of the most potent pyrethroids. At 
room temperature deltamethrin is a white solid. It has a molecular weight of 507.21, a 
melting point of 101-102 °C, a very low vapour pressure of 3 10"10 mm Hg (at 25 °C), a 
logK„„ value of 6.2, indicating high lipophylicity, a water solubility of less than 0.1 ppm 
at 20 °C, and high thermal stability below 150 °C. It can show photodegradation both as a 
solid and in aqueous solution. It is toxic to arthropods in concentrations below 0.01 mg 
kg"1, which is a factor 10.000 less than in mammals (Roussel Uclaf, 1982). It is 
commercially available in an emulsifiable concentrate formulation (Decis") for crop 
spraying. 

The effects of pyrethroids on arthropods have been reviewed in two excellent papers 
written by Miller and Salgado (1985) and Ruigt (1985). The extent to which these reviews 
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cover the subject, means that it is sufficient at present to give only a short outline of the 
effects of pyrethroids on arthropods. 

Pyrethroid poisoning in arthropods includes contact with and the bioavailability of the 
compound, spread over the cuticle and penetration through the integument into the 
haemolymph, metabolisation and excretion of the compound, effects on target organs, 
disturbance of behaviour and physiology, and finally recovery or mortality. 

There is ample evidence that, at the molecular level, pyrethroids inhibit the closing of 
sodium channel gating (review by Satelle and Yamamoto 1988), which causes prolonged 
signalling in axons. This inhibition is less severe at high temperature (Van den Bereken et 
al. 1973, Vijverberg et al. 1983). It should be noted that pyrethroids and DDT produce 
very similar effects on invertebrate axons (review by Narahashi 1969) which suggests a 
similar mode of action at the molecular level. The synthesis of insecticidally active DDT-
pyrethroid hybrid molecules (Holan et al. 1978) has strengthened this suggestion. 

Pyrethroids disturb activity in a range of neurocells (review by Soderlund and 
Bloomquist 1989), including the central nervous system (i.e. the ganglia, connectives, and 
commissures from the brain to the terminal abdominal ganglion), and peripheral neurons 
such as neurosecretory cells, motory and sensory axons. Sensory structures are particularly 
sensitive to pyrethroids (Clements and May 1977, Gammon et al. 1981). Neural effects 
may, in turn, affect spider behaviour and physiology in different ways. Effects on sensory 
or motory neurons will certainly impose a stress on the animal but as arthropods may 
survive a prolonged period of shut down of respiration and circulation, this is not 
necessarily a cause of mortality (i.e. Sun and Johnson, 1972). 

With respect to the lethal effect of pyrethroids, it may also be of marked importance 
that pyrethroids affect the neurosecretory cells (Orchard 1980, Greenwood et al 1985), 
which regulate the production of many different hormones including a diuretic hormone. 
Increased water loss in relation to pyrethroid treatment has been shown by different 
authors (Casida and Maddrell 1970, Sun and Johnson 1972, Gerolt 1976). Water loss has 
also been observed for many other insecticides (review by Gerolt 1983). This water loss, 
in relation to ambient conditions, may contribute to mortality in arthropods poisoned by 
insecticides. 

Quantitative models in studying pesticide effects on terrestrial arthropods 

Poisoning of arthropods by pesticides involves many steps. Each step in the pesticide-
effect chain is confined to a specific temporal and spatial scale. For instance, physiological 
effects are related to the individual level and to relatively short periods. A framework for 
arranging pesticide effects on arthropods, according to temporal and spatial scales ranging 
from small and shortlived to large and longlasting, has been proposed by Jepson (1988, 
1989). The desire to extrapolate within these scales, i.e. between species, fields or 
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pesticides, or to extrapolate between scales, such as from laboratory results to the field 
situation, requires qualitative and quantitative insight into the most important relationships 
involved, from the largest scale included downwards. As quantitative simulation models 
allow for the calculation of many simultaneously acting relationships, this makes modelling 
an attractive approach for extrapolation studies. Quantitative models have been developed 
for different aspects of the poisoning process and for different arthropod species and 
compounds. Modelling studies have dealt with pesticide uptake from substrate in relation 
to the behaviour of arthropods, and the bioavailability and spatial distribution of a 
pesticide (Salt and Ford 1984). Toxicokinetic models have been developed which describe 
pesticide penetration through the cuticle, distribution in the haemolymph and internal 
tissues, and excretion or metabolism of the compound (Welling and Paterson 1985, 
Welling 1977, Ford et al. 1981, Hadgraft and Brain 1990, Greenwood et al. 1990). On 
the large temporal and spatial scale, quantitative modelling has been used to study the 
effects of pesticide use on arthropod populations in areas of more than one field, in 
relation to arthropod migration (Jepson 1993). 
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Outline of this thesis 

The aim of this thesis is to obtain mechanistic insight in how physical factors and 
arthropod behaviour may affect pesticide toxicity for arthropods in the field. Therefore, 
the effects of physical factors on pesticide bioavailability, uptake, and toxicity for 
arthropods had to be identified and, as much as possible, quantified. The experiments 
included field-trials and laboratory observations. 

Part I. Field trials 
Walking activity determines the exposure of arthropods to a sprayed substrate which 

implies that it is an important cause of residual pesticide uptake. The walking behaviour of 
linyphiid spiders was, therefore, investigated under field conditions in relation to physical 
factors (Chapter 2) and nicthemeral activity rhythms (Chapter 3). These autecological 
parameters were studied in experiments in which no pesticides were applied. 

Given restricted availability of time, field facilities and manpower, a spatial and 
temporal scale was sought for the experiments that was as small as possible without risking 
the loss of relevant information (Chapter 4). To allow for effects of physical factors on 
arthropod mortality following field application of deltamethrin, an appropriate application 
rate below the advised, had to be determined (Chapter 5). Chapter 5 also introduces 'short 
time series analysis', a regression method used to obtain an accurate description of the 
pesticide effects in relation to an untreated control situation. 

The combined effect of arthropod activity and physical factors was studied in an 
experiment presented in Chapter 6. 

Part II. Laboratory studies 
In laboratory studies emphasis was put on pesticide bioavailability and spider water loss. 

The bioavailability of deltamethrin from substrate was studied in relation to soil moisture, 
substrate type, deltamethrin deposition, time after spraying and the distance spiders walk 
on a sprayed substrate (Chapter 7). Measurements of the effect of deltamethrin on 
behaviour and water loss, in relation to temperature and air humidity (Chapter 8), were 
combined in a quantitative deterministic model, which explains the mortality of linyphiid 
spiders on a basis of underlaying water relationships (Chapter 9). 

A summary and concluding remarks are provided in Chapter 10. 
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CHAPTER 2 

Predicting the surface activity of epigeal money-spiders in arable crops using 
relationships between the trapping success of pitfall traps and ambient physical 
factors 

Summary 

This study aimed at the identification of relationships between the walking 
activity at the soil surface of a field population of money-spiders (Linyphiidae) 
and the, simultaneous, action of physical factors. These relationships were to 
be used in later experiments, as, for prediction of linyphiid activity under field 
conditions, the underlaying causal relationships and their interactions are not 
yet identified or quantified to any extent. Spider activity was monitored on a 
daily basis, for 72 days, in a winter wheat and a sugar beet crop using pitfall 
traps. The species composition was determined at weekly intervals. Physical 
factors were measured on a daily basis at a nearby weather station and in the 
crop. Correlations between physical factors and trapping success were studied 
using multifactorial analysis. 

The results showed that the walking behaviour of linyphiid spiders is closely 
related to the simultaneous influence of physical conditions, mainly net energy 
gain of the crop microclimate by radiation, and the humidity of the soil 
surface. The calculated relationships reflected the microclimatic differences 
between the sugar beet and the winter wheat crop. The data allowed the 
identification of optimum conditions for walking activity in relation to various 
physical factors. The analysis indicated that spiders compensate for high or 
low walking activity on one day by low or high activity the next day. Species 
composition in sugar beet seems to be more stable than in winter wheat. 
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Introduction 

In agroecosystems, linyphiid spiders form a group of very abundant, small, predators of 
collemboles and other arthropods such as aphids (Sunderland et al. 1985). Linyphiid 
spiders have been shown to suffer severe reductions in numbers following application of 
agricultural insecticides (Inglesfield 1989, Chambon 1987, Everts 1989). In this respect, 
the exposure of these spiders to an insecticide by walking over residues of the sprayed 
pesticides is generally believed to contribute markedly to pesticide uptake and effect 
(Jepson 1989, Mullié and Everts 1991). The testing of this hypothesis in future field 
studies should involve the spraying of pesticide at moments of low and high spider 
activity. Instead of spraying at random dates with unknown spider activity, it is more 
convenient to use insights into relationships which determine the presence and activity of 
these spiders at the soil surface under field conditions for the selection of appropriate days 
for pesticide application. Therefore this paper aims at identifying relationships between 
physical factors and spider activity at the soil surface. Temperature near the soil surface 
naturally shows a close correlation with spider activity. Yet this variable could not be used 
in the present regression calculations because the prediction of trapping success from a 
regression equation including the soil temperature, would imply an improper use of 
temperature as an independent variable. The temperature near the soil surface could only 
be predicted itself from the other variables already in the regression equation, which would 
imply a shifting from predicting of spider behaviour to predicting of a temperature. A 
broad range of physical factors was examined by sampling in a winter wheat and a sugar 
beet crop. 

With respect to the relationship between crop conditions in the field and trapping 
success of arthropods, it has been shown that for different carabid, lycosid and staphylinid 
species, trapping success was best predicted by a combination of temperatures measured at 
selected moments over the 24 hours of trapping, or the sunshine hours during the trapping 
period. Species dependent catches often parallel the trends observed for families (Honek 
1988). It has often been shown that trapping success of arthropods in the field increases 
with temperature (Baars 1978, Ericson 1979). Desender (1983) calculated separate correla­
tions between the activity of Clivina fossor (Coleoptera) and seven physical factors. The 
highest significance was found for a positive correlation with global solar radiation. 

In most studies, the trapping success of arthropods has been studied in relation to a 
separate physical factor. In order not to disregard the simultaneous action of physical 
factors, it was chosen to analyse, in the present study, the correlations between physical 
factors and trapping success using multivariate analysis. 
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Materials and methods 

The study was carried out on arable land from 1 June to 8 August 1988. Linyphiid 
spiders were captured in a winter wheat and a sugar beet crop using pitfall traps. 

The fields were situated at the Institute for Plant Protection Research (IPO) at Wagenin­
gen. The soil is a heavy river clay soil ('medium high Nude silty clay loam', lutum 
content of 59%, 5.3% organic matter). Each field measured one hectare, and the crop was 
subject to standard agricultural practice. 

At the start of the experiment the winter wheat crop had almost reached its final height. 
On 8 June the cereal was sprayed with a mixture of prochloraz (SportakR):propiconazol 
(TiltR):pirimicarb (Pirimor"), (11 : 11 : 0.251) in 400 1 water ha"'. The crop flowered from 
14 to 30 June and was harvested on the 9th of August. 

Ground cover for the sugar beet crop was estimated visually, and ranged from 50% on 
6 juli, 60% on 15 July to 90% on 5 August. The crop was sprayed with mecoprop 
(BetanalR):methamitron (GoltixR), (31:31) on 1 June, and was hoed manually from 17 to 20 
June, and from 14 to 20 July. 

Arthropods were trapped using pitfall traps i.e., plastic cups with a diameter of 10 cm, 
and 6 cm deep, filled with an aqueous solution of 4% formaldehyde in tap-water with a 
few drops of detergent (teepol). The trapping fluid was renewed weekly. The traps were 
shielded from rain by a transparant round cover of 15 centimeter diameter, attached at 7 to 
10 cm above the trap. To account for variability inherent in measurements of activity, 30 
pitfall traps were used in each crop. These were positioned in three rows of 10 traps with 
5 m between traps and 15 m between rows. All traps were situated at least 20 m from the 
edge of the field. Every morning between 08.00 and 10.30 local time (06.00 to 08.30 
Universal Time Constant), trapped arthropods were collected in the field, and stored in 
70% alcohol for later identification using Locket and Millidge (1951, 1953, 1974). 

The physical factors used in the regression calculations were selected on the basis of 
expected relationships with the microclimate at the soil surface. 

Soil humidity of the top 2 cm of the soil, being the substrate epigeal arthropods walk 
on, was measured in the crop. Samples were taken every morning before emptying the 
pitfall traps, and stored in plastic bags. Soil humidity was determined as percentage dry-
weight, by oven-drying overnight at 105 °C. 

Information from the weather station of the Agricultural University Wageningen, 
situated 300 m south-west of the plots, included: positive net radiation (J cm2 24h1), 
negative net radiation (J cm2 24h1), sunshine hours (h 24h1), daily mean of hourly 
measured relative humidity (%) at 1.5 m, daily mean of the windspeed measured during 
the last 5 minutes of every hour (m s1), minimum and maximum temperature at 1.5 m 
(°C), time (min 24h1) and quantity (mm 24h1) of rain. As the occurrence of rain was 
thought more important than correlations with the highly variable duration or quantity of 
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Table 2.1. Mean values and statistical information for the catches and the physical 
variable measurements (units are given in the text). 

variable 

measured in the crop: 

Linyphiidae in winter wheat 
Linyphiidae in sugar beet 

soil humidity winter wheat 
soil humidity sugar beet 
SH winter wheat previous day 
SH sugar beet previous day 

abbre­
viation 

-
-

SH 
SH 
SHX 
SHX 

measured at the weather station: 

air humidity 
positive net radiation 
negative net radiation 
sunshine hours per day 
daily minimum temperature 
daily maximum temperature 
wind speed 
incidence of rain 
RH previous day 
PNE previous day 
NNE previous day 
SUN previous day 
MIT previous day 
MAT previous day 
WS previous day 

RH 
PNE 
NNE 
SUN 
MIT 
MAT 
WS 
DEP 
RHX 
PNEX 
NNEX 
SUNX 
MITX 
MATX 
WSX 

mean 

114 
158 

27.8 
21.6 
27.8 
21.7 

82.5 
783.9 
-92.2 

3.9 
11.2 
19.3 
2.6 

(42 days 
82.7 

776.7 
-90.7 

3.8 
11.1 
19.2 
2.6 

standard 
deviation 

58.6 
88.5 

8.4 
11.2 

8.6 
283.9 
47.4 
3.7 
2.2 
2.6 
1.0 

with rain) 

minimum i 

20 
21 

11.0 
6.4 

65.0 
273.0 

-200.5 
0.0 
6.9 

14.0 
1.1 

maximum 

260 
430 

41.4 
41.7 

98.0 
1459.0 
- 16.8 

15.3 
18.3 
26.8 
6.0 

the rain, this parameter was transformed to a binary form, stating the presence or absence 
of rain. It should be noted that all physical factors related to the 24 hour period prior to 
emptying the traps at 08.00. 

Regression analysis 

The pitfall trap catches in winter wheat and sugar beet were investigated in relation to a 
selection of the following physical factors: the positive net radiation (PNE), the negative 
net radiation (NNE), sunshine (SUN), relative air humidity (RH), mean windspeed (WS), 
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minimum- and maximum temperature (MIT, MAT), duration of rain (DEP), soil humidity 
(SH) and the week-factors mentioned above (WK,). 

The data were analysed using a forward stepwise regression technique known as 
'maximum R2 improving technique' (J. Goodnight, MAXR procedure, SAS 1990). At each 
step, the variable resulting in the highest increase in R2 is added to the model, followed by 
a re-examination (and, if necessary, exchange for a better variable) of the variables already 
in the model. The selection of the best model was based on a significant contribution (at 
the 95 % confidence limit) of the variables in the model. In case the forward selection 
resulted in a 'best' model which included a quadratic but not the linear component of a 
variable, the latter was included in the final model. Correlations between variables and 
variance inflation of each variable were examined (McGriffen et al. 1988). 

For regression analysis the logarithm of the daily sum of all arthropods caught in 30 
traps was used as the dependent variable. The counts being reasonably high, rarely lower 
than 10 and never 0, not too many differences were expected between (quasi-) Poisson 
modelling and lognormal modelling of the counts. The regression model was based on the 
assumption that the physical factors were related to the catches in a multiplicative way, 
i.e. a change in one factor affecting the level at which other factors can operate. To 
ameliorate estimates of nonlinear relationships, mean values were subtracted from the 
physical factors, used in the regression as independent variables. 

Possible changes in population density, which were not related to physical factors, were 
allowed for by including a dummy variable for every week; the 'week-factors' WK, (t= 1 
to 10), which had the value 1 during the days of a specific week and zero for all other 
days. In this way, the physical factors were analysed within weekly periods, during which 
population growth was assumed to be negligible. 

Possible long lasting effects of physical factors on arthropod activity were analysed for 
all variables by adding to the multiple regression the values of the previous day ((x^). 

A choice was made to fit flattening or optimum relationships of physical factors and 
pitfall trap catches with a second order polynomial, for which the squares of all variables 
were added to the analysis (JC2, and (Xj)2,). This resulted in the following model: 

(2.1) y = n + apcj + bpâ; + c/xjj + d/xj) + e,WK, + e. 

where: 
H the mean number of spiders trapped during the period not indicated with week variables 
(Table 2.1), ap bjt cjt ds regression coefficients (/'= 1 to n), x, and x*t the physical factors 
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Variable: 

Mean 
windspeed 
Maximum 
air temperature 
Minimum 
air temperature 

/VA-^--A^VA^ 

Sunshine hours 

Positive net-
radiation 
Negative net-
radiation 
Relative 
air humidity 
Soil humidity 
sugar beet 
Soil humidity 
winter wheat 
Duration 
of rain 

Measurements: 

•Vw^^r^^'v. 

^W-A—Ä A M * r -

Units: 

18 

0 

m s" 

15. 

0 
h 24 h -1 

1460 

0 
J cm"2 24 h"1 

o 
200 

J cm"2 24 h"1 

100 

65 

42 

0 % dwt 
42 

0 
% dwt 

240 

0 
min 24 h"1 

date: 
week: 

4/6 11 18 25 2/7 9 16 23 30 6/8 

1 2 3 4 5 6 7 8 9 10 

Figure 2.1. Environmental variables measured in relation to arthropod activity. 

after substraction of the variable-mean, and their squares, (x.,)s and (x.,)2
} the physical 

factors of the preceding day after substraction of the variable-mean, and their squares, WK, 
the week-factors for week 1 to t (t=lO), e a random contribution from a normal 
distribution with mean 0 and variance a2). 

It should be noted that, in the case of corrections for population density in certain 
weeks as indicated by the inclusion of week-factors, the intercept value represents the 
mean of the catches in the other weeks. 
Although more sophisticated methods (such as differencing) exist to calculate the rela­
tionships studied, our choice was based on simplicity of application of method used and 
interpretation of results. For the use of the density dependent 'week-factor' a certain 
stability in time was assumed, of the activity of the investigated arthropod groups in 
relation to crop circumstances and/or effects of physical factors. 
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Linyphi idae 

catches (sum of 30 traps) 
300 

200-

100 

Winter wheat 

500 
Sugar beet 

56 63 70 77 
time (days) 

Figure 2.2. Fitted corves for the activity of Linyphiidae in a winter wheat and a 
sugar beet crop in relation to environmental variables. Solid squares represent the sum 
of the observed catches in 30 traps per day. The results of the complete regression model 
(equation (2.1)) are drawn with a thick line. A thin line connects the estimated values after 

substraction of the effect of the week-factors. 
Results 

Fig. 2.1 shows that values of most physical factors varied considerably from day to 
day. Soil moisture showed little variation on a daily basis, lowest values being recorded 
during the first 5 weeks. A lot of rain was recorded in weeks 6 to 9. As the regression 
calculations were based on these values after subtraction of the mean, the mean values are 
presented in Table 2.1. 

The results of the regression calculations are shown in Table 2.2. A visual 
representation is given in Fig 2.2. Differences in crop microclimate between winter wheat 
and sugar beet resulted in specific activity relationships for each crop. 

In winter wheat the mean number of linyphiid spiders caught during the 72 day 
sampling period was 3.8 trap"1. Daily mean values varied from 0.7 trap1 (15 July, after 
heavy rain) to 8.7 trap1 (18 June). 
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Table 2.2. Results of multiple regression calculations aiming at identication of 
relationships between physical pactors and pitfall trap catches of linypiid spiders in 
winter wheat and sugar beet. Units are indicated for the basal variable only. 

Winter wheat (DF=70, R2 

intercept 
positive net radiation 
PNE on previous day 
square of PNEX 
negative net radition 
square of NNE 
NNE on previous day 
square of NNEX 
soil humidity 
air humidity 
RH on previous day 
square of RHX 
incidence of rain 
DEP on preceding day 
sunshine on preceding day 
maximum air temperature 
corrections for density 

Sugar beet (DF=70, R2 = 

intercept 

abbrevi­
ation 

unit regression 
coefficient 

standard 

= 0.92, mean square of residual 

PNE 
PNEX 
PNEX2 
NNE 
NNE2 
NNEX 
NNEX2 
SH 
RH% 
RHX 
RHX2 
DEP 
DEPX 
SUNX 
MAT 
WK5 
WK7 
WK10 

Jcm-2 

Jcm-2 

%dwt 

h 
°C 

0.80, mean square 

soil humidity (mean of begin 
& end 24-h period) 
square of soil humidity 
positive net radiation 
PNE on previous day 
square of PNEX 
negative net radiation 
maximum air temperature 
square of MAT 
minimum air temperature 
square of MIT 
incidence of rain 
on preceding day 

corrections for density 

SH 
SH2 
PNE 
PNEX 
PNEX2 
NNE 
MAT 
MAT2 
MIT 
MIT2 

DEPX 
WK1 
WK10 

%dwt 

Jcm-2 

oc 

4.647 
0.954 
0.891 
-1.06 
1.67 
30.6 

0.374 
26.82 

-13.36 
-12.28 
-4.08 

0.71 
-0.123 
-0.161 
-29.1 
-29.7 
0.207 

-0.171 
0.190 

E-3 
E-3 
E-6 
E-3 
E-6 
E-3 
E-6 
E-3 
E-3 
E-3 
E-3 

E-3 
E-3 

of residual = 

5.599 

19.40 
-2.75 
0.573 
48.1 

-2.09 
2.60 
86.7 

-12.1 
21.1 

-11.9 

0.219 
- 1.37 
-0.62 

E-3 
E-3 
E-3 
E-6 
E-6 
E-3 
E-3 
E-3 
E-3 
E-3 

error 
F-value 

= 0.033) 

0.008 
0.128 
0.166 
0.331 
0.728 

10.7 
0.726 

11.7 
3.69 
3.76 
4.09 
0.35 

0.058 
0.066 

13.4 
12.8 

0.085 
0.087 
0.098 

0.087) 

4.71 
0.45 

0.190 
0.147 
0.44 
1.04 
22.7 
3.8 

23.2 
4.2 

0.099 
0.14 
0.14 

E-3 
E-3 
E-6 
E-3 
E-6 
E-3 
E-6 
E-3 
E-3 
E-3 
E-3 

E-3 
E-3 

E-3 
E-3 
E-3 
E-3 
E-6 
E-3 
E-3 
E-3 
E-3 
E-3 

57.19 
7.45 
5.37 

-3.21 
2.30 
2.86 
0.52 
2.28 
-3.61 
-3.27 
-0.99 
2.05 

-2.13 
-2.42 
-2.17 
-2.32 
2.45 

-1.96 
1.94 

4.12 
-6.09 

3.00 
-0.33 
-4.76 

2.50 
3.82 

-3.19 
-0.93 

-2.82 

2.20 
-9.61 
-4.58 

Prob 
> F 

0.0001 
0.0001 
0.0001 
0.0023 
0.0255 
0.0062 
0.6083 
0.0268 
0.0007 
0.0019 
0.3236 
0.0458 
0.0376 
0.0189 
0.0344 
0.0243 
0.0179 
0.0552 
0.0579 

0.0001 
0.0001 
0.0039 
0.7452 
0.0001 
0.0152 
0.0003 
0.0023 
0.358 
0.0067 

0.0319 
0.0001 
0.0 

34 



chapter 2 

The following selection of physical variables showed the best correlation with the 
activity of linyphiid spiders in winter wheat: 

(2.2) Y = 4.647 
+ 0.954 PNE103 + 0.891 PNEX10"3 -1.062 PNEX2103 

+ 1.673 NNE103 + 30.64 NNE210* + 0.374 NNEX10"3 +26.83 NNEX210^ 
- 0.0123 RH - 4.080 RHX103 + 0.711 RHX2103 

-0.123 DEP - 0.161 DEPX - 0.013 SHX 
-0.030 MAT - 0.029 ZX 
+ 0.207 WK5 - 0.171 WK7 + 0.190 WK10 

(For an explanation of abbreviations see Materials and Methods and Table 2.2.) 
Significance of variables used in equations (2.2) and (2.3) is shown in Table 2.2. It should 
be noted that the WK,-factors, apply typically to the specified (by subscript t) weeks. 

Variance inflation and collinearity index indicated no problems with any of the variables 
in the model. 

Equation 2.2 implied the following correlations. Trapping success of linyphiid spiders in 
winter wheat was positively correlated with high positive net radiation (PNE) and high 
positive radiation during the previous day (PNEX, PNEX2), for the latter an optimum 
could be calculated at 1203 Jem2 which together with a negative effect on the catches of 
sunshine on the previous day (SUNX) indicated low spider activity following a day with 
high activity. The correlation between trapping success and radiation loss during the night, 
with an optimum at -95 Jem"2 (NNE, NNE2), indicated the importance of nocturnally 
active species. The effect of radiation loss of the preceding night (NNEX, NNEX2) was 
only significant for the quadratic component. Negative correlations with trapping success 
were found for deposition (DEP), air humidity (RH) and air humidity during the preceding 
day, the latter showing a calculated optimum at 86% RH (RHX, RHX2). A reducing 
effect of soil humidity at the beginning of the sampling period (SHX) on the catches 
indicated that adverse effects of soil humidity were most pronounced during daytime. A 
high maximum air temperature (MAT) reduced the trapping succes. Equation (2.2) 
includes corrections for trapping success unrelated to physical factors for week 5, 7 and 
10. 

In sugar beet, the daily mean number of spiders caught varied from 1.37 trap1 (2 June) 
to 14.33 trap ' (11 July) with a mean of 5.23 trap"1. 

The variance inflation and collinearity index indicated no problems with any of the 
variables in the model. 

In preliminary runs, significant contributions to the model were shown for soil humidity 
determined at the beginning and at the end of a 24 hour period, and the respective squares. 
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As the separate use of these variables added considerably to the variance inflation, a choice 
was made to use the means in the regression, which prevented this problem. 

The following correlations were found between trappping success and physical 
variables: 

(2.3) Y = 5.60 
+ 0.573 PNE103 - 0.048 PNEX103 - 2.094 PNEX210"6 + 2.60 NNE 
-21.48 MITIO"3 -11.95 MIT2103 +86.73 MAT103 -12.13 MAT21C 
+ 19.4 SH103 - 2.75 SH2103 + 0.219 DEPX 
- 1.37 WK1 - 0.624 WK10 

The model indicated that radiation (PNE) had a positive effect on trapping success. 
However, high radiation on one day, which during that day was associated with high 
trapping success, was correlated with low catches the next day (PNEX2). Radiation loss at 
night (NNE) was positively correlated with high catches. At the uncovered soil surface of 
the sugar beet crop, trapping success showed an optimum relationship with soil humidity 
(SH, SH2) with an optimum at 30%dwt. The square of minimum air temperature at 1.5 m 
(MIT) was selected in the sub-final model without linear component, indicating a reduction 
of trapping success at nocturnal temperatures below and above 11 °C. After adding the 
linear component in the final model (equation (2.3)) the square remained significant only. 
Maximum air temperature at 1.5 m (MAT, MAT2) was positively correlated with trapping 
success, with an optimum calculated at 23 °C. Rain on the previous day was correlated 
with high catches (DEPX). 

The relative contribution of the most abundant species to species composition in the 
winter wheat and sugar beet plots is shown in Figure 2.3. Most of the trapped spiders 
were males. The exception was female O. apicatus which were abundant in the winter 
wheat. In winter wheat the species composition changed during the 72 sampling days. The 
highest percentage of the species Bathyphantes gracilis was found during the first and last 
weeks, female O. apicatus peaked in the middle weeks. The males of Erigone atra, E. 
dentipalpis and O. apicatus showed little temporal variation in relative trapping success. In 
sugar beet the species composition showed little variation. In order of decreasing 
abundance, E. atra, E. dentipalpis, Meioneta rurestris and Oedothorax fitscus were present 
in the catches at a constant percentage. 

Discussion 

The present results show significant correlations between physical factors and trapping 
success, most of which can be given a biologically meaningfull interpretation. It should be 
noted that each variable in the regression equations signifies the effect as corrected for 
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Linyphiidae 

Winter wheat Sugar beet 

Total : 15 23 39 54 40 17 17 10 61 48 45 

Date: 1/6 7 14 21 28 5/7 12 19 26 2/8 8 

30 12 48 53 55 65 32 54 41 15 

7/6 14 21 28 5/7 12 19 26 2/8 8 

Ea cf = Ed c? o Oa cf 

Bgd" snsOao 

• Ea c? 

• Of d* 

Ed d* 

Mr d" 

Figure 2.3. Species composition of the linyphiid spider fauna in winter wheat and 
sugar beet. The relative contribution to the catches of the most abundant species was 
examined on a weekly basis. The actual number caught and the day for which the species 
composition was determined are indicated at the bottom of the picture. Ea = Erigone atra, 
Ed = Erigone dentipalpis, Oa = Oedothorax apicatus, Bg = Bathyphantes gracilis, 

Of = Oedothorax fuscus and Mr = Meioneta rurestris. 

influences of all other factors. The correlations between trapping success in winter wheat 
and sugar beet and a combination of physical factors selected by the multifactorial 
analysis, suggest that predictions of changes in spider activity in winter wheat can be based 
on physical parameters. 

Very high radiation values on the previous day were correlated with low catches the 
next day. Likewise, rain on the preceding day had a positive effect on trapping success. 
Both situations suggest that spiders compensate the following day for very high or low 
activity on the day before with regard to some sort of physiological daily activity 
optimum. 

Correlations were not calculated at species level, as this would not have enabled the 
prediction of the general activity of linyphiid spiders in the field. Indeed, effects of species 
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