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Bur mousie, thou art no thy lane
In proving foresight may be vain:
The best-laid schemes o mice an men
Gang aft agley,

An lea’e us nought but grief an pain,
For promis'd joy!

Robert Bums: To a Mouse
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ABSTRACT

The purpose of this research was to investigaic how the land application of sewage
sludge (and particularly the heavy metals it contains) affects grassland Collembola. The
effects of digested, undigested, copper-rich, zine-rich and cadmium-rich sludges were
investigated using a small plot trial established at SAC Auchincruive, South Ayrshire.
An initial investigation was also conducted at a similar trial site established at
Hartwood, Laparkshire. The metal-rich sludges were derived from treatment works
with naturally high inputs of the specific metal. Effects on euedaphic and hemiedaphic
Collembola were examined in 1995 using litterbags as a sampling method, and effects
on hemiedaphic and epigeal Collembola were investigated in 1995 and 1996 using

pitfall trapping and suction sampling.

The euedaphic Mesaphorura spp. and Neelus minimus were adversely affected by the
application of zinc-rich sludge, and Mesaphorura spp. were also adversely affected by
coppér—rich sludge. Both suction samples and pitfall traps indicated that Lepidocyrius
cyaneus and Isotoma viridis were adversely affected by cadmium-rich sludge, and the
pitfall traps also found Isofomurus macularus and the total collembolan abundance to be
adverscly affected.  Furthermore, the abundance of L. cyaneus, 7 viridis and
Heteromurus nitidis in suction samples was inversely related to the concentration of

cadmium in the soil.

The abundance of /sofoma anglicana in suction samples, on the other hand, tended to
increase with soil cadmium concentration.. This species was also more abundant in
litterbags collected from the zinc-rich and copper-rich plots, hence suggesting that it was
tolerant to all three melals investigated. JIsofomurus palustris also appeared to be
tolerant to heavy metals, and the abundance of this species (when sampled by suction)

was highest in the zinc-rich and cadmium-rich plots.

On the Auchincruive trial site, reproduction of Isoloma/Isotomurus species was
promoted by the addition of sludge irrespective of metal contamination. At the
Hartwood stte, however, the abundance of juveniles was lowest in the cadmium-rich

plots. Reproduction of Isatoma/Isoromurus species was therefore adversely affected by
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cadmium-rich sludge at Hartwood (but not at Auchincruive). The difference between
sites was thought to be the result of differences in the composition of
Isotoma/Isotomurus juveniles, with a larger proportion of the juveniles at Hartwood

belonging to a metal sensitive species (e.g. L viridis).

All three sampling methods indicaled that the effects of season (and succession in the
case of litterbags) were more pronounced than those of treatment. Iseloma notabilis
was found to be an early coloniser of decomposing oak leaves, while 1 palustris and 1
anglicana were late colonisers. The species diversity was found to increase as
decomposition progressed. Seasonal peaks in abundance were also found to be species
specific, with some species reaching their maximum density in April (e.g
Ceratophysella  denticulata and Sminthurides malmgreni), others in May (c.g.
Sminthurinus aureus and Isotoma/Isotomurus juveniles), and others in August (e.g. A
nitidis and L. cyaneus). Effects of grass cutting were apparent and several species (e.g.
L viridis, Sminthurides pumilis and Tomocerus longicornis) were more abundant
following cutting. Furthermore, the abundance of I viridis, S. pumilis and T.
longicornis was inversely related to grass height. This was thought to be the
consequence of pitfalls and suction samplers being more cfficient at sampling these

specics in shorter grass.

In addition to the contaminated sludge experiment, initial research was also conducted
to investigate the effects of the land application of pharmaceutical wastes on euedaphic
and hemiedaphic Collembola. Two wastes, sodium ammonium sulphate (SAS) and
aercbically treated sludge (ATS), were investigated using small plot trials. One year
after SAS application, the collembolan community was more diverse and the species
Folsomia candida and Mesaphorura spp. were particularly favoured by SAS. As the
cffects of SAS were only studied one year afier application, it is not known if the
collembolan community was adversely affected by this waste immediately following
application, Three months following the application of ATS waste, the collembolan
density was found tc be severely depleted in the ATS plots when compared to both the

iorganically fertilised plots and unfertilised control plots. Adverse effects appeared to
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be non-specific and were thought ta be a consequence of ATS containing low levels of

penicillin which adversely affect the micro-organisms on which Collembola feed.

The findings suggest that the best sampling regime for Collembola would be achieved
from combining methods which sample epigeal species (e.g. suction sampling and
pitfall trapping) with methods which sample euedaphic species (e.g. litterbags). While
suction sampling was more efficient at sampling epigeal species (e.g. Sminthurus
viridis, T. longicornis and Dicyrioma spp.), pitfall trapping caught more species that
were strictly hemiedaphic (e.g. C. denticulata, S. aureus and S. pumilis). The best
sampling regime for epigeal and hemiedaphic species should therefore include both
pitfall trapping and suction sampling. A combination of both sampling methods also
enables sub-lethal effects of chemicals on activity to be monitored, and in this study the
cadmium sensitive species L. cyaneus was found to have a lower activity level in the
cadmiuni-rich plots than the digested plots. Where sampling has to be limited to one
method (e.g. on account of resource constrainis), the choice of method should reflect its
efficiency in sampling the tvpe of species (evedaphic, hemiedaphic or epigeal) expected

to be most susceptible to the management practice under investigation.
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Some commonly used abbreviations

ATS:
BOD:
CQOD:
DCA:
PTE’s:
SAS:
AN:
NPK:

CEC:
NS:
df:

Aerobicully treated sludge
Biochemical oxygen demand
Chemical oxygen demand

Detrended correspondence analysis

Potential toxic elements (e.g. cadmium, copper, zinc)

Sodium ammonium sulphate
Ammonium nitrate

Inorganic fertiliser (specifically ammonium nitrate, triple superphosphate and

muriate of potash)

Council of the Europcan Communitics

Non significant
Degrees freedom
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CHAPTER 1. Introduction

The Commission of the Furopean Comununities Directive concerning urban waste water
treatment, stipulates that by 1998 sewage sludge will no longer be eligible for disposal
at sea (CEC 1991). With an estimated 1.1 million tonnes of sewage sludge (dry solids)
produced annually in the UK (Smith 1996), alternative disposal methods must be found.
It has therefore been predicted that in the next decade the disposal of sewage sludge on
agricultural land will become more widespread (Rund 1995). Probably the main
drawback in using sludge as an agricultural fertiliscr lies in the fact that it contains
significant quantities of heavy metals such as cadmium, zinc, lead and copper

(Petruzzelli ef al. 1994),

As heavy metals are persistent, they can accumulate to high levels in areas of long-term
sludge application (Aitken er g/. 1994). Adverse effects of metals in sludge have been
found for euedaphic Collembola, aphids and mites (Liibben 1989; Culliney & Pimentel
1986; Glockemann & ILarink 1989: respectively); earthworms have also been found to
have elevated metal burdens in areas where sludge has been applied (Helmke er al.
1979; Kruse & Barrett 1985)., More information is therefore required to determine the
impact of sewage sludge (and in particular the heavy metals it contains) on invertebrates
and to ascertain if current legislation governing the safe metal loading will protect all

invertebrate species adequately.

In 1994, small plot trials were established which aimed to examine the effects of heavy
metals in sewage shudge on soil microbial activity, agricultural productivity and long-
term soil fertility. The trials investigated sewage sludges that had been derived from
treatment works with naturally high inputs of cadmium, copper or zinc, 10 enable effects
of specific metals to be examined. As the effects of heavy metals in sewage sludge on
insect communities has received little attention in contrast to the many studies on micro-
organisms {Smith 1996), it was decided to utilise these trials to investigate the effects of

metal-rich sludges on Collembola {commonly known as springtails).




Collembola are generally considered to be beneficial to agriculture as they regulate
decomposition and mineralisation and hence promote soil fertility (Seastedt 1984).
Furthermore, they are known to act as prey to polyphagous predators (e.g. beetles and
spiders) and consequently help to maintain healthy populations of these uscful predators
(Frampton 1988). It is therefore important to be aware of the effects of agricultural

practices on this essential group of arthropods.

Collembola have successfully been used as indicators of heavy metal pollution
(Bengtsson & Rundgren 1988; Filser ef a/. 1995), and a previous study also found them
to be sensitive to the application of metal-rich sludge (Liibben 1989). Collembola, as «
consequence of their small size, provide useful monitors in small plot trials, where the
use of larger invertebrates would be inappropriate. Chapter 2 provides a literature
review on the effects of environmental disturbances (in particular agricultural practices

and heavy metal pollution) on Coliembola.

Chapter 3 introduces the two contaminated sludge trial sitcs where Collembola were
monitored, namely SAC Auchincruive, South Ayrshire, and IHartwood, Lanarkshire.
This chapter also describes the collembolan identification tfechniques used in this

research.

In Chapter 4, an investigation into the effects of four different sewage sludges
{(specifically undigested, digested, copper-rich and zine-rich) is reported. In this work
litterbags were used to investigate the effccts of these sludges on euedaphic and
hemiedaphic Callembola and on the decomposition rate. The effects of season and
succession on the collembolan population structure and diversily were also investigated

using litterbags.

The effects of undigested, digested, copper-rich, zinc-rich and cadmiwm-rich sludges on
hemiedaphic and epigeal Collembola are examined using suction in Chapter 5 and
pitfalls in Chapters 6. The effects of season and grass cutting on Collembola and how

grass height influences the sampling efficiency of various species are also considered.




While litterbags sample euedaphic and hemiedaphic Collemboia, pitfall traps and
suction samplers both sample hemiedaphic and epigeal species. A comparison between
the species caught by these three sampling methods is made in Chapter 7. The number
of individuals of any species sampled by suction is thought to be directly related to their
density, whereas, the number caught by pitfall traps is related to both the density and the
activity of a species. The pitfall trap and suction data is therefore combined to

determine 1f sub-lethal effects of metals on activity occurred.

In Chapter 8, litterbags are used to determine the influences of two very different
pharmaceutical wastes on euedaphic and hemiedaphic Collembola. Some
pharmaceutical wastes, like sewage sludges, are waste products which contain essential
plant nutrients and therefore have the potential to be used as agricultural fertilisers.
Current legislation permits pharmaceutical wastes 1o be used as fertilisers if they benefit

the land without causing pollution (Aitken 1994).

In Chapter 9, the risks of applying the metal-contaminated sludge to agricultural land are
assessed and cutrent safe metal loadings discussed on the basis of the findings.

Recommendations for future studies are also given.




CHAPTER 2. Literature Review

2.1 Collembola

Taxonomy. physiclogy and distribution
Collembola (commonly known as springtails) are small (ranging in length from 0.2 - 10

mm), primitive arthropods that lack complete metamorphosis and mouit throughout
their life-span (Gillot 1995). They were originally placed in the subclass Apterygota
(meaning wingless) within the class Insecta, but since their mouthparts are different
from all other insects, they are now frequently placed in the class Ellipura along with the
Protura (Gillot 1995).

The European Collembola are generally divided into five families (Fiellberg 1980}: the
globular Sminthuridae; the Poduridae (generally with an obvious prothorax and a
granular cuticle); thc highly varied Isotomidae; the ofien large and scaly (or hairy)

Entombrydac; and the white, blind Onychiuridae (see Figure 2.1).

Collembola occur throughout the world and are found in habitats as diverse as caves,
snow fields, the intertidal zone, bird nests and termite mounds (Wallwork 1970). They
are frequently the most abundant grassland arthropods, with typical densities of 22,800
m? (Sheals 1957), 27,000 m™ (Dhillon & Gibson 1962) and 109,000 m? (Haarlev 1960)
for Scotland, England and Denmark, respectively. Although about 6,500 species have
been described to date, the actual number of existing species may be in excess of 50,000

(Hopkin 1997).

Collembola have a marked distribution pattern in the soil profile, and have been
classified into three groups, principally using this distribution: the euedaphic species
which live solely underground (e.g. Folsomia candida (Willem)); the hemiedaphic
species that live principally in the litter layer (e.g. Isofoma notabilis Schiffer); and
epigeal (or epedaphic) species that live above the ground and frequently climb the
vegetation (e.g. Sminthurus viridis (Linné): Christiansen 1964). The morphology of

these three groups is principally related to their vertical distribution (see Figure 2.2)




Figure 2.1 The five families of European Collembola

Poduridae Entomobryidae

Onychiuridae Sminthuridae
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and these groups may therefore be termed ecomorphological groups. For example, the
euedaphic species possess morphological adaptations to a subterranean existence
including reduced appendages (e.g. legs, furca and antennae), the lack of dense scales or
setae (both common in epigeal species), and the lack of coloured pigment and occelli
(Wiles & Frampton 1996).

Figure 2.2 Vertical distribution of Collembola

Epigeal Species

| Euedaphic Species |

Agricultural importance of Collembola

Only a few species of Collembola are considered detrimental to agriculture. For
example, S. viridis frequently damages clover and peas, while Protaphorura armata
(Tullberg) damages sugar beet seedlings (Sievers & Ulber 1990). The vast majority of
collembolan species are, however, generally regarded as beneficial to agriculture. In
particular, they are an important source of food for larger invertebrates such as lyniphiid
spiders and Coleoptera (Sunderland 1975). The carabid beetle Loricera pilicornis is
specially adapted to capture Collembola with its extremely hairy antennae (Hintzpeter &
Bauer 1986). These polyphagous predators also consume small agricultural pests (such

as aphids and mites), and therefore Collembola are indirectly profitable to agriculture
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through helping to maintain larger populations of these beneficial predators. There is
also evidence that Collembola protect plants from root pathogens through the selective
grazing of fungi (Curl & Harper 1990). Finally they are thought to play an imporiant

role in decomposition and mineralisation (sce below).

The role of Callenibola in decomposition

Although a few species of Collembola are phytophagous, saprophagous and even
predacious, it is generally accepted the majority are mycophagous. It is therefore hardly
surprising that although fungi and bacteria are directly responsible for most of the
organic breakdown in soil, Collembola act as regulators to the decomposition process.
For example, in litterbags where the litter arthropods were eliminated the rate of
decomposition was reduced by, on average, 23% (Seastedt 1984). Collembola are

thought to act as regulators through the following processes.

Interactions with fungi: Engelmann (1961) suggested that the removal of senescent
Tungal tissue by Collembola stimulates growth and remobilizes nutrients bound in
fungal biomass in the form of collembolan faeces, As Callembola tend to aggregate
together, it is likely that their grazing 1s of considerable local significance for nuirient
mobilisation. Although the respiration rate of micro-flora is generally increased by
grazing, it has been noticed that this rate may be decrcased if overgrazing occurs
(Hanlon & Anderson 1979). It has also been observed that while grazing by F. candida
increased bacterial standing crops, it decrcased fungal standing crops (Hanlon &
Anderson 1979). Furthermore, grazing did not increase fungal respiration when

nutrients were limiting but did increase it at higher nutrient levels.

Collembola may also promote fungal growth through the distribution of fungal spores
(Hanlon & Anderson 1979), and through the stimulation of spores to germinate by
passage through the gut (MacFadyen 1978). It would therefore appear that the effects of
Collembola on fungi are dependent on several factors including nutrient availability,

grazing intensity, spore distribution and spare germination.




Enhancing bacteria growth:  The guts of Collernbola may form favourable
environments for bacterial growth (Hanlon & Anderson 1979), and enhanced microbial
activity has been observed in the faeces of other soil animals (e.g. the millipede
Glomeris marginata (Villers): Anderson & Bignell 1980). Digestive transil muy also
assure chemical and biclogical breakdown, and the mixing of mineral and organic
elements with micro-organisms (Hanlon & Anderson 1979). Through the fragmentaticn
of organic matter, Collembola expose new surfaces thus increasing the surface area for
microbial attack (Bird & Chatarpaul 1986). Predacious Collembola (e.g. Friesea
mirabilis (Tullberg)) may also have an indirect effect on bacterial growth through
regulating the density of bactivorous nematodes (Blair & Crossley 1988).

Preferential grazing: Klironomos ez al. (1992) discovered that through preferentially
grazing dark pigmented fungi on decomposing leaf litter, F. candida increased the rate
that the dark pigmented primary saprophytes (commonly demaiaccous fungi) were
replaced by non-pigmented secondary saprophytes. Other studies have also indicated
that Collembola prefer to feed on dark pigmented fungi (Mills & Sinha 1971; Aitchison
1983). This supporis the hypothesis that through selective grazing fungal succession is

accelerated by favouring the colonisation of secondary saprophytes.

Collembola are therefore regarded as important regulators in the decomposition and
mineralisation of organic matter through their interactions with fungi, bactivorous

nematodes and bacieria.

2.2 Fertilisers

Crop nutrition

In addition to carbon, hydrogen and oxygen (obtained from the air and waler), plants
require an adequatc supply of other essential nutricnts from the soil. The most
important of these are nitrogen, phosphorus and potassium (N, P and K respectively).

Soil levels of these nutrients are ofien the limiting factor to plant growth (Simpson




1986). By artificially increasing nutrient levels through fertilisation, the crop vield can
be greatly increased. With today’s increasing food demands it is becoming essential to

obtain the optimum yield from the available agricultural land.

Two categorics of feriilisers are generally recognised: organic manures {(e.g. sewage
sludge, seawced and sharry), and inorganic fertiliscrs thal are frequently artificially
produced (e.g. potassium chloride). Artificially produced inorganic fertilisers can be
designed to meet the exact requircments of a crop in a particular area. Organic
fertilisers are generally the by-product of some other process and are therefore less
expensive than artificial fertilisers. For example slurry (a by-produect of livestock
farming) and sludge from paper mills are both used as organic fertilisers (Smith 1996).
Organic fertilisers also have the added bonus of enhancing organic matter content and

hence the physical structure of the soil.

Pharmaceutical waste

Pharmaceutical companies produce large quantities of waste, the majority of which
comes from the fermentation processes that produce steroids and antibiotics. This waste
consists predominantly of fungi mycelium (from the fermentation micro-organism) and
left over substrate, such as molasses (which has provided the organism with food during
fermentation). Consequently it contains significant quantities of nitrogen, phasphorus
and potassium (plant macro-nuirients), and lower concentrations of plant micro-
nutrients such as zinc, magoesium and calcium (Larsen er al. 1991). It is therefore
considered essentially non-toxic and is seldom polluted by heavv metals (Larsen ez al.
1991). Despite this, disposal still provides éproblem as a consequence of the high level
of biologically degradable material which can causc eutrophication in aquatic

enviropments (Larsen ef ol 1991).

Pharmaceutical waste has the potential for usc as an organic fertiliser since it contains
the essential plant nutrients, possess little threat of pollution (at least in the long-term),
and has been shown to increase crop yields (De Roo 1975; Volz & Heichel 1979).

Under current legislation in the UK, the application of pharmaceutical waste to
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agricultural land is permitted if the material i1s applied “to fertilisc or beneficially
condition the land” and does not cause pollution (Aitken 1994). Furthermore,
pharmaceutical companies are looking for alternative methods of disposal (Wright
1978), and would be prepared to makc waste available at minimum costs (Larsen er gl
1991). If the use of pharmaceutical waste is to become more widespread, further studies
are needed to determine the possibility of pollution (especially from antibiotics, salt and

zinc) and any deleterious cffects land application may bave on the invertebrate fauna.

2.3 Sewave sludge

It 15 estimated that in the UK .1 million tonnes of sewage sludge (dry solids) is
produced annually (Smith 1996}. Forty-four percent of sludge produced in the UK is
used as an agricultural fertiliser, while 30% is currently disposed of at sea. However, a
Commission of the European Communities (CEC) Directive stipulates that by 1998
sludge will no longer be eligible for disposal at sea (CEC 1991). Since this is one of the
primary methods of sludge disposal in the UK, alternative methods. must be found.
Recycling sludge by using il as an agricultural fertiliser not only provides a cheap source
of fertiliser, but also a more efficient and environmentally friendly method of sludge
disposal than alternative methods {e.g. incineration and landfill). In the next decade it is
therefore likely that the use of sewage sludge as fertiliscr will become more widespread.
For example, the UK Department of Environment predicts that between 1991 and 2006
the amount of sludge used for agricultural purposes will almost double from 465,000 to
926,000 tonnes (Rund 1995).

Sewage sludge not only contains the essentieﬂ plant nutrients N and P (estimated average
content of N and P in sludge dry solids is 3.8% and 2.2% respectively: Smith 1996), but
also has a high organic matter content {e.g. 50%: Smith 1996). The addition of organic
matter can improve the physical structure and water retention capacity of the soil,
especially in areas where the soil is impoverished and sandy. In addition, sludge is

potentially a source of sulphur and plant micro-nutrients such as copper, magnesium and

zine (Smith 1996).

10




Potentially toxic elements in sewage sludpe

Elements such as copper and zinc are not usually considered beneficial in sewage sludge
because they are generally present naturally in the soil at levels sufficient to meet the
crop’s requirement. Indced heavy metals such as copper, zine, lead, cadmium and
nickel are considered one of the main drawbacks in using sewage sludge as an
agricultural fertiliser (Petruzzelli er al. 1994). These elements, collectively known as
potentially loxic elements (PTEs), are persistent and will accumulate in the upper layers
of the soil wherc they can reach levels that are potentially toxic to plants and animals
(Posthuma et of. 1993; Van Straalen ef gf. 1987). High levels of cadmium have been
found in the livers and kidneys of lamb’s grazing on pasture fertilised with sewage

sludge (Coghlan 1997).

Levels of metals derived from industry {e.g. cadmium, chromijum and nickel) have, on
the whole, decreased in sewage sludge principally as a result of more stringent controls.
For example, cadmium levels have decreased by 30% in the past decade (Smith 1996).
It is thought that the phasing-out of Icaded fuel should also significantly reduce the
levels of lead entering the sewage system (Comber & Gunn 1994). It is more difficult to
control metals such as copper and zinc that are principally derived from domestic waste.
It has been estimated that 62% of the copper and 64% of the zinc (Critchley & Agg
1986} entering a UK sewer system came from domestic sources. The principal source
of contamination by these two metals is thought to be from the galvanisation and
subsequent corrosion of domestic plumbing systems, Consequently these two metals
generally limit the application of sewage sludge to agricultural land in the UK (Smith
1996). Levels of mercury have remained stétic over the past decade, while other metals
(including zinc and copper) have decrcased (Smith 1996). It has been proposed that
mercury (thought to be principally derived from dental waste} has the potential to
become the limiting clement in the [uture (Smith 1996). However, as mercury is no
longer used by dental practitioners, it is likely levels of mercury in sewage sludge will
also drop. Since heavy metals are persistent, and can therefore accumulate in the soil to
potentially toxic levels, the agricultural use of sewage studge must be carefully

regulated.
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Legislation’s involving PTE’s and sewage sludge

'The CEC’s 1986 Directive on “The protection of the environment, and in particular the
soil, when sewage studge is used in agricultural land” addresses the problem of PTE s in
sewage sludge (CEC 1986). As part of this Directive, tables containing sludge and soil
limits of heavy metals have been devised based on the available scientific rescarch (See
Table 2.1). There is, however, little available data on the effects of PTE’s in sewage
sludge on invertcbrates and more work 1s needed to ensure curreat legislation (as stated
in the 1986 directive) will be sufficient to protect the invertcbrate fauna.

Table 2.1 Maximum metal concentrations as set by CEC (1986)

Cadmium Zinc Copper
Sludge 40 mg kg 4,000 mg kg | 1,750 mg kg
Soil 3 mg kg 300 mg kg! 140 mg kg™
Maximum application rate | 0.15 kg ha'yr’ | 30kgha'yr' | 12 kg ha' yr"'

Factors affecting the bicavailability of PTE’s in sludge and soil

pH: Soil pH is considered the most important factor influencing the bioavailability of
PTE’s (Smith 1996). With the exception of selenium and molybdenum, the
bioavailability of heavy metals decreases as soil pH increases (Chang er al. 1983). This
is the result of a decrease in metal mobility as they form insoluble precipitations of
hydroxides, carbonates and organic complexes in more alkaline soil (Kiekens 1984).
Current UK legislation (CEC 1986) compensates for pH changes in bioavailability of
zine, copper and nickel by setting lower acceptable concentrations in acidic soils (pH <
6) and prohibiting the application of sludge on land where the soil pH is less than 5.
Likewise, higher permissible values of metals are sei for soils with a pH greater than 7.
Since heavy metals are persistent, remaining. in bioavailable forms in excess of ten vears
(Benninger-Truax & Taylor 1993), long-ierm monitoring is essential even when sludge
application has been terminated. It is particularly important to maintain the soil pli as
any decrease in pli (for example from acid rain) would result in an ncrease in metal

availability to potentially toxic levels.

Organic matier: Qrganic matter (in the soil and sludge) bonds with PTE’s rendering

12

o e vl A




them less available for uptake by plants (Petruzzelli er al. 1978). However, it has been
suggested thal as the organic matter in the sludge decomposes, the PTE's wili be
released hence becoming available. This has been termed the time “bomb effect”
(Beckett & Davis 1979) as it predicts a large increasc in metal availability on cessation
of sludge application (as the organic matter decomposes). However, some studies
contradict this theory and heavy metal uptake by crops has been found to remain

constant once application has been terminated (McGrath 1987).

Sludge properties. The form of PTE’s 1n sludge not only depends on the caichment arca
of the sewage works but also the sludge treatment process. Aluminium polychioride
conditioning generally extracts less PTE’s than conditioning by iron chloride and
caicium hydroxide (Petruzzelli et 4l 1994). This is likely to be a consequence of
enhanced metal hydroxide precipitation in alkaline conditions. Metals in liquid sludge
were found to be more available to plants compared with solid sludge (Cariton-Smith
1987). 'L'his was thought to be the result of the shudge (and hence metals) coming into

closer contact with the root system.

2.4 The effects of fertilisers on Collembola

Inoreanic fertilisers

Siepel & Van de Bund (1988) applied canonical cormrespondence analysis to
microarthropod (Acarina and Collembola) data from a range of grassland sites in the
Netherlands. They found that inorganic fertilisers had the greatest influence on
microarthropod population structure, while. grass cutting and grazing were of minor
importance. Inorganic fertilisers generally increase the abundance of total Collembola
and also change the population structure. Isofoma notabilis, Lepidocyrtus cyaneus
(Tullberg), Folsomia multiseta Stach, Sminthurinus aureus (Lubbock), Proeisotoma
minuta (Tullberg) and Isotoma viridis (Bourlet) arc favoured by fertilisation, while
Schoetella ununguiculata (Tullberg) is not (Marshall 1977). Very high fertilisation rates
(390 kg N ha' yr"), were found to adversely affect all collembolan species (Siepel &

Van de Bund 1988). This may have been a consequence of the increased salt content
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(which may cause desiccation), or impurities such as copper or chlorine present in the
fertiliser (Marshall 1977). Fertilisers generally cause changes in pH (some fertilisers are
alkali e.g. calcium nitrate, while others are acidic ¢.g. sodium sulphate), changes in the
carbon/nitrogen ratio, increascs in available nutrients, and changes in the micro and
macro-flora (Curry 1994). It is therefore difficult to say whether changes in the
collembolan community were the result of the fertilisers or associated environmental

changes (for example an increased food supply).

Qreanig fertiliser

Farmyard manure contains high ievels of organic matter, and the increase in density of
Collembola that regularly follows slurry application is thought to be principally the
result of an increased food supply (Marshall 1977, Liibben 1989). Gusenleitner (1959),
however, found a reduction in collembolan density cne month after application of
liquid~manure and adverse effects were still detectable over one year following
application. This could have been the result of oxygen depletion (and the subsequent
anacrobic conditions) that can follow application, heavy metal impurities, or the high
levels of ammonta and soluble salts (e.g. sarthworms are particularly sensitive to liquid-
manure mainly as a consequence of the high ammonia and salt concentrations: Marshall
1977). Long-term usc (22 years) of liquid-manure was found by Gunhold (1937) to
adversely alter the collembolan community structure; eliminaling all but manure-loving
species (e.g. Stenaphorura gquadrispina Bomer, L. cyaneus and Folsomia quadrioculata
(Tullberg)) and the water-loving Isoiomurus palustris (Miiller). Like inorganic
fertilisers, organic fertilisers generally enhance the macro and micro-floral community.
This in tumn provides more food for Collembola and increased plant cover which
generally dampens external temperature fluctuations making the micro-habitat more
favourable. In addition, manure increases the organic matter content of the soil and
therefore improves the soils physical structure and provides food directly (Marshall

1977).

Sewage sludge

Sewage sludge, like farmyard manure, has high organic matter levels and therefore has
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similar effects on Collembola through the same chanmels (e.g. direct and indirect
increases in food abundance, improving soil structure and increasing plant cover).
Sludge application bas been found to increase the diversity and abundance of ground
beetles (Larsen er al. 1996), the density of soil nematodes (Larink er o/ 1990) and the
density of Gasmidae mites (Glockemann & Larink 1989). Unsurprisingly, the addition
of sewage sludge is also highly bencficial to Collembola (Héller-Land 1959; Liibben
1989), with the exception of Isotomodes productus (Axelson) which actually preferred
control plots (Liibben 1989). However, the positive aspect of recycling nutrients may be
counteracted by the contamination rislg of heavy metals and organic compounds present

in sewage siudge (Smith 1996).

Heavy metals are particularly troublesome because they are persistent. Heavy metal
concentrations (cadmiwm, zine, copper and lead) in soil, earthworms, spiders and plants
have been found to be greater in shudge treated plots than control plots (Benninger-
Truax & Tayler 1993). Furthermore, negative effects of heavy metals (cadmium, nickel,
chromium, zine and copper) in sewage sludge have been found for three mites species:
namely Hypoaspis aculeifer (Canestrini), Dendrolaelaps samsinaki Hirschmann and
Pergamasus septentrionalis Oudemans (Glockemann & Larink 1989).  Beetles,
however, appear to be unaffected by heavy metals in sewage sludge and this may be

related to their efficient detoxification process (Larsen ez al. 1996).

An experiment involving small plots (4.5m x 6.4m) was conducted in Braunschweig,
Germany between 1980-1987, to investigate the effects of heavy metals in sewage
sludge on euvedaphic Collembola (Liibben 1989). Sludge was either of low metal
content or was artificially contaminated with heavy metal salts (zinc, cadmium, copper,
nickel, chromium and lead). Two different application rates were also examined; high
sludge (300 m*ha yr') and low sludge (100 m*ha' yri). On all plots receiving studge
the abundance of Collembela was higher than control plots, and heavy metals had no
effect on overall collembolan abundance. However, at the species level differences
were found: L notabilis, Cryptopygus thermophilus (Axelson), Willemia intermedia

Mills and S. aureus were all found in lower numbers on the contaminated sludge plots
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than on the uncontaminated plots. Other species, namely Mesaphorura spp., F.
candida, Bourletiella hortensis Titch and Sphaeridia spp. appeared to favour

contaminated plots.

Experiments to date therefore suggest that the land application of sewage sludge to
grassland enhances collembolan abundance and changes the population structure,
Furthermore, although heavy metals in sludpe do not adversely affeclt the (otal

collembolan abundance, more subtle effects can be observed at the species level,

2.5 The effects of heavy metals on Collembola

Effects of heavy metals in the field

Collembola (us a group) are able 10 withstand high concentrations of heavy metals and
individual growth rate tends to be affected long before an increase in mortality is
observed (Bengtsson et al. 1983, Joosse & Verhoef 1983). Thus is likely to be the resull
of a Iow metal assimilation rate combined with an efficient excretory system {e.g. only
0.13% of ingested lead was accumulated permanently in the body: Héagvar &
Abrahamsen 1990). It has been observed that Collembola were the least affected group
of soil arthropods near a zince smelter (Strojan 1978a). Furthermore, Collembola tend to
accumulate much lower concentrations of heavy metals than for example isopods,
earthworms and spiders (Janssen & Hogervorst 1993). However, lead concentrations
were found to be higher in Orchesella cincta (Linné) than isopods, diplods and

Coleoptera in a study by Rabitsch (1995).

Although Collembola (as a group) appear to be to be relatively unaffected by heavy
metals, there appears to be species specific differences in sensitivity. Several field
studies have found that while the overall collembolan density remains unaffected by
metal pollution, more subtle cffects on the population structure occur {Strojan 19782;
Tyler ef al. 1984; Muskett & Jones 1980; Litbben 1989). Tranvik e al. (1993) found a
decrease in abundance of Isetomiella minor (Schiffer), and an increase in Folsomia
fimetarioides (Axelson) along a metal gradient towards a brass mill. Isotomiella minor

was also described as a metal sensitive species (occurring only at low lead levels - <lg




kg! of soil) by Hagvar & Abrabamsen (1990) who studied the fauna in a naturally lead-
contaminated soil. Folsomia sensibilis Kseneman and Mesaphorura yossi Rusek were
also described as sensitive while F. quadrioculata, O. armatus and F. mirabilis were
described as tolerant (occutring abundantly at 3-5 g Pb kg, 10 g Pb kg' and > 15 g Pb
kg of soil, respectively: Higvar & Abrahamsen 1990). Isotoma olivacea Tullberg was
actually more abundant in polluted areas and was rare in unpolluted arcas (Hagvar &
Abrahamsen 1990). Although the total collembolan density showed hardly any decrease
at the more contaminated areas (10 g Pb kg' of soil), due to an increase in abundance of
I olivacea the diversity was severely reduced. Collembolan diversity may be reduced
directly through toxic effects, or indirectly through a decrease in food resources,
predators or change in vegetation structure (though the latter was discounted by Hagvar
& Abrahamsen 1990).

Effects of heavy metals on growth, reproduction and energy demands

Several laboratory studies have been conducted on Collembola to examine the effects of
heavy metals on life-history traits (Joosse & Verhoef 1983; Bengtsson ef al. 1983,
1985a). Onychiurus armatus decreased their growth rate (Bengtsson ef ol 1983; 1985a)
and number of eggs produced (Bengtsson e al. 1983; Tranvik e af. 1993) when fed on
fungi with high levels of lead and copper (150 and 300 ppm metal). As fertility in O.
armatus is related to body size (Bengtsson ef al. 1983), heavy mctals not only affected
fertility directly through a decrease in egg number, but also indirectly through the
reduction in adult size attained. The reduction in growth rate was, however, alleviated
when the Collembola had access to an abundance of nitrogen enriched fungi (Bengtsson
et al. 1985a). It is therefore possible that the adverse effects of metals on O. armatus
growth rate was a consequence of less energy being available for growth. This is likely

the result of the additional energy demands of detoxification processes.

Posthuma et al. (1993) and Joosse & Verhoef (1983) found that growth rate and egg
production in O. cincta decreased when they were fed on Plewrococcus algae
contaminated with lead. This was not necessarily the result of the energetic demands of
excretion as a decrease in metabolic rate was also found in lead contaminated

Collembola. This decrease in metabolic rate could be caused by a decrease in food




consumption {contaminated food may be less palatable), or an inhibition of respiratory
enzymes which, in turn, could result in the decrease in growth and reproduction

observed.

The metal concentrations used in these laboratory experiments are comparable to metal
levels found in areas near metal smelters and mills (Bengtsson er al. 1983). Detrimental
effects of heavy metals at comtaminated sites may therefore be occurring through
changes in growth rate and reproduction. Such changes would not be determined simply

from sampling the polluted area to determine the species abundance and composition.

Effects of heavy metals on decomposition

A reduction in soil respiration rate and nitrification as a consequence of high heavy
metal pollution has been found in the lab (Komulainen & Mikola 1995). Furthermore,
in intensely polluted forcst arcas where the Collembola diversity was depleted,
decomposition and mineralisation were found to be retarded {Strojan 1978b; Rijhling &
Tvler 1973; Hagvar & Abrahamsen 1990). These findings were likely to be the result
of changes in invertebrate species composition and of an overall decrease in activity of
the soil fauna and flora in general. It has been predicted that microarthropod species
that digest fungal cell walls (where heavy metals generally accumulate) will be more
susceptible to metal poisoning (Siepel 1994). It has been shown that such species have
the greatest influence on decomposition (Siepel & Maaskamp 1994), and hence the

observed decrease in decomposition rate may be expected in polluted areas.

2.6_Adaptations of Collembola ¢o heavy metals

ITeavy metals are considered to present a stable, permanent and often intensc sclection
pressure since they are non-degradable substances that are toxic at high concentrations
(Posthuma & Van Straalen 1993). Natural selection is therefore likely to favour
resistant individuals in polluted areas. Selection may result in one or more of the
following: behavioural adaptations, physiological adaptations and life-history

adaptations.




Behavioural adaptations to heavy metals

The ability to avoid metal polluted food has been observed in isopods and Collembola
(e.g. O. cineta: Joosse & Verhoef 1983). Tranvik & Eijsackers (1989) found that F.
fimetarioides preferred metal tolerant fungi while I minor preferred metal sensitive
species. In addition to selecting metal tolerant fungal species, £. fimetarioides was
found to be able to distinguish between metal contaminated food and clean food, an
ability I minor did not share. This suggesied that £ fimetarioides had a competitive
advantage over I minor in polluted areas. Indeed an almost inverse rclationship was
found between F. fimetarioides and I minor along a metal gradient at Gusum brass mill,
Sweden, with F. fimetarioides dominating the most polluted areas (Bengtsson &
Rundgren 1988). It must however, be noted that while I minor specimens for this
cxperiment were collected from an unpolluted area, F. fimetarioides were collected
from a polluted arca. 1t is therefore possible that the differcnces observed were not the

result of species adaptation but of individual acclimatisation.

Bengtsson and Rundgren (1988) found an increase in Collembeola at a depth of 2-10 cm
in polluted areas and suggested that Collembola migrated down the scil profile to less
polluted soil. Collembola are known to migrate deeper into the soil to avoid adverse
weather conditions (Hale 1967; Hassall er @l 1986}, and it 1s possible that thev could do
the same to avold heavy metals, especially since metal concentrations are known to
decrease with increased soil depth (Bengtsson & Rundgren 1988). Collembola from
polluted areas could therefore have behavioural adaptations which enable them to avoid

polluted micro-habitats and food.

The behavioural avoidance of polluted micro-habitats and food could explain why O.
armatus fed on copper-enriched fungi in the laboratory had higher copper burdens than
species collected in soils of a corresponding copper concentration (Bengtsson &
Rundgren 1988). However, this may also have been the consequence of copper being

present in less available forms in the field.

18




Several species of invertebrates are known to have organs associated with the
detoxification of heavy metals., Earthworms concentrate metals in metal binding cells
known as chlorangocytes (Ireland & Richards 1977), while snails are known to
concentrate lead in their midgut gland (Hopkin 1989). Studies of the gut wall of the
Collembola Tomocerus minor (Lubbock) and O. ¢incta (Humbert 1978; Van Straalen ef
al. 1987: respectively) have found many granules that are thought to have been expelled
into the gut lumen by exocylosis. It is thought that these granules have an affinity for
heavy metals, forming strong chemical bonds. During moulting, the complete midgut
epithelium (including the granules) is lost. High concentrations of lead have been found
in the exfoliated gut of O. cincra fed a lead-cnriched diet (Joosse & Buker 1979), and
hence it is thought this is the primary method of excreting assimilated heavy metals in
Collembola (Toosse & Verhoe{ 1983; Van Straalen er al. 1987). Orchesella cincta
specimens collected from long-term or intensely polluted sites were found to be more
efficient at excreting cadmium and lead than specimens from pristine habitats (Van
Straalen et af. 1987). This excretion efficiency was not affected by the exposure level of
the metals or exposure time. This suggests enhanced excretion was a genetic adaptation
to heavy metals rather than physiological acclimatisation. However, this study did not
investigate whether the increase in exeretion efficiency was an adaptation to heavy
metals, since the progeny of the individuals in the polluted area were not investigated

and therefore it was not known whether they also showed a greater excretion of metals.

As a consequence of their ability to eliminate heavy metals, collembolan body burdens
of lead, cadmium and zinc have been found 10 be lower than other soil invertebrates
(Van Straalen & Van Wensem 1986). However, even in Collembola excretion
efficiency seldom reaches 100% (Van Straalen er al. 1987) and, under continunous
exposure, metals may accumulate to toxic levels. Detoxification mechanisms are also
thought to be energetically costly, and in earthworms a decrease in glycogen reserves
has been associated with lead sequestration (Richards & Ircland 1978). Posthuma ef al,

(1993) found Q. cincta derived from polluted populations had a higher mortality rate
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than individuals derived from unpoliuted populations when exposed to low metal
concentrations in the laboratory. This may indicate a trade-off between tolerance
development and longevity (possibly due to the faster growth rate of juveniles). Life-
history traits such as growth rate and reproduction may therefore be affected indirectly

through the decrease in available energy.

Life-history adaptations to heavy meials

Natwral selection may also act on life-history traits directly. For example, if the density
of individuals in a habitat is reduced below it’s carrying capacity (e.g. if lots of
individuals are killed by metal poisoning), competition will decrease and density
dependant factors (e.g. food) will no longer be the main driving force of selection.
Species and individuals that bhave rapid growth, earlier reproduction and increased
allocation per clutch will be favowred in such an uncrowded environwment (i.e. the
population will become more r-selected than K-selected: Begon & Mortimer 1981).
Schaffer (1974) proposed that when an environment has greater juvenile mortality K-
selected individuals will be favoured, but when mortality is greater in adults r-selected
individuals will be favoured  As heavy metals are persistent, and cxcretion in
Collembola is seldom [00% (Van Straalen er al, 1987), it is probable that the adverse
effect of metals will increase with age (especially if juveniles grow quicker and hence
moult more frequently). Again life-history theories predict that in a metal polluted
environment evolution will favour smaller adults, earlier maturation and increased

clutch size (i.e. r-selected individuals).

Several laboratory based experiments have been conducted with Collembola to test the
validity of these predictions (Posthuma e @/, 1993; Tranvik ef al. 1993). Orchesella
cincta (Posthuma er @l 1993) and O. armatus (Tranvik et al. 1993) derived from
polluted populations were found to have increased juvenile growth rate hence reaching
maturity earlier than Collembola derived from pristine habitats. Metal adapted O.
armatus and I notabilis were found to have an increased clutch allocation (Tranvik ef
al. 1993). Through increasing both their reproductive rate and through earlier

maturation, metal-adapted Collembola become more r-selected as predicted by the
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theory of life-history evolution. As these differcnces were observed in the progeny of
the Collembola they could be concluded to be mbherited, not simply occurting through

acclimatisation.

The increased reproductive rate (through earlier maturation and/or increased clutch
allocation) cannot, however, be concluded to be an adaptation to heavy metals because
polluted habitats often differ from pristine habitats with respect to food, predators and
vegetation (Posthuma ef ol 1993). Natural selection may have acted on any of the
above environmental changes. However, the study by Tranvik er al. {1993) looked at
Collembola along a metal gradient and suggested metals were a prime factor of

importance.

The sensitivity of life-history charactlerisiics to metals depends on the species and the
life-history characteristics. For example in O. cincta the cadmium NOEC (no observed
effect.concentration) for growth was 0.042 umol g' food while that for clutch size was a
much higher 0.5 pmol g? food (Posthuma ef al. 1993). In Q. armatus, on the other hand,
the most sensitive life-history characteristic was egg production (Bengtsson et al
1985b). 1t can be assumed that evolutionary modifications will occur first to life-history
characteristics with Jow NOEC. This prediction was confirmed for O. cincta with
growth rate increasing while clutch size remained unchanged in metal polluted
Collembola (Posthuma er af. 1993). It would therefore be expected that populations (or
species) with low genetic variation for life-history characteristics, and/or have low
NOEC for life-history characteristics, are more prone to extinction (Posthuma et «l

1993).

Life-history theory has been taken one step further by Siepel (1995). He suggested that
in a polluted environment asexual species will be preferred. These species are
considered to produce more offspring and are therefore more r-selected. Siepel (1995)
proposed that a chance mutation, resulting in a pollutant resistant clone, will be fixed

more quickly in an asexual population, as it is not recombined every generation as a
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sexual mutation would be. He [ound a positive correlation between the number of
parthenogenetic microarthropods and the concentration of heavy mectals, supporting this
hypothesis (Sicpel 1995). It is therefore possibly that the percentage of parthenogenetic

species may be a good indication of heavy metal pollution.

2.7 Effects of other agricultural practices on Collembola

Insecticides. fungicides and herbicides

Several studies have argued that as herbicides (with the exception of the wriazine
herbicides - e.g. atrazine) are applied to plants, they rarely come into contact with the
soil and hence the soil fauna (Curry 1970; Fox 1964). Fox (1964) found the herbicide
Dalapon (2,2 Dichloropropionic acid) to actually increase soil collembolan numbers,
However, diversity was not measured, and the increased abundance may have been the
result of an increase in a few tolerant species. Herbicides may have an indirect effect on
soil Collembola because weed elimination may reduce food sources. IMurthermore,
epigeal Collembola may be affected directly by herbicides. Negative aflects on
mortality and fecundity of atrazine have been shown in the lab for O. cincio (Badejo &
Van Straalen 1992), Onychivrus spp. (Mola ef al. 1987), F. candida and Tullbergic
granulata Mills (Subagja & Smider 1981). This suggests there is a possibility of
herbicides affecting non-target invertebrates, either directly or indirectly (e.g. through a

reduction in food availability).

Folsomia fimetaria Linné was found to be able to detect and avoid the
organophosphorous insecticide, dimethoate, under laboratory conditions (Fabian &
Petersen 1994). In the field, however, there was no evidence that dimethoate influenced
the distribution of F. fimetaria. This suggests it could not escape from the insecticide in
the three-dimensional soil system, and therefore succumbed 1o iU’s toxic effects (Féabian

& Petersen 1994),

Krogh (1991} was able to classify Collembola into two groups with respect to the effect

of the pesticide 1sofenphos: resilient species (cuedaphic species - e.g. Mesaphorura spp.
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and epigeal species e.g. - L. cpaneus) and sensitive species (hemiedaphic species - e.g.
Folsomia nana (Gisin)). He attributed this to the vertical distribution of the insecticide,

which peaks in the hemiedaphic zone.

Frampton (1988) looked at the effects of four foliar fungicides on the epigeal
Collembola S aureus in the laboratory, and the effects of the insecticide dimethoate and
the fungicide pyrazophos in the field. He found all four fungicidal treatments were toxic
10 S, aureus in the lab. In the field pyrazophos and dimethoate decreased the numbers
of S. aureus, Sminthurinus elegans (Fitch), S. viridis and Jeannenotia stachi (Jeannenot:
Frampton 1988). The effects of dimethoate appeared to be more immediate than those
of pyrazophos suggesting that the adverse effects of pyrazophos were indirect (e.g. by
decreasing food availability). Krogh (1991) also suggested an indirect toxic effect of the
fungicide benomyl to Collembola.

It would therefore appear that broad-spectrum insecticides (e.g. dimethoate) are directly
toxic to Collembola, while fungicides (e.g. pyrazophos) are more likely to be indircctly
toxic {e.g. through a decrease in {ood availability). Field and laboratory studies indicate
that Collembola are particularly susceptible to insecticides (Wiles & Frampton 1996),
and the above evidence suggests they are also indirectly susceptible to fungicides.
Adverse effects on Collembola could, in tum, adversely affect nutrienl cycling (and
hence fertility). Pesticides may also indirectly decrease the abundance of important
polyphagous predators as Collembola are often an important part of their diet

(Sunderland 1975).

Grazing and grass cutting

A negative correlation has been found between sheep biomass (grazing pressure) and
collembolan numbers in perennial ryegrass swards (Walsingham 1978). Purvis & Curry
(1978) and Siepel er al. (1989) also found adverse effects of grazing on Collembola.
Grazing generally decreases the surface litter layer, and therefore it would be expected
that hemiedaphic species (living in the litter layer) would be particularly sensitive to

grazing pressurcs.  All collernbolan species (including thosc living in the soil) may be
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affected through an increase in soil compaction or a decrease in vegelalion cover,
Decreasing the vegetation cover can drastically alter the soil micro-climate and the
maximum soil temperature in intensely grazed fields was found to be 14°C higher than

lightly grazed ficlds in New South Wales (Davidson et a/. 1979).

The effects of grass cutting are similar to grazing with respect to decreasing the
vegetation cover (and consequent changes in the soil micro-climate) and litter layer (as
cuttings are generally removed from the site). The changes are, however, more sudden
and less selective than grazing, and there is no return of organic matter through dung.
The pressure of grass cutting on collembolan populations is, in general, less consistent
than that of grazing and between cuts there can be significant recovery of populations
(Curry & Tuohy 1978). While Curry & Tuohy (1978) found cutting to adversely affect
Collembola, Purvis & Curry (1978) found effects to be varied and to depend on the time
of cutting. Early cutting for silage decreased collembolan diversity, whereas, late silage
cutting was actually found to increase diversity. It would therefore appear that grass

cutting can be beneficial to Collembola when conducted late in the season.

Cultivation (mechanical manipulation of the soil)

The effects of cultivation on Collembola appear to be inconclusive. While some authors
report cultivated land to have impoverished collembolan populations both in density and
diversity {Curry 1994; Edwards & Lofty 1975), others report that cultivated plots have
enhanced populations (Loring ef al. 1981). For example, Mallow ef al. (1985) found an
immediatc decrease in collembolan diversity after ploughing, whereas, Sheals (1957)
observed a rapid recolonisation when cultivated land was resown. With respect 1o
Collembola, cultivated land differs from permanent grassland because there is usually a
period when the cultivated land is fallow (i.e. not supporting vegetation). The absence
of vegetation is likely to result in a shortage of food, especially for epipeal species
(Loring et al. 1981). Furthermore, the Collembola will be less protected from the
external environment. This (in addition to soil compaction) is likely to cause the
observed decline in collembolan numbers immediately after ploughing. However, in the
long-term, ploughing can enhance the nutrient availability and physical structure of the

soil and hence benefit Collembola (Burnett 1968).
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2.8 Effects of management in general

Diversity

Although a moderate level of management can premote biological diversity, as the
intensity of management increases, the complexity of the community structure and
biodiversity usually decreases (Curry 1994; Harper 1969). Intensive management
practices can convert a biologically diverse community into a less diverse community,
where species tolerant to management disturbances dominate. Adverse effects of
intensive management have been found for leafhoppers, grasshoppers (Andrzejewska
1979) and microarthropods (Curry 1994).  Conversely, some species, such as
earthworms, can benefit from the greater productivity intensely managed grassland

provides.

Different management practices appear to affect Collembola in different ways, and
when diffcrent practices are combined the affects on Collcmbola can be unexpected.
For example, when sheep grazing was combined with fertilisation the negative cffects of
intensive grazing were no longer apparent (Bardgett ef /. 1993). It is possible that the

positive effects of fertilisation masked the negative effects of grazing.

Species composition

As there are relatively few studies on grasslands where Collembola are identified to the
species level, it is difficult to identify species which are sensitive to particular
management practices. However, Framptoh (1994} has suggested epigeal Collembola
(e.g. L viridis, L. cyaneus, and S. viridis) have the potential to be used to monitor
pesticide toxicity, while Filser ef al. (1995) suggests 1. minor and F. guadrioculata may
be vsed as indicators of copper contamination. Siepel & Van de Bund (1988) found
high fertilisation rates favoured hemiedaphic specics and epigeal species over cucdaphic
species. Brussaard et al (1990) found that in less intensely managed plots (decreased
fertiliser, pesticides and ploughing) O. armatus, S. gquadrispina, Mesaphorura
krausbaueri Borner and F. mirabilis dominated, while in intensely managed plots

Ceratophysella denticulate (Bagnall) and F. candida dominated.
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2.9 Sampling Collemhbola in grasslands

Collembola have mainly been sampled in grasslands in four ways: pitfall traps, suction
samples, litterbags and soil cores. The first two methods predominantly sample the
epigeal and hemiedaphic species, whereas, the latter two methods predominantly sampie

the euedaphic and hemiedaphic species. They will therefore be considered separately.

Sampling of euedaphic and hemiedaphic Collembola
Soil cores: Originally soil corers were metal tubes sharpened at one end 1o enable them

to be pushed through the soil (Southwood 1971). Such corers helped standardise the
volume of soil sampled within and between experiments, and enabled the soil to be
sampled with minimum disturbance. The problem with these simple corers was that
when the soil sample was forced from the metal core some species were killed by
compression (Southwood 1971). As the predominant methods for extracting
Collembola from soil cores are behaviowral exiractlors (see below), it is essential that the
animals are living (Southwood 1971). The problem of compression was solved by
(’Comnnor (1957) who devised the split corer. This corer could be split in two after
collecting the soil sample, thus enabling the sample to be retrieved without

compression.

Litterbags: Litterbags were devised by Crossley and Hoglund (1962) and are mesh bags
(made from nylon or fibreglass) containing a known weight of leaves or pine needles.
Litterbags are generally placed between the litter layer and mineral soil, to minimise
fluctuations in moistare (Siepel 1990). After a predetermined period of time, such as
one month, litterbags are removed and the Collembola having freely invaded the
litterbags are extracted, primarily by behavioural mcthods. Litterbags can be used
simply to obtain a sample of Collembola by acting as an underground baited trap, or to
measure the rate of decomposition. Litterbags can be placed in the soil with minimum
disturbance and this is not thought to have a significant effect on the Collembola.

Furthermore, any effect is consistent between samples collected with litterbags.
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Soil corers have the advantage over litterbags in that the core of soil can be divided inlo
several sections cotresponding to differing soil depth. This provides a soil profile
which, in turn, can give accuratc information about the vertical distribution of different
species, Furthermore, samples can be retrieved immediately with the soil corer,
whereas, litterbags have to be left in the soil for several weeks 1o enable the Collembola
to colonise them before samples can be obtained. However, litterbags can provide
information on the successton of Collembola in decomposing leaf-litter, and can also he

used to measure the rate of deconmposition (Seastedt 1984).

Extraction: The Collembola contained in the soil cores or litterbags must be extracted
by flotation, sieving or behavioural extraction methods. The latter method is most
comumonly used as it is quicker, less messy and enables a large number of samples to be
processed at one time (Southwood 1971). Behavioural extractors are predominantly
various modifications of the Tullgren funmel (Tullgren 1918). The Tullgren funnel
relies.on the principle that soil organisms move downwards away from the negative
stimuli (provided by a light bulb) of light, desiccation and heat, towards the cooler
damper bottom. As the organisms reach the bottom, they fall through a sieve into a
funnel, and eventually to a collecting jar. Naturally, only living and motile stages of the
organisms will be extracted in this way, and therefore Collembola that are moulting {and

hence immobile) will not be extracted.

Sampling of hemiedaphic and epigeal Collemboia

Pitfall traps: Pitfall traps are commonly used to sample surface active arthropods, in
particular Coleoptera and Araneida (Luff 1975), but have also been used for Collembola
(Duffield & Aebischer 1994; Greenslade 1974). Pitfall traps basically consist of plastic,
metal or glass containers sunk into the ground so that the container’s mouth is level with
the soil surface. They rely on the principle that when surface active invertebrates walk
into the trap they are unable to escape. This is generally enhanced by liquid in the trap

which kills and preserves the specimens.




Pitfall traps are influenced by many factors including vegetation, type of preservative,
weather and even the material the pitfall is made from {Greenslade 1964; Jaosse 1965).
Perhaps the most important factor influencing the caiches is the activity of the
individual species (Greenslade 1964), with the most mobile species being caught most
frequently. However, pitfall trapping provides a cheap method of sampling Collembola
with minimum labour, and is particularly uscful when sampling arcas with similar

vegetation.

Suction samples: A number of machines have been devised to sample by suction. The
D-vac (Dietrick er al. 1959) suction sampler is considered to be a suitable sampling
method for epigeal and hemiedaphic Collembola (Frampton 1988). However, the D-vac
is heavy and can become uncomfortable with prolonged use (MaclLeod ef ¢f. 1994). The
Ryohi sweeper-vac (as modified by MacLeod er al. 1994} is a cheaper, lighter and Jess
noisy alternative to original suction samplers (Harwood 1994). Furthermore, ihe Ryobi
was found to be as, or more, efficient (depending on the species in question) at sampling
Carabidae, Araneae, Staphylinidae, lsopoda and Aphididae (Macleod er al. 1994;
Harwood 1694),

Suction samplers provide better quantitative information on population densities thun
pitfall traps (Frampton 1994). Johnson et al. (1957) found a sampling efficiency of
99.3% for Arthropleona and 100% for Symphypleona for the Wolf Portable Electric
Blower. However, pitfall traps have the advantage over suction samplers in that they
monitor nocturnal species in addition to diurnal (Dufficld & Acbischer 1994), and can
be used to monitor sub-lethal cffects on coilcmbolan activity (Frampton 1994). It has
therefore been proposed that a combination of suction samples and pitfall traps provides
the most efficient sampling regime of epigeal and hemiedaphic Collembola (Berbiers ez
al. 1989; Frampton 1994)

2.10 _Comparing collembolan commaunities

Differences in overall collembolan abundance, and the abundance of individual species,

can be compared between treatments using conventional statistics such as Analysis of
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Variance (ANOVA) or Chi-Squared tests (X?). Conventional statistics iest specific
hypothesis (derived prior Lo analysls) to look for effects of, for example, treatment or
date. Bardgetl ef al. (1993) used an ANOVA (followed by Tukey tests) to test for the
effects of sampling datc and grazing on the number of Collembola. They found that
both treatment and samphing date significantly affected Collembola, with the heavily
grazed plots having more Collembola than the light or moderately grazed plots, and the
abundance of Collembola peaking in July. The problem with conventional statistics is
that it is only possible to look at one species at a time. For example, you could either
test for differences in total collembolan abundance or abundance of species x. It is
therefore difficult to Jook at treatment effects on the community as a whole using

conventional statistics.

It is, however, possible to obtain a more complete picture of a community by using
diversity indices. The diversity of a community depends on the species richness (i.e.
number of species present) and the evenness (i.e. how dominant each species is: Pielou
1977). A community with a high diversity has lots of different species all occurring in
approximately equal proportions. There are many different indices that measure
diversity and scveral reviews on diversity exist including Magurran (1988) and Ficlou
(1977). The following concentrates on the diversity indices used in this thesis and why
these specific indices were chosen (cquations for diversily indices can be found in

Appendix [).

The simplest and most widely adopted measure of diversity 1s species richness (S)
which is simply equal to the number of spécics present in a sample (Magurran 1988).
This measure is of limited use because its calculation does not take into account the
evenness of the community and it is highly dependant on the number of individuals
present (Pielou 1975). Despite these drawbacks, species richness is still probably the
easiest and most widely used measure of diversity. Furthermore, the species richness
can be used in combination with information on the evenness of a community to obiain

a fairly accurate picture the communities diversity.




For this study, the easily calculated Berger-Parker’s dominance index (d) was used to
measure the evenness of the community (Berger & Parker 1970). This index looks at
the proportion of dominance for the dominant species. It is independent of the number
of species present (8) but is dependant on the number of individuals present (N)
(Magurran 1988).  This index has been described as one of the most satisfactory
diversity measures available (May 1975) and is an ideal measure of evenness to
combine with species richness (Maguran 1988). Magurran (1988) states that a
combination of Berger-1'arker and species richness were not only simpler to calculate

than the Shannon or the Simpson index, but were also more informative.

Two measures of diversity were chosen that measured both dominance and richness.
The first, Ny (the reciprocal of Simpson’s index: Hill 1973), relics on the principal that
the lower the diversity and the greater the concentration of dominants are in a
community, the greater is the probability that two randomly picked individuals will
belong to the same species (Magurran 1988). This measure of diversity therefore
incorporates information of both dominance and species richness into it’s calculation.
However, it does have the drawback of being strongly influenced by the number of
individuals present (Taylor 1978). The second diversity index used was the log series
parameter o (Fisher er al. 1943}, This index 1s frequently used in entomological research
as a parameter to measure the richness and dominance of a community (Magurran
1988). Problems of this index arise from the fact that it is calculated from the munber
of species and the total number of individuals, and therefore is not strongly influenced
by the evenness of the community. However, it is not unduly influenced by sample size

or dominant species and has good discriminant ability (Taylor 1978).

These four indices were chosen to give an indication of overall diversity (o and Nj),
species richness (S) and evenness {d). These indices are among the most widely used
indices (Magurran 1988) and might replace the once popular Shannon index which is
now subject to much criticism (Magurran 1988; May 1975; Goodman 1975). Magwran
(1988) recommends combining such indices to obtain the best measure of diversity.

Larsen ¢/ al. (1996) used a combination of diversity and dominance indices to study the
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effects of sewage sludge and fertiliser on carabid populations. They found that sludge
increased the diversity and evenness while fertiliser decreased them. Bengtsson &
Rundgren (1988) also uscd a combination of diversity and evenness indices to determine

the effect of pollution from Gusum brass mill on Collembola,

As repeated measures of diversity are usually normally distributed (Magurran 1988),
conventional statistics such as ANOVA can be used to test for significant differences in
the diversity between sites (Magurran 1988; Kappelle e ¢l 1995). Diversity indices do
not, however, differentiate between species. Two habitats with totally different species
compositions could therefore have the same diversity, if the species richness and

dominance were similar.

Multivariate analysis (e.g. ordination, direct gradient analysis and classification) can
overcome this problem by looking at the species present in addition to the relative
proportions of these species. Ordination is & multivariate technique, the end point of
which is to present relationship between samples (or species) graphically (usually two
dimensional: Gauch 1982). In the resultant ordination diagram, samples that are similar,
with respect to species composition, are grouped together and samples that are different
lie further apart (Gauch 1982). Ordination therefore helps to clarify the relationships

among samples (or species) with respect to species (or sample) similarity.

Detrended correspondence analysis (DCA) is the most frequently used ordination
technique for ecological data (Digby & Kempton 1987). This is primarily the result of
the widespread availability of the computer program DECORANA (Hill 1979), which
generates ordinations by DCA (Digby & Kempton 1987). DCA is especially vseful for
the large matrices of species and samples, with a large number of zero values, which are
frequently collected in ecological experiments (Foster ef al 1990). MecCracken &
Foster (1993} used DCA to determine that the distribution of surface active invertebrates
caught by pitfall wapping was primarily related to substratum variables (e.g. pH and
surface moisture content). Bolger {1985) also used DCA to determine that succession

was the main factor that influenced microarthropods in litterbags.
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Probably the main drawback in using DCA is that no information is given on the factors
that cause the division of samples along the axes, and it is therefore termed an indirect
gradient analysis. It is up to the interpreter to determine which of the known
enviromncntal‘variaﬁles are most likely 10 account for the samples location in the
ordination diagram. This can be achieved by correlating known environmental variables
with axes scores. Furthemmore, the location of species in the species ordination helps to
determine which species are accounting for the division of the samples. This
information is particularly valuable when ecological relationships between species are
known and can be related to the division of samples. Above all, DCA provides a good

pictorial summary on the similarity of samples with respect to species composition.

33




CHAPTER 3. Ap introduction to the contaminated shudge trial sites and to

identification techniques

3.1 Trial sites and experimental design

The trial sites were part of a larger scale experiment that was setl up to investigate the
long-term effects of applying metal-rich sewage sludge to agricultural land. This larger
experiment had eight trial sites throughout the UK, namely: Gleadthorpe, Woburn,
Watlington, Pwllpeiran, Rosemaund, Bridgets, Hartwood and SAC Auchincruive. For

the purpose of this thesis the SAC Auchincruive and Hartwood sites were investigated.

The SAC Auchincruive, South Ayrshire, study site was situated on a sandy clay loam
(21% clay, 2.6% organic carbon). The Hartwood, Lanarkshire, study site was also
situated on a sandy clay loam (20% clay; 4.7% organic carbon). At both sites sludge
cake had been applied and incorporated into the soil using small plot equipment in
August of each ycar since 1994. After incorporation all plots were sown with Italian
ryegrass (Lolium multiflorum). The trial sites consisted of a total of 69 plots (each 6 m x
8 m) established across three blocks. Within each block, 23 sludge treatments were
allocated randomly to plots. Sludge treatments included unsludged control, digested
sludge, undigested sludge, zinc-rich sludge (digested), cadmium-rich sludge (digested)
and copper-rich sludge (undigested: see Appendices IT and X for chemical analysis of
sludges). EHach plot was surrounded by a 1.2 m permanent grass strip to prevent the
transfer of soil between plots during cultivation. The organic matter input was
standardised across sludge treatments and the pH was maintained at six. The grass was

cut on 16 May and 17 July in 1995 and on 24 May and 26 July in 1996,

The following soil measurements were taken on all plots prior to sludge application: soil
pll, particle size (i.c. clay, silt and sand content), conductivity, cation exchange capacity,
biomass carbon (C), rhizobia count, soil respiration rate, organic nitrogen (N), total N,
phosphorus (P), potassium (K), magnesium (M), iron (Fe), manganese (Mn), zinc (Zn),
copper (Cu), cadmium (Cd), nickel (Ni), chromium (Cr), lead (Pb) and mercury (Hg)
{see Appendices VI & VII). Following sludge application the pH, biomass C, rhizobia
count, soil respiration rate, total N, Zn, Cu, Cd were measured on selected plots (see

Appendices III & XI for 1995 and 1996 analyses respectively). Grass yield (see
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Appendix VIII) was measured and metal contents estimated on all plots following
application. Grass heights were also measurcd on 30 April, 31 May, 22 July and 4
August 1996 to provide addition information on the plots (see Appendix VIII).

3.2 Identification techniques

All Collembola were initially mounted in Hoyer’s medium and identified under a light

microscope {magnification x 400-1,000). The mounted Collembola were manipulated
by moving the cover slip to see critical identification features. Afler initial
identification, it was found that with the exception of problematic specimens, some
species could be accurately identified under a dissecting microscope and it was therefore
unnecessary 1o mount all such specimens. Routine checks were, however, carried out to
ensure that new species which under the dissecting microscope may appear similar to
previously identified species were not occurring. This was achieved by mounting 20
specimens (in one of the five samples collected from each plot) in Hoyer's medium and
identifying them under high magnification (x 400-1,000). Collembola were identified to
species level principally following the keys of Fjellberg (1980) and Gisin (196G), but
those of Stach (1954; 1956) and Gough (1977) were also used.

3.3 The Tuxonomic status of some species

There is currently much disagreement on the taxonomic status of several collembolan
species (e.g. Isoroma anglicana, Sminthurinus aureus and Protaphorura subarmata
Gisin:  Hopkins 1997). For the purpose of this research, species were generally
identified following the nomenclature of Fjellberg (1980). Fjellberg may be described
as a ‘splitter’, separating Collembola into species on the basis of very small differences
in morphology (Hopkins 1997). By taking this approach the information derived from

this study could be maximised.

There is currently some discussion on whether L anglicana is a frue biological species,
or just a morphospecies (Hopkins 1997). For the purpose of this research, it was
decided to consider I anglicana a separate species to I viridis. It was found that in
addition to manubrial and labial differences between I viridis and I anglicana,
differences were also found in colouration with I anglicana juveniles appcaring more

blue than the somewhat greyish I viridis juveniles. It was also decided to regurd S
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elegans a nd S. aureus as separate species although, as with I anglicana, the taxonomic
status of S. elegans has been queried by some workers. For example, while Stach
(1956) considered S. elegans to be a different coloured variation of S. aureus, Fyeliberg

(1980) gave S. elegans species status.

The species identitied as Isofomurus palustris in 1995 (following Fjellberg 1980), was
divided into the species L palusiris and I maculatus in 1996. It was decided to divide
this species following the research by Carapelli ez al. (1996) who used DNA sequencing
to support speculations that different colour variations of I palustris should be given
separate species status. In 1996, it was also decided to classify all Isofoma and
Isotomurus spp. that were less than 0.7 mm as Isotoma/Isotomurus juyeniles. This was
done to minimise the time taken in mounting and identifying these juveniles which
allowed a much larger number of samples to be processed than would otherwise have

been possible.

3.4 Amendments and additions

Data transformation

Prior to all parametric statistical analyses the variance to mean ratios were checked to
detect if species abundances were normally distributed, For most species it was found
the variance and mecan was about equal which indicated that the distribution was not
normal, but was random (Sckal & Rohlf 1995). When utilising parametric statistical
techniques, discrepancies from normality can decrease the test’s reliability and it was
therefore necessary to normalise the data by transformation. The random distribution
indicated that for the majority of species the most effective transformation could be
achieved by square rooting the data (Fowler & Cohen 1992). The effectiveness of the
square root transformation was compared with the log transformation (which ts more
commmonly used) by comparing the variance and mean ratios and the frequency
distribution histograms of the transformed data. For the majority of species the square
root fransformation was found to be more effective than the log transformation at
normalising the data. Because it is nol appropriate to use different transformations for
different species, it was necessary 10 use a standard transformation that worked for the

majority of species. It was, however, recognised that after square root transformation
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the variances for some species still differed significantly between treatments and
consequently it was decided to set the probability at 0.01 to avoid type one crrors (see

page 49).

Interaction effects

In Chapter 4 (see pages 49 & 50), Chapter 5 (see page 77 & 78) and Chapter 6 (see page
112) ANOVAs were performed without replication and the opporiunity to test for
significant interaction effects was therefore lost (Sokal & Rohlf 1995). When
conducting ANOV As without replication there is only one observation per subgroup and
vou are therefore unable to calculate the error SS (sum of squares). The interaction S8
becomes the only source of error and is then known as the remainder SS8. The
possibility of interaction was, however, considered prior to all analyscs. This was
achieved by plotting species abundance against dates (for each treatment) to ensure that
treatment effects were reproduced on all sampling dates. No interaction between date
and treatment was evident for any of the species under investigation and was therefore

not considered further in this study.

Null hypotheses

The null hypotheses for the statistical tests conducted in this thesis are as follows:

Chapter 4, Chapter 5 and Chapter 6

* There is no difference between the mean number of species *x’° in different sludge
treatments (see pages 49, 77, 78 & 112)

* There is no difference between the mean number of species “x’ in the three blocks
(see pages 49, 77, 78 & 112)

* There is no difference between the mean number of species X’ on different sampling
dates (see pages 49, 77 & 112)

Chapter 4 page 50

* There is no difference in the diversity when measured by diversity index ‘x’ in
different sludge treatments

¢ There is no difference in the diversity when measured by diversity index ‘x’ on
different sampling dales

¢ There is no difference in the diversity when measured by diversity index ‘x’ in the

three hlocks
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Chapter 4 page 50

® ‘There is no ditference between the mean weight of organic matter Jost from the
litterbags in different sludge treatments

® There is no difference between the mean weight of organic matter lost from the
litterbags in the three blocks

¢ There is no interaction effect between block and treatment that influences the mean
weight of organic matter lost from the litterbags

Chapter 5 and Chapler 6

* There is no relationship between the abundance of species “x” and grass height (see
pages 78 & 113}

Chapter 5 page 78

® There is no relationship between the abundance of species ‘x’ and cadmium
concentration

Chaprer 7 page 141

* The median relative abundance of species ‘X’ caught by pitfail trapping is equal to
the median relative abundance of species ‘X’ caught by suction sampling

Chapter 8 pages 151 & 161

® The observed frequencies of specices ‘x’ are evenly distributed between treatments

®* The rclative frequencies of dominant species are evenly distributed between
treatinents

® The relative frequencies of asexual and sexunal individuals are evenly distributed
between treatments

® The relative frequency of euedaphic and hemiedaphic individuals arc evenly

distributed between treatments

Confounding of sampling efficiency and treatment effects

Some species when sampled by suction or pitfalls were found to be negatively
correlated with grass height (see page 100 for suction samples and page 128 for pitfall
traps). It is possible that the increased grass height decreased the sampling efficiency
for these species and Greenslade (1964) found that the abundance of carabid beetles
caught in pitfall traps was negatively correlated with vegetation cover. It was also found

that grass height was affected by sludge treatment (see Appendix VIII) and it is therefore
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possible thal treaiment cffects were merely due to changes in sampling efficiency. If
this had been the casc the plots with the shortest grass heights (namely the control plots)
would be predicted to have the highest collembolan abundance. With the exception of
S viridis (which was not correlated with grass hcight) the opposite was true.
Furthermore the DCA ordinations for 1996 (see page 97 for the suction DCA and page
127 for the pitfall DCA) indicated that treatment splits in long grass (April & June) were
as clear as those in short grass (May and August). It would therefore appear that while
sampling efficiency may have been confounded with treatment effects (due to
differences in grass heights between trcatments), in this study treatment effects were so

strong that this problem did not appear to arise.

Pooling the samples within a plot

Collection of Collembola data on any particular sampling date involved taking a number
of individual samples (i.c. five with the exception of the pharmaceutical trials described
in Chapter 8) from within each plot. Prior to any analyses, the information gathered
from each plot was pooled in order to give a more accurate indication of the
collembolan communily struciure and composition for each plot. This is a standard
sampling technique utilised in a wide variety of biological studies in order to overcome

problems of spatial heterogeneity,
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CHAPTER 4. Effects of sewage sludge on euedaphic and hemiedaphic
Collembola sampled by litterbags

4,1 Introduction

From 1998, the disposal of sewage sludge at sea will no longer be permissible in Europe
(CEC 1991). As this is currently one of the principal methods of disposal in the UI,
alternative methods must be found (Smith 1996). In comparison to alternative disposal
methods such as incineration and tandfill, using sewage sludge as an agricultural
fertiliser not only provides a cheap method of disposal, but also a more environmentally
friendly method. It has therefore been predicted that in the next decade the agricultural

recycling of sewage sludge will become more widespread (Rund 1995).

Sewage sludge is generally classed as digested or undigested (raw) depending on the
treatment process from which it is derived (SAC 1997). Undigested sludge only
undergoes primary teatment which involves the settlement of solids in the form of a
sludge (Smith 1996). This raw sludge often has significant quantities of pathogens (e.g.
viruses, parasitic worms and bacteria) and an offensive odour (Smith 1996). Undigested
sludge must therefore be injected (or immediately incorporated) into the soi], and
livestock grazing is prohibited for three weeks following application (CEC 1986).
Undigested sludge may, however, be stabilised by a variety of processes including:
anaerobic and aerobic digestion, composting and the addition of lime. Mesophilic
anaerobic digestion is the primary mwethod of stabilisation in the UK, and 44% of sludge
(dry solids) spread on agricultural land is treated in this way (Smith 1996). Anaerobic
digestion reduces the odour and level of pathogens through the action of micro-

organisms under anaerobic conditions.

It has been well documented that the addition of sewage sludge to agricultural land
favours invertebrates. Tor example, shudge has been found to incrcase the abundance of
Collembola (Liibben 1989; Holler-lund 1959), Carabidae (Larsen ef al 1996),
earthworms (Cuendet & Pucommun 1990), soil nematodes (Larink er a/. 1990) and soil
mites (Glockemann & Larink 1989). The application of sludge can benefit invertebrate

species in several ways. For instance, it can inerease the food availability both directly
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and indirectly (through increased plant growth), increase the vegetation height (hence
making the micre-climate more stable), and improve the physical structure of the soil
(Pimentel & Warneke 1989; Marshall 1977; Curry 1994). However, scwage sludge
often has the drawback of containing heavy metals which can accumulate in areas of

long-term shudge application (Aitken et al. 1994).

Heavy metals such as copper, zine, cadmium and lead, enter sewage works from
domestic waste, industrial waste and road run-off (Smith 1996). The levels of metais
entering sewage works from industrial sources has declined over the past thirty years,
This decline is predominately a consequence of more stringent controls on effluent
metal loadings, and the subsequent adoption of cleaner manufacturing technologies
(Smith 1996). Domestic waste now accounts for the largest proportion of certain metals
including copper and zinc (Critchely & Agg 1986). Domestic sources include
medicated shampoo (which contains zinc) and washing up liquid (which contains
nickel: Smith 1996). However, the principal contamination source of domestic effluent
is thought to be the corrosion of plumbing systems (Comber & Guum 1994; Critchley &
Agg 1986). Metal inputs from domestic sources are much harder to control than

industrial inputs, and it is likely that they will continue to be problematic.

As heavy metals are persistent, long-term sludge application can lead to their
accumulation in the soil to levels that may potentially be toxic to livestock and
invertebrates. At present, sludge application is controlled by regulations governing the
safe metal loading of soils {(CEC 1986, CEC 1991), however, more research is required

to substantiate that maximum metal levels are safe for all invertebrate species.

Larsen er al. (1996) found no adverse effects of heavy metals in sewage sludge for the
density and diversity of Carabidae. IHowever, Carabidae appear to have an efficient
excretory system for heavy metals, and several studies found their body burdens of
metals to be lower than in other invertebrates in polluted arcas (Janssen & Hogervorst
1993, Van GStraalen & Van Wensem 1986). Land application of heavy metal
contaminated sewage sludge has been found to result in increased body burdens of

metals in earthworms and spiders (Benninger-Truax & Taylor 1993), suggesting that the
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mctals are present in bicavailable forms. Furthermore, green peach aphids (Appelia
schwartzi Borner) feeding on plants grown on contaminated sludge were found to have a
lower fitness {decreased fecundity and longevity) than those feeding on plants grown on

uncontaminated sludge (Pimente! & Warneke 1989).

Tield studies indicate that heavy metal contaminated sludge does not affect the
abundance of gasmid mites (Glockemann & Larink 1989) or Collembola (Liibhen
1989), but can affect their population structure. Some species (e.g. F. candida and B.
hortensis) were found to prefer contaminated plots, while other species (e.g. 7 notabilis
and S. gureus) preferred uncontaminated plots. It therefore appears that species specific
differences in metal susceptibility exist. Sminthurinus cureus, being detritivorous
(Curry 1994), may ingest high levels of metals through directly consuming sewage
sindge. Species that can digest fungal cell walls, where heavy metals are frequently
concentrated (Gast ef al. 1988), are also thought to be more susceptible to heavy metal

poisoning (Siepel 1994).

Siepel (1995) suggested that while asexual species may be favoured in areas of long-
term metal contamination, they may be adversely affected by the application of
fertilisers. The application of metal-rich sewage sludge may therefore favour sexual
species in the short-term, but favour asexual species in the long-term (once the metals
have accumulated through repeated application). Xt would therefore appear, al least for
Collembola and Acarina, that the effects of heavy metals in sewage sludge are subtle,

altering the species composition rather than the overall abundance.

Changes in the collembolan community structure are likely to affect the rate of
decomposition. Retarded decomposition and mineralisation ratcs have been observed in
heavily polluted sitcs where the collembolan diversity was depleted {Strojan 1978b;
Ruhling & Tyler 1973; Magvar & Abrahamsen 1990). As organic matter decomposes,
the microarthropod community often progresses through a series of successional phases
(Anderson 1975}. It is possible that through retarding decomposition, high metal levels
will also slow down the succession of microarthropods within the decomposing

material.
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This chapter aims to look at the effects that different types of sewage sludges have on:
the abundance and diversity of euedaphic and hemiedaphic Collembola; the abundance

of sexual and asexual species; and the rate of decomposition and succession.

4.2 Sampling eucdaphic and hemiedaphie Collembola

In previous studies, soil Collembola have mainly been sampiled in two ways. Soil corers
were the first method to be widely used (e.g. Milne 1962; Liibben 1989;) while the
second, more recent method, is the litterbag (Rolger 1985; Siepel 1990). When buried
in the soil litterbags act as underground baited traps which attract Collemnbola. For the
purpose of this research, litterbags were chosen to monitor the euedaphic/hemiedaphic
Collembola for two main reasons: they do not involve removing soil from the
experimental area (and as the study sites were part of larger scale experiments, minimal
disruption was necessery) and behavioural cxtraction methods yielded a higher
percentage of total Collembola (and in particular Onychiuridae spp.) from litterbags than

soil cores.

Onychiuridae have been previously shown to have a relatively poor behavioural
extraction efficiency as a consequence of their low mobility (Marshall 1972). The lower
exiraction efficiency of Collembola in soil cores may have been the result of the soil at
the experimental sites having a relatively high organic content. 1t has been observed
that in soils with high organic contents Collembola get trapped within the soil cores
during bchavioural extraction {(Southwood 1971). In agreement with Crossley &
Hogiund {(1962), extraction appears more efficient for litterbags, with both immature

individuals and poorly mobile Onychiuridae being well represented.

Litlerbags were made from 15 cm x 15 cm squares of nylon mesh with a mesh size of 1
mm (see Figure 4.1 below). These were then filled with freshly fallen sycamore (4cer
pseudoplotanus) or oak (Quercus robur) leaves collected at SAC Auchincruive. Leaves
were washed to remove soil particles and dried in a drying cabinet at 60°C for 24 hours
(or until no further weight loss was observed). Into each bag 2.50 grams of dried leaves
were inserted. The litterbags were then rehydrated for an hour before they were buried
at a depth of 2-5 cm. After a predetermined period of time (e.g. one month) the bags

were removed and the Collembola extracted (see below).
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Figure 4.1 The litterbag

Problems of sampling Collembola using litterbags

Within a given area, differences have been found between samples of microarthropods
derived from litterbags and those derived from soil cores. It is consequently thought
that litterbags do not accurately reflect the true soil population (Crossley & Hoglund
1962; Siepel 1990). Collembola in litterbags are influenced by several factors the most
important of which is probably the successional stage of the leaf litter. Litterbags may
also provide a more stable micro-climate and have a higher moisture content than the
surrounding soil (Witkamp & Olson 1963; Crossely & Hoglund 1962). The artificial
confinement of the litter can alter the fungal community (Seastedt 1984) and exclude
predators too large to enter the bags. All these factors may influence the collembolan

community within the litterbag.

Comparison between samples derived from litterbags and soil cores have found
macrophytophagous (e.g. algae eating species) to be under represented in the litterbags.
while fungivorous species were over represented (Siepel 1990). Extraction efficiency
may, however, be greater in litterbags than soil cores especially in soil with a high

organic content (Crossley & Hoglund 1962) and additional information on
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microarthropod succession may be obtained. Litterbags were therefore considered to be

the most efficient method of sampling Collembela in our experimental plots,

Extraction

Collembola were extracted using modified Tullgren funneis (see Figure 4.2) similar to
MacFadyen’s high gradient cylinder extractor (MackFadyen 1961). Haarlev (1947)
found that during extraction animals can become trapped in condensed water on the
sides of the funnels. In this study, this problem was eliminated by omitting the funnel.
MacFadyen (1961) used a water bath to maximise the extraction gradient, but in this
study extraction was improved by placing the collection vessel on an ice bag (which was
renewed daily). This is likely to have increased the extraction efficiency not only by
increasing the temperature gradient, but ulso by preventing the alcohol from
evaporating. 1t has been found that alcohol can repel animals, and hence reduce the
extraction efficiency of behavioural methods in confined spaces (MacFadyen 1961},

Figure 4.2 The modified Tullgren funnel
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Treatment of Collembola following extraction

Coliembola were collected in 70% alcohol and immediately afier collection they were
heated in the alcohol on a hot plate, for about four hours, until they ceased to float. This
prevented the Collembola from dehydrating which makes them more difficult to identify
(Fiellberg 1980). Onychiuridac were boiled in alecohol for a further four hours before
mounting to dissoive their high lipid content. This makes the pseudocelli (one of the
main identification features) easier to see (Fjellberg personal communication).
Collembola were identified to species level primarily following Fjellberg (1980) and
Gisin (1960). Further information on the identification of Collembola can be found in

Chapter 3.

4.3 Methods

Trial site and treatments

The euedaphic and hemiedaphic Collembola were investigated at the SAC Auchincruive
site (see Chapter 3). For the purpose of this study, four dillerent sludge trealments were
investigated. together with a no sludge control. The four sludge treatments were
digested, zinc-rich (digested), undigested and copper-rich {(undigested: see Table 4.1 &
Appendix II for sludge properties). The metal-rich sludges were obtained from sewage
treatment works which had high inputs of the respective metals.

Table 4.1 Treatments

Treatment | Treatment Mean metal Sewage
no, conceniration treatment works
1 Control Background levels (see
Appendix II)
2ZA Digested Low levels (see Banbury
uncontaminated sludge | Appendices I1 & 111)
3 Undigested Low levels (see Carterton
uncontaminated sludge | Appendices IT & IiI) B
7 Zine-rich digested 5,238 mg Zn kg™ sludge | Coleshill
sludge 180 mg Zn kg™ soil 1995
288.5 kg 7Zn ha™! year
11 Copper-rich undigested | 4,331 mg Cu kg™ sludge | Selkirk
| sludge 69 mg Cukg™ soil 1995
67.9 kg Cu ha! vear™
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For this experiment, the highest metal loadings were investigated for the zine-rich and
copper-rich sludge. The five treatments studied were located randomly within each of

three blocks and are marked with an asterix on Figure 4.3.

Sampling evedaphic/hemiedaphic Collembola

15 litterbags (see page 44), of 15 cm x 15 ¢m squares (mesh size 1 mm), were buried at
a depth of 2-5 cm in the selecied plots on 6 December 1994. LEach bag contained 2.50 g
of oven dried oak leaves which were re-hydrated before burial. TFive litterbags from
each plot were lifted after 10, 20 and 30 weeks. A further five litterbags were buried in
each plot on 16 May 1995, and these were lifted after 10 weeks (see Figure 4.4), The
experiment was designed to provide information on succession (by comparing the 10, 20
and 30 week litterbags) and season (by comparing the two sets of litterbags lifted after
10 weeks). Collembola were extracted with modified Tullgren funnels over a period of
six days (see page 45). Collembola were extracted in alcohol, prepared and mounted
(see page 46 & Chapier 3).

Figure 4.4 Burial and lifting times for litterbags

(30 weeks)
Ve
(20 weeks) >
(10 weeks) N (10 weeks)
Va s
6/12/94 14/2/95 25/4/95 16/5/95 3/7/95  22/7/95

Date of burial/lifting litterbags

Figure 4.4 The above figure shows the dates litterbags were buried/lifted, with the number of weeks the
litterbags were buried for in brackets. ’

Measuring the rate of decomposition

Decomposition rates were assessed using litterbags identical to those used 10 sample
Collembola. The ] mm mesh excluded the macrofauna (earthworms, Diploda, Isopoda
ete.}) and therefore gave an estimate of decomposition by the mesofauna (Acari,
Collembola, echytracid worms etc.) and the soil microbes (Anderson 1975). To study

decomposition. sycamorc leaves were used instead of oak leaves because they
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decomposed faster than oak leaves and would therefore maximise any differences in the
decomposition rates between treatments in the limited time available. In accordance
with other studics, the litterbags were not rehydrated before burial as this can influence
the decomposilion rate (Suffling & Smith 1974). Thirteen litterbags were buried
randomly on the selected plots (see Figure 4.3) on 24 May 1995, and were lifted after

ten weeks on 2 August 1993.

After collection, all the leaves were carefully removed from the litterbags and oven
dried at 60°C for about 24 hours {or until no further weight loss was observed) to obtain
the dry weight. The dry weight included both the inorganic (infiltrated soil) and organic
fractions (leaves) of the litterbags. The dried material was therefore ground and ignited
at 500°C overnight to determine the ash-free dry weight (i.e. weight of soil). The
organic matter lost from the litterbags could then be calculated from the following
equation {(where 2.50 g is the initial dry weight of sycamore leaves per litterbag).

Organic matter lost = 2,50 g - (dry weight - ash weight)

4.4 Statistical analysis

The five samples collected from a plot on a particular sampling date were pooled to
obtain an indication of collembolan community structure for each plot on each sampling

date. The pooled data were utilised in the following statistical anatyses.

Species composition

The pooled data were square-root transformed te normalise the distribution and to
homogenise the variances. Three-way analyses of variance (ANOV As) were performed
to test for date/succession, block and treatment effects. ANOVAs were performed on
the number of: total Collembola; the most frequently occwring species (i.e. those
occurring in over 50% of samples); euedaphic individuals; hemiedaphic individuals;
sexual individuals and parthenogenetic individuals. The Tukey muitiple comparison
test was applied to locate significant differences found by ANOVA (Zar 1984). It was
found that although transformation normalised the data for most species, variances still
differed significantly between treatments for some species (F-test). When utilising

ANOVAs and Tukey tests, heterogeneous variances can increase the likelihood of a type
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one error (i.e. wrongly rejecting the null hypothesis) and therefore can increase the
probability of finding significant effects when they are not present (Day & Quinn 198%).
To counteract this, the significance level was set at 0.01 (vather than 0.05: Day & Quinn

1989).

Detrended Correspondence Analysis

Detrended Correspondence Analyses (DCA’s) were performed on the species relative
abundance (without downweighting of rare species) using the software DECORANA
(Hill 1979). The samples and species scores for axes [ and 2 were plotted to obtain
sample and species ordinations respectively. DCA was chosen as it provided a method
of looking simultaneously at the effects of weatment, succession and season on the

overall collembolan community structure.

Diversity

The [ollowing four measures of diversity were calculated: S (number of species) to
measure species richness, d (Berger-Parker’s dominance index: Berger & Parker 1970)
to measure evenness and N, (the reciprocal of Simpson’s index: Hill 1973) and &
(Fisher’s log serics parameter: Fisher er af. 1943) to measurc overall diversity. A
combination of diversity indices was used to provide the most accurate information on
the diversity of the conununity (Magurran 1988}, See pages 30-32 for information on

diversity indices and Appendix I for equations for diversity indices.

Repeated measurcs of diversity are usually normally distributed (Magurran 1988), and
therefore conventional statistics can be used to test for significant differences in
diversity (Magurran 1988; Kappelle et /. 1995). This was not, however, the case in
this study and the square root transformation was required to normalise the data (see
page 36). Three-way ANOVAs (followed by Tukey multiple comparison tests) were
therefore conducted to test for effects of treatment, block and date, on the diversity

indices.

Decomposition

Decomposition rates were compared between plots using a 2-way ANOVA (followed by
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the Tukey multiple comparison test) to test for trcatment, block and interaction effects.
As the data were normally distributed and the variances homogenous (F-test),
transforniation was not necessary.

4.5 Results

General information

A total of 14,829 wndividuals, from 26 species, were collected in the litterbags between

14 February and 22 July 1995 (a species list can be found in Appendix IV}

Species composition and date

Both L. cyaneus and Heferomurus nitidis (Templeton) appeared to show a seasonal
effect and increased as the summer progressed (see Figure 4.5 & Table 4.2). For
example, both species were significantly more abundant in 3 and 22 July sampies than
February or April ones, and they were also more abundant in 22 July samples than 3
July samples. Changes in the abundance of these two species were more likely a
consequence of scason rather than succession, since the two sets of litterbags buried for
10} weeks (specifically February and 22 July) differed most with respect to the
abundance of these species. Both L. cyaneus and H. nitidis are sexually reproducing
species, and it is therefore not surprising that the number of sexual individuals followed
a similar pattern (see Figure 4.6 & Table 4.2). The asexual Mesaphorura spp.
{(consisting of M. macrochaeta Rusek and M. hylophila Rusek) also followed a similar
pattern to L. cyaneus and H. nitidis, with the highest abundance found in litierbags
collected on 22 July (see Figure 4.5 & Table 4.2).

Some species do not, however, show a seasonal pattern but instead appear to be
dependant on the successional stage of the leaf litter (i.c. the length of time the litterbags
were buried). Isorommaus palustris was significantly more abundant in the litterbags
from 23 April and 3 July (buried for 20 and 30 weeks, respectively) than those fram 14
February or 22 July {(both buried 10 weeks: see Figure 4.7 & Table 4.2). The lower
abundance of /. pafustris in 22 July litterbags compared to 3 July litterbags, indicates

that the abundance of I palustris was primarily dependant on succession rather
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than season. The abundance of total Collembola, £ notabilis and asexual individuals
(principally 1 notabilis) followed the opposite pattern (see Figures 4.6 & 4.8 & Table
4.2), and were more abundant in litterbags buried for 10 weeks (I'ebruary and 22 July)
than in litterbags buried for 30 weeks (3 July).

Figure 4.5 Effect of date on abundance of H. ritidis, L. cyaneus
30 ) and Mesaphorura spp. irrespective of treatment

-~ & - - Mesaphorura spp. :
L. cyaneus ?,

]
<
L

Mean no. (sqrt. transformed)
>

10
&
5
0 g._ = ; -
14/02/1995 25/04/1995 03/07/1995 22/07/1995
(10 weeks) (20 weeks) Date 30 weeks) (10 wecks)

Figure 4.6 Effect of date on abundance of sexual & asexual
individuals irrespective of treatment

20 - -- 9 --Sexual
' —— Asexual

o O

Mean no. (sqrt transformed)
>

14/02/1995 25/04/1995 03/07/1995 22/07/1995
(10 weeks) (20 weeks) Dat (30 weeks) (10 weeks)

a

Figure 4.5 & 4.6 The above graphs show the effects of date/burial time on the species composition and
number of sexual and asexual individuals in litterbags. Error bars show standard deviations and burial
time is given in brackets below date.
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The abundance of I anglicana appearcd to be dependant on both season and succession,
This species had a higher abundance in April litterbags (20 weeks) than February
litterbags {10 weeks), and also had a higher abundance in 3 July litterbags (30 weeks)
than April litterbags (20 weeks: see Figure 4.7 & Table 4.2). Like I palustris, this
species was less abundant in litterbags from 22 July (10 weceks) than 3 July (30 weeks),
but unlike I palusiris, the abundance on 22 July was greater than in Fcbruary or April,
suggesting that changes in the abundance of this species were not just the consequence

of succession but also of season.

Figure 4.7 Effcct of date on abundance of I anglicana and 1.

12 | palustris irrespective of treatment
| )
| —— [ anglicana | e §
; — - I palustris | i '

Mean no. (sqrt transformed)

14/02/1995 25/04/1995 . 03/07/1995 22/07/1995
(10 weeks) (20 weeks) Date (30 weeks) (10 weeks)

Figure 4.7 The above graph shows the effects of date/burial time on the species composition in litterbags.
Error bars show standard deviations and burial time is given in brackets below date.

The number of hemicdaphic species appeared to follow a successional patlern with a
significantly greater abundance in the 22 July litterbags (10 weeks) than April (20
weeks) or 3 July litterbags (30 weeks: see Figure 4.9 & Yable 4.2). The number of
cuedaphic species, however, appeared to follow a seasonal pattern with the biggest
difference in abundance occurring between the February and 22 July litterbags, both of
which were buried for 10 weeks (see [igure 4.9 & Table 4.2). Ceratophysella
denticulata did not follow either a successional or seasonal pattern but instead, with the
exception of the April litterbugs having a significantly lower abundance than the
February or 22 July litterbags, the population remained relatively constant (see Figure
4.8 & Table 4.2).
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Figure 4.8 Effect of date on abundance of total Collembols, £
5 notabilis and C. denticulata irrespective of treatment
5 — >,
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Figure 4.9 Effect of date on ecomorphology irrespective of
25 T treatment
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Figure 4.8 & 4.9 The above graphs show the effects of date/burial time on species composition and
ecomorphelogy. Error bars show standard deviations and burial time is given in brackets below date.

Species composition and treatment

No treatment effect was found for the number of total Collembola, however, a trcatment
effect was found for Neelus minimus, Mesaphorura spp. and L anglicana (see Table 4.2

and Figure 4.10). Isotoma anglicana was more abundant in the zinc and copper-rich

plots than the undigested, digested or control plots, Mesaphorura spp. showed the
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opposite trend, being less abundant in both the zinc and copper-rich plots than the
undigested, digested or control plots (see Figure 4.10 & Table 4.2). Neelus minimus had
a higher abundance in the copper-rich plots but a lower abundance in the zine-rich plots,
when compared to the undigested and digested plols (see Figure 4.10 & Table 4.2). The
abundance of N. minimus was also lower in the digested sludge plots than the control
suggesting that this species was adversely affected by the addition of digested sludge

{see Figure 4.10 & Table 4.2).

These results must, however, be treated with caution as the variances were
heterogeneous, which can increase the probability of finding an effect of treatment when
none is present (Day & Quinn 1989). However, althaugh the probability was only 0.05
for the ANOVAs, differences were found to be significant to 0.01 in the Tukey tests,

hence suggesting that treatment cffects were real.

Figure 4.10 Effect of treatment on collembelan composition
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Figure 4.10 The above graph shows the effects of treatiment on species composition of litterbags, Error
bars show standard deviations.

Diversity
Four measures of diversity were calculated for each plot on the four sampling dates.

These were 8§ to measure richness, d to measure evenness, and ¢ and N, to measure

diversity (sce pages 30-32 for information on diversity indices). The calculated diversity




values can be seen in Appendix V. Three-way ANOVAs were conducted on these
mdices (square root transformed) to test for effects of treatment, block and date. No
treatment effect was found for any of the four diversity indices. A daie effect was,
however, found for all diversity measurements (see Table 4.3) and a block cffect was

found for species richness (see Table 4.4),

Species richness (8) tended to show a scasonal effect, with the summer samples (7 and
22 July) having significantly more species than the February or April samples (see Table
4.3}. This is more likely to be the result of season vather than succession because the
largest difference in species richness occuired between 14 February and 22 July
samples, both of which were bu‘ried for 10 weeks. The other measures of diversity did
not, however, follow the same pattern. Both overall diversity measures (¢ and N,) were
significantly higher in litterbags from 3 July (30 weeks) than these from February (10
weeks), April (20 weeks) or 22 July (10 weeks), suggesting a successional effect rather
than a seasonal one {see Table 4.3). This was probably the consequence of the
dominance (here measwred by d) being significantly less (indicating a more even
community) ou 3 July (30 weeks) than in February (10 weeks) or April (20 weeks: see
Table 4.3). There was also an effect of season, with the 22 July samples having a higher
overall diversity than the February samples (see Table 4.3). It would therefore appear
that the evenness and overall diversity of Collembola in the litterbags was primarily
dependant season and succession, whereas, the species richness was primarily dependant

only on season.

An effect of block was apparent for species richness (8), with block one having a
significantly lower richness than block three (see Table 4.4). It was found that previous
to sludge application, block three had the highest clay and organic content and the
lowest sand content (see Appendix VI). Since the water holding capacity of a soil is
pesitively correlated to its clay content (Smith 1996), it is possible that block three also

had the highest moisture content.
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Table 4.4 Effect of block on collembolan diversity

Diversity Index F-value |Probability (Block 1 {Block 2 {Block 3 ILocatiou of

df=2,24 differcnce
n = 20 df =24
k=3

Species Richness (8)| 8.11 <0.01 2.59 277 3.60 Row 3>
#0501 | £0.53 | £0.44 Row 1

Berger-Parker (d) 0.46 N.S. 0.78 0.81 0.80 -
_ 014 | #015 | £0.13

Hill's (IN,) 0.12 N.S. 1.54 1.51 1.55 -
F037 | £0.46 | 043

Fisher's (w) 1.20 | N.S. 1.30 1.40 1.42 -

031 | #0.44 | +0.32
Table 4.4 This Table shows the results of the 3-way ANOV As performed on the following four measures
of diversity: d, S, N, and o Effccts of date can be found in Table 4.3, 1t also shows the mean diversity

value (square root transformed) found for each block (& standard deviations shown below) and the results
of the Tukey test (P < 0.05).

Detrended Correspondence Analysis (DCA)

The initial DCA indicated that plot 11 in block one had a consistently different
collembolan composition from the other plots. When the species composition of this
plot was examined it was found that [ notabilis was under represented. Isoroma
notabilis was either absent (February, April and 3 July) or represented by only one
individual (22 July) in this plot, whereas, in all other plots I notabilis was one of the

dominant species.

It is unknown what caused the elimination of this species in plot 11 block one and an
investigation of the initial soil analysis (prior to sludge application) found that Rhizobia
numbers, biomass carbon and soil respiration rates were of the same magnitude as other
plots (see Appendix VII). Furthermore, the grass yields were also of the same
magnitude (sec Appendix VIII). The available data on this plot did not therefore show
any clear difference between this plot and the other plots. A possible explanation may
be that the plot had more emigration and immigration with the soil surrounding the
experimental area than the other plots as a consequence of it being at the edge of the

experimental trial.
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The only way of coping with such outliers in DCA is to remove them from the analysis
(Hill & Gauch 1980). It was therefore decided to omit this plot from the data set and
repeat the DCA analysis (without the downweighting of rare species). The resultant
sample ordination can be seen in Figure 4.11 below, and the species ordination is
presented in Figure 4.12. The DCA produced eigenvalues of 0.356, 0.266, 0.196 and
0.097 for axes 1-4 respectively. These values indicate that the amount of between-plot
variation in collembolan assemblages accounted for by axes 1-4 was 39%, 29%. 21%
and 11% respectively. As axes 3 and 4 collectively accounted for less than 40% of this

variation, they were not considered further.

From Tigure 4.11 it can be seen that the main factor separating samples along axis 1 is
season, with the summer samples (3 and 22 July) being well separated in the middle of
axis one, while the winter/spring samples (14 February and 25 April) are clumped and to
the left. There is also a separation between the two summer sampling dates along axes 1
and 2. This is probably a consequence of successional and/or seasonal changes in

species composition.

Figure 4.11 Sample DCA ordination for litterbags (relative ubundance)
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Figure 4.11 Sample ordination (species relative abundance). Each point represents one plot.
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From the species ordination (Figure 4.12) it can be seen that species found to be early
colonisers of leaf litter, namely I notabilis (Bolger 1985 and above) and Ceratophysellu
spp. (Sicpel 1990), lie to the left of axis 1, whereas, species that colonise later (Z

palustris and I anglicana: see above) lie to the right. The species ordination also
suggests that there is a seasonal effect, with species that appear late in the summer
occurring to the bottom right hand corner of the axes (L. cyaneus, H nitidis and
Mesaphorura spp: see above). It would thercfore appear that the main driving forces

separating samples along axes 1 and 2 were succession and season.

Figure 4.12 Species DCA ordination for litterbags (relative abundance)
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Figure 4.12 Species ordination (relative abundance). Species codes can be found in Appendix IX.

The axes scores for the summer samples were re~-drawn showing the 3 and 22 July
samples separately. This was done fo enable treatment effects to be observed more
easily (see Figures 4.13 & 4.14 for 3 and 22 July, respectively). From Figures 4.13 and
4.14 it can be seen that although the majorily of the variation in collembolan community
structure can be accounted for by season/succession, there is also some variation
between treatments, In particular, for both dates in July the zinc plots lie distinct from
the digested sludge plots and the control plots. Copper plots are also separate from the

cantrol plots on both sampling dates.
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Figure 4.13 DCA ordination for 3/7/95 showing treatment split.
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Figure 4.14 DCA ordination for 22/7/95 showing treatment split.
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Figures 4.13 & 4.14 DCA ordination for Auchincruive 3 and 22 Juby 1995 respectively. Each point
represents one plot.

The separation of treatments is clearest on 22 July, however, even on this date there are

jarge differences between replicas of a treatment. Closer exumination of the ordinations

found that block two differed most between the three replicas of a treatment. The DCA
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sample ordination therefore indicates that although block did not affect the abundance of
any dominant species (sce above), it affected the community as a whole. The pH and
conductivity of block two was found to be lower than the other blocks prior to sludge
application and this may have contributed to the observed separation of block two (see

Appendix VI).

The species ordination indicates that moisture may be involved in the division of
samples along axis 2 (see Figure 4.12). While / viridis and I palustris (Joosse 1970)
prefer damp conditions and occur towards the top of the ordination, L. cyaneus and
Isotomodes productus (Axelson) prefer dry conditions (Joose1970; Fiellberg 1980) and
occur towards the bottom of the ordination. Ilowever, there is insufficient information

on the humidity preferences of the species present to draw definite conclusions.

Decomposition

Decomposition rate was estimated from the loss of organic matter from the litterbags.
1reatment and block effects were tested for using a 2-way ANOVA (on untransformed
data), [ollowed by the Tukey multiple comparison test. Results of these tests can be
seen in Table 4.5 below.

Table 4.5 The effect of treatment and block en decomposition

Treatment| Mean O.M.
lost (g)
Control 0,28 (0.08)
Digested | 0.31 (#0.10)
Undigested| 0.32 (#0.06) Treatment Block
Zinc 0.29 (20.09) | F- Prob Where F- Prob Where
value |df' =4, 180| differcnce }value|df =2, 18¢|difference
n=39% lies n =65 lies
df =180 df = 180
k=35 k=3
Copper 0.36 (#0.07) | 5.09 | <0.001 | Cu>C& |5.11} <0.01 |{Block3>
Zn Block 1

Table 4.5 This table shows the mean decomposition rate for cach of the five treatments (standard
deviations arc given below in brackets). It also shows the F and probability values (for treatment and
block} obtained by 2-way ANOVA and the results of the Tukey test (P<0.05). The following codes are
used Q.M. - organic matter, Cu - copper-rich sludge, C - control and Zn - zing-rich sludge.

No interacltion was found between block and treatment effect (F=2.13 at df' 8, 180). The

addition of digested, zinc-rich and undigested sludge did not significantly affect the




decomposition rate. However, plots receiving the copper-rich sludge had significantly
higher decomposition rates than the control plots. It would therefore appear that copper-
rich sludge was indirectly bencficial to soil [fertility through increasing the
decomposition rate. A block effect was also apparent, with block onc having a
significantly lower decomposition rate than block three. A similar block effect was
found for species richness which increased from block one to three. It is thercfore
possible that the greater number of species in block three increased the decomposition

rate or that a third, unknown factor, atfected both decomposition and species richness.

4,6 Discussion

Effect of date on species composition

Date and succession were the main factors that determined the collembolan abundance
and species composition in the litterbags, while treatment was less important. It would
appear that with respect to sampling date, collembolan species fall into three main
categories: species that are dependant on season (e.g. L. cyvaneus, H, rnitidis and
Mesaphorura spp.); species that are dependant on the successional stage of the leaf litter
(e.g. L notabilis and I palustris); and species that are unaffected by season and
succession (e.g. F. fimetaroides, F. fimentaria and N, minimus). Other litterbag studies
have also found both seasonal and successional effects on populations of Acari and

Collembola (Anderson 1975; Bolger 1985).

Seasonal effects on collembolan abundance are dependant on species, year and
geographical location (Christiansen 1964). In the UK there is a tendency for population
peaks to occur in winter and summer (Christiansen 1964; Bardgett e ¢l 1993). Niijjima
(1975) found that Entomobryidae (the family in which both A. nitidis and L. cyaneus
belong) peaked in abundance during summer in a temperate forest in Jfapan, and
Brussaard et al. (1990) found Mesaphorura krausbaueri increased from April to July in
agricultural land in the Netherlands. Joosse (1969) found that L. cyaneus was more
abundant in the Netherlands during summer. Through examining the size classes of L.
cyaneus, Joosse (1969) concluded that this species over-winters as half-grown

individuals emerging in spring and laying eggs shortly afterwards. In the present study,
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L. eyaneus may therefore have been present in February, but as they were imumobile they
were not sampled by the litterbags until emerging sometime between 24 April and 3 July
1995. The similar seasonal patiern in fI nitidis suggests that it had a similar life-

history.

Isotoma notabilis was the dominant collembolan species in the litterbags during the
early stages of decomposition, and became less abundant as the leaf litter decomposcd.
This species was also dominant in the early successional stages of litterbags in a study
by Rolger (1985). Odum (1969, 1985) suggested that r-selected species are more likely
to be early colonisers, and as . norabilis is asexual it can be considered to be relatively
r-selected. [sotoma notabilis may also prefer to feed on primaty saprophytes abundant
in the early stages of decomposition. Both I palustris and I anglicana colonised the
bags in the latter stages of succession suggesting that they may prefer to feed on
secondary saprophytes. More work is therefore required to examine if feeding

preferences play a role in the succession of these collembolan species in leaf litter.

Care must, however, be taken in interpreting these results as it is possible that other
environmental changes occurred between 3 and 22 July that could have resulted in the
observed change in species composition. For example, the grass was cut on 17 July and
consequently the grass height was much lower on 22 July than 3 July. The decrease in
grass height would result in changes in the micro-climate of the soil, with fluctuations in
temperature and humidity being more pronounced. However, as the grass height was
not measured, no conclusion can be drawn concerning its effect on the collembolan

community.

Effect of sewage sludee on Collembola

The addition of sewage sludge has generally been found to increase the abundance of
Collembola (Liibben 1989; Holler-Land 1959), and this is thought to be primarily the
result of increases in food (Pimentel & Warneke 1989). In this study, both the digested
and undigested sewage sludge had higher numbers of Collembola than the control or
metal-rich sludges, however, as a consequence of the large variation between replicas

within (reatments, this increase was not significant. [t is also notable that the sludge
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treatments did not affect the collembolan diversity, evenness or species richness.
Diversity may have been expected to be reduced by the addition of metal-rich sludge, as
heavy metals have previously been found to adversely affect diversity (Bengtsson ef al.

1985a).

Neelus minimus and Mesaphorura spp. were adversely aftected by zinc-rich sludge and
Mesaphorura spp. were also adversely affected by copper-rich sludge. The
susceptibility of Mesaphorura spp. to metal-rich sludge is surprising as M. krausbaueri
was found to be favoured in areas where copper levels are high as a result of the
intensive use of copper containing fungicides (Filser er gl 1995). Furthermore,
Mesaphorura spp. accurred in their highest abundance in plots treated with metal-rich
sludge (spiked with metal salts) in a study by Lubben (1989). The discrepancies
between these results and the Auchincruive results may be the consequence of species
specific differences in metal susceptibility existing within the genus Mesaphorura. 1t is
well documented that species differ in their susceptibility 1o metal pollution (Filser ef al.

1995; Tranvik & Eijsackers 1989; Posthuma & Van Straalen 1993).

Metals can be directly toxic to Collembola through decreasing their growth rate,
reproduction and/or survival (Bengtsson et af. 1983; Joosse & Verhoef 1983; Posthuma
et al. 1993). Metals may also be indirectly toxic through their action on fungi and
habitat structure (Tranvik & Eijsackers 1989; Bengtsson et a/. 1985a; Posthuma er al.
1993). For example, Tranvik & Eijsackers (1989) found that the metal tolerant species
F. fimetarivides had a higher preference for metal tolerant fungi than the metal sensitive

species 1. minor.

As heavy metals decrease with soil depth (Bengtsson & Rundgren 1988), it is possible
that Mesaphorura spp. and N. minimus did not actually decrease in abundance, but
instead migrated down the soil profile to avoid the metals. There is evidence that
enedaphic species migrate to greater soil depths (up to a depth of 10 cm) in metal
polluted areas (Bengtsson & Rundgren 1988), and the migration of soil Collembola
down the soil profile to avoid adverse weather conditions is well documented (Hale

1967; Marshall 1974). However, as the sewage sludges (and therefore the heavy metals)
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were incorporated into the soil to a depth of up fo 25 cm, it is unlikely that the

Collembola would be able to follow a concentration gradicnt to less polluted areas.

Isotoma anglicana was promoted by the addition of copper-rich and zinc-rich sludge,
while N minimus was promoted by the addition of copper-rich sludge. Other studies
have also found some species of Collembola to be promoted by metals while others are
adversely affected (Filser ez al. 1995; Tranvik & Eijsackers 1989; Liibben 1989). Zinc
and copper are essential micro-nutrients (Hopkin 1989) which are required in lrace
quantities by Collembola (Bengtsson et af, 1983). It is possible that 1. anglicana and N.
minimus weye deficient in these metals prior to sludge application and were thersfore
favoured when metal levels mereased following application. Low levels of copper have
been found 10 incrcasc the growth rate of O, armatus in the laboratory (Bengtsson ef al.
1983), and the collembelan density in the vicinity of Gusum brass mill was higher at
low levels of copper and zinc pollution than at unpolluted areas (Bengtsson & Rundgren
1988). The increase in abundance at low metal levels may also be the consequence of
these species possessing metal-sensitive gut parasites (Bengtsson & Rundgren 1988), or
of predators and/or competitors being more susceptible to zinc and copper. [fsotoma
viridis, which is closely reluted to I anglicana, has previously been [ound to be

sensitive o the presence of zinc-rich sewage sludge (Bruce er al. 1997),

It is important to note that as a conscquence of the sludges arising from different sewage
treatment works, other differences between sludges existed that may have affected the
collembolan community. For example, the copper-rich sludge and the zinc-rich sludge
had higher levels of nickel, lead, chromium and iron than the uncontaminated sludges
(see Appendix II). It is also possible that the metal-rich sludges, being derived from
more industrial arcas, had higher levels of organic pollutants such as polynuclear
aromatic hydrocarbons (PAH’s) and polychlorinated biphenyls (PCB’s). To determine
which component or components were responsible for the observed changes in species
composition it would be necessary to use a wider range of sludges which would be very
time consuming. Alternatively, by artificially contaminating sludgé with metal salts the
effects of individual metals could be studied. Although this method is less time

consuming, it is likely that the metal availability of artificially contaminated sewage
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sludge would differ from sludges which have been derived from treatment works with
high metal inputs. Artificially contaminated sludge would not necessarily accurately

reflect the influences of naturally contaminated sludge.

Diversity and succession

Goulden (1969) proposed that as Jeaf material decomposes, the organisms involved in
decomposition progress through a series of developmental phases. In the first phase, the
colonisation phase, species diversity increases as species rapidly immigrate into the
newly established habitat. In the second phase, the common species become less
common and the rare species less rare (the evenness of the commumity increases). In the
third phase, rare species continue to colonise the habitat until it is (ully saturated, and
finally, in the fourth phase the diversity is degraded to a few abundant species adapted 1o
the more unfavourable environment of the humus. Field studies using litterbags have, in
general, supported Goulden’s theory (Anderson 1975; Bolger 1985; Siepel 1990).

In this study, Collembola rapidly colonised litterbags within the first ten weeks of burial
and this rapid colonisation was as predicted from phase one of Goulden’s (1969)
developmental phases. There was also a clear change in the evenness of the community
with respect to succession. As the succession of leaf litter in the 1ittelrbags progressed,
the evenness of the community increased which is indicative of Goulden’s phase two of
suceession.  IHowever, as the species richness was predominately determined by the
season, it was difficult to determine if developmental phase three had occurred and there

is no evidence of phase four being reached.

Decomposition

Decomposition was measured as the organic matter lost from the litterbag and was
therefore defined in its broadest sense for in addition to losses due to respiration and
leaching, losses due to fragmentation, Faeces production, faunal death and emigration
were also included (Seastedt 1984). It was found that the addition of copper-rich sludge
elevated the decomposilion rate above that of the control. Chaney et al. (1978) found
that low concentrations of the metal cadmium increased the activity of decomposers

(measured by CO, efflux). This was thought to be a consequence of cadmium-scnsitive




species being replaced by more tolerant species which respired at a faster rate (Hopkin
1989). The change in species composition in the copper-rich plots may have similarly
altered the decomposition rate, especially if I anglicana and N. minimus respire faster
than Mesaphorura spp. A faster respiration rate of /. anglicana than Mesaphorura spyp.
may be expected as hemiedaphic species are thought to have a higher level of activity
and metabolic rate than euedaphic species (Van Straalen 1989). This can be supported
by the fact that £ anglicana has longer legs than Mesaphorura spp. and well developed

furca (jumping organ), suggesiing it has a more active life.

Cadmium is generally considered as a non~essential element in invertebraies, whereas,
copper is a micro-nutrient that is required in small concentrations (Hopkin 1989;
Pokarzhevskii & Van Straalen 1996). It is therefore possible that previous to its
addition copper was the limiting element to decomposition, and through adding copper
this deficiency was eliminated and the rate of decomposition was increased. The
essential levels of micro-nutrients in invertebrates is relatively understudied (Hopkin
1989), and it is therefore difficult to determine if the original soil concentration was
limiting. However, current evidence indicates that copper deficiency in livestock may

be widespread in Scotland (Smith 1996).

There are several drawbacks in using litterbags to study the decomposition rate. Firstly,
the artificial confinement of leaf-litter may adversely affect the fungal productivity and
hence would also affect the contribution of Collemboia to decomposition (Seastedt
1984). Confinement has been found to underestimate the true decomposition rate
(Witkamp & Olson 1963). Despite the adverse effects of artificial confinement, the
ability to exclude macrofauna without the use of chemicals and in near normal
conditions in the field makes litterbags the most popular method of studying

decomposition { Seastedt 1984).

4.7 Main findings

1: Date and season were the main factors influencing the collembolan community with

elfects of treatment being less pronounced.
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2: Mesaphorura spp., H. nitidis and L. cyaneus increased as the summer progressed as

did the species richness.

3: Isotoma anglicana and I palustris were late colonisers of decomposing oak leaves,
while £ notabilis was an early coloniser. The evenness of the community increased as

succession progressed and this resulted in an increase in overall diversity.

4: Isotoma anglicana was favoured by the addition of copper-rich and zinc-rich studge,
while Mesaphorura spp. were adversely affected. Neelus minimus was favoured by the
addition of copper-rich. sludge; but adversely affected by the addition of zinc-rich

sludge.

5: The decomposition rate was highest in the copper-rich plots. This may be the
consequence of copper previously being the limiting element to decomposition, or it

may be the result of changes in the community structure of decomposers.

6: Block effects were apparent for the species richness and decomposition rate, with
block three having a higher richness and decomposition rate than block one. It is
possible that the higher decomposition rate was the consequence of tlhe higher species
richness. Alternatively, it is possible that a third unknown factor (e.g. soil moisture)

affected both the decomposition rate and the species richness,
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CHAPTER 5. Effects of studge on hemiedaphic and epigeal Collembola as

indicated by suction sampling

5.1 kntroduction

Epigeal Collembola are an important food source for predators such as staphylinid
beetles, carabid beetles and harvestmen (Hopkin 1997). As a consequence of this, they
help to maintain healthy populations of polyphagous predators which are important in
the control of agricultural pests. Furthermore, because they are larger than euedaphic
Collembola, they are easier to work with and to identify. The majority of studies that
look at the effects of agricultural practices on Collembola use soil cores as a method of
sampling. As soil cores are inefficient at sampling epigeal Collembola (trapping on
average less than one epigeal individual per soil core: Frampton et g/, 1992), these

species are frequently left unstudied.

The suction sampler provides a non-destructive method of sampling arthropods and is
particularly useful for sampling small arthropods, such as Collembela, which cannot
realistically be collected by the laborious and inefficient method of ground scarching
(Duffey 1974). Suction sampling is a more accurate sampling method than sweeping
which is liable to large personnel crrors (Johnson ef al 1957). It also provides a morc
accurate measurement of population densities than pitfall traps which are dependant not

only on the abundance of species present, but also on the activity level of each species.

Suction sampling provides good quantitative data on collembolan population densities
and Johnson et al. (1957) found a sampling efficiency of 99.3 % for Arthropleona and
100 % for Symphypleona with the Wolf Portable Electric Blower. Suction samplers
have successfully been used to monitor the effects of insecticides (Frampton 1988),
herbicides (Sotherton et al. 1987), fungicides (Frampton 1988), grazing (Purvis & Curry
1978), vegetation type (Cutry & Cunningham 1978) and management intensity (Moreby
ef al. 1994) on epigeal and hemiedaphic Collembola.

Suction samplers do, however, have some limitations. For examples they are only

applicable for sampiing invertebrates on the surface or in the more accessible crevices of
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plants and the soil (Johnston et al. 1957).  Furthermore, the sampling of small
arthropods may be inefficient in damp habitats or wet weather because they can get
stuck to the inside of the flexible hose in some suction samplers (Johnston ef al. 1957).
A further problem of suction sampling arises from the fact that animals in their natural
habitats are commonly patchily distributed. This is problematic because suction
sampling generally samples only a small area at one time (Southwood 1971). However,
suction sampling is more effective than sweeping and as sweeping only samples epigeal

specimens, suction is also a more complete method (Berbiers et al. 1989)

Samples derived from suctioning often contain leaves, grass and other debris and, as a
consequence of this, hand sorting is laborious and timc consuming (Marshall ef al.
1994). Hand sorting is also prone to personnel error, especially when dealing with smatl
arthropods (Johnston er al. 1957). This problem can, however, be overcome by
floatation to extract inorganic soil followed by sieving to remove the larger debris

(Frampton 1988),

The Dietrick vacuum insect sampler (Dietrick et al. 1959) and related designs (e.g. the
Thornhill vacuum sampler) have become standard sampling techniques in agricultural
research (MacLeod ¢f af. 1994). However, these suction samplers are heavy and can
become uncomfortable with prolonged use (Macl.eod ef al. 1994). The Ryobi
RSV3100E sweeper-vac (as modified by MacLeod er ¢/ 1994) is a cheaper, lighter and
less noisy alternative to original suction samplers (Harwood 1994). Furthermore, the
Ryobi sweeper vac has been found to be more efficient than conventional samplers in
sampling several insect species (Macl.eod er al. 1994). Since the insects are taken
straight into the collecting bag, the problem of insects getting trapped inside the suction

hose is also elinminated.

In this Chapter Ryobi suction samplers are used to determine the effects of different
sewage sludges on the epigeal and hemiedaphic collembolan populations, while in
Chapter 6 pitfall trapping will be used. A comparison will then be made beiween these

two methods in Chapter 7.
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5.2 Methads

‘I'rial sites and treatments

The epigeal and hemiedaphic Collembola were sampled in 1995 and 1996 at the SAC
Auchincruive site, and in 1996 at the Hartwood site (bath trial sites are described in
Chapter 3). The sludge treatments investigated can be seen in Table 5.1, together with
the year in which they were studied. A dctailed analysis of the sludges is given in
Appendix II for the 1994 sludge application and Appendix X for the 1995 sludge
application, The plots studied are markedlwith an asterix in Figure 5.1 (Auchincruive)
and Figure 5.2 (Hartwood). The effects of six different sludge treatments were studied
in 1995 and four were studied in 1996. In 1996 , the undigested uncontaminated and the
undigested copper-rich treatments were omitted to enable a more detailed investigation
of the remaining four treatments. The digested treatments represent a more common
situation because digested sludge is used more frequently as an agricultural fertiliser.
Furthermore, the digested treatments provided information on an essential micro-
nutrient (zinc) and non-essential metal (cadmiumy).

Table 5.1 Treatments

Treatment | Treatment Mean metal Sewage Year
number concentration/application | treatment | sampled
; rate works
1 Control Background levels - 1995 &
(see Appendix X1) 1996
2A Digested Low levels Banbury | 1995 &
uncontaminated (see Appendices [T, ITI, X & 1996
sludge XI)
3 Undigested Low levels Carterton | 1995
uncontaminated (see Appendices IL, III)
sludge
7 Zinc-rich digested | 7,036 mg Zn kg™ sludge Coleshill | 1995 &
sludge 288.5 kg Zn ha'' year™ 1996
180 mg Zn kg™ soil 1995
270 mg Zn kg soil 1996
11 Copper-rich 3,394 mg Cu kg™ sludge Selkirk 1995
undigested sludge | 67.9 kg Cuha™ year™
69 mg Cu kg™ soil 1995
15 Cadmium-rich | 48.9 mg Cd kg™ sludge Perry 1995 &
digested sludge | 4.3 kg Cd ha™! year™ Oaks 1996
1.2 mg Cd kg soil 1995
2.2 meCd kg™ soil 1996
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Initial findings [rom 1995 suggested that cadmium was particularly toxic to some
species. It was therefore decided to sample all four cadmium concentrations on 4
August 1996 to investigate the effects of a range of concentrations on the epigeal and
hemiedaphic Collembola. The plots sampled only on 4 August are marked with a cross
on Figure 5.1. The concentrations of cadmium in the sludge and plots can be seen in
Table 5.2. The ranges of cadmium concenirations were obtained by mixing the Perry
Oaks cadmium-rich sludge with the DBanbury digested sludge. Mean weight of the
Banbury and Perry Oaks sludge applied to each plot can be seen in Table 5.2. This
enabled the cadmium concentration to be altered without changing the organic input.

Table 5.2 Cadmium treatments sampled on 4 August 1996

Treatment number Mean metal Mean weight Mean weight of
and treatment concentration 1996 of Perry Oaks | Banbury

sludge applied | sludge applied
12 Low cadmium 14.7 mg Cd kg ™' sludge | 19 tds ha ! 68 tdsha

1.0 kg Cd ha™' year™
0.7 Cd kg™ soil

13 Medium cadmium | 25.3 mg Cd kg™ sludge | 42 tds ha ™' 451tdsha
2.1 kg Cd ha™ year™
1.2 mg Cd kg™ soil .
14 High cadmium 358 mg Cd kg sludge { 65 tds ha 22tdsha ™
3.2 kg Cd ha't year’1
1.7 mg Cd kg™ soil :
15 Very high 48.9 mg Cd kg sludge | 87 tdsha ' 0
cadmium 4.3 kg Cd ha'' year™
2.2 mg Cd kg'* soil

Sampling method

The Ryobi RSV3100E sweeper-vac (as modified by MaclLeod ef af. 1994) was used to

sample Collembola. The Ryobi, which was originally designed to collect leaf litter and
light-weight garden debris, is readily available from retail outlets throughout the UK
for about £200. This machine is powered by a 31 cc air cooled engine operating at
6,800 - 7,000 rpm (manufacturer’s data) and this generates & mean air speed of 16 m s™
(MacLeod er al. 1994). Fine weave (< 0.5 mun) nylon/cotton mix voile bags were used

to collect the samples and the bags were renewed after cach sample was collected.
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During 1993, suction samples were taken at the Auchincruive site on 12 and 25 July. In
1996, suction samples were taken at the Auchincruive site on 30 April, 31 May, 22 Junc

and 4 August and at the Hartwood site on 12 August.

Each suction saraple covered an area of 706 em” which was sucked for 60 seconds. On
cach sampling date, five such samples were taken at random from each plot. No
samples were taken within a distance of one metre [rom the edge of the plot (o eliminate
any edge effect (Gill 1969). To standardise across sampling dates, all suction samples

were laken on sunny days when the grass was dry and between 10.00 - 17.00 hours.

Immediately after return to the laboratory, suction samples were placed in a freezer and
left until a later date when they could be processed fully. The organic matter was
extracted from the inorganic soil particles by repeated flotation in a saturated salt
solution. The resultant organic matter (including Collembola) was then passed through
two graded sieves (15 nun and 45 um). These separated the debris (mainly blades of
grass) from the Collembola. Collembola were then heated in alcohol to prevent
desiceation and identified primarily following the keys of [jellberg (1980) and Gisin
(1960). See Chapter 3 for further information on identifying Collembola.

5.3 Statistical analysis

The data from the five samples collected from a plot on a particular sampling date were
pooled to oblain an indication of collembolan community structure for each plot on each
sampling date. The pooled data were utilised in statistical analyses. In all analyses, the

1995 and the 1996 data sets were investigated separately.

Species composition Auchincruive

Three-way analyses of variance (ANOVAs) were performed (on the square root
transformed data) to test for date, block and treatment effects. ANOVAs were
performed on the number of total Collembola and of the most frequently occurring
species (l.e. occurring in over 50% of samples). To find the location of differences
detected by ANOVA, Tukey multiple comparison tests were applied (Zar 1984).

Although the square-root transformation normalised the data, in some species the
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vartances still differed considerably between replicas of a treatment (F-test). To prevent
wrongly rejecting the null hypothesis the significance level was set at 0.01 (rather than

0.05: Day & Quinn 1989).

Specics composition Hartwood

As suction samples were only taken on one occasion at Hartwood, it was not possible to
look for an effect of date. Two-way ANOVAs were therefore performed on the squarc-
root transformed values to test for block and treatment effects. Tukey multiple
comparison tests were then applied to find the location of differences found by

ANOVA. Ags the variances were heterogencous the probability value was set at 0.01.

Detrended Correspondence Analysis

DCA’s were performed on the specics relative abundance (without downweighting of
rare species) using DECORANA (Hill 1979). DCA’s were performed separately for the
1995 and 1996 data sets, and for the Hartwood and Auchincruive data sets. The species
and sample scares for axes one and two were plotted to obtain species and sample
ordinations respectively. DCA provides a method of looking simultaneously at the

effects of treatment, plot and season on the overall collembolan structure.

Correlation analyses

A product moment correlation was calculated to investigale the relationship between
grass height and the abundance of the most frequently occurring species at Auchincruive
in 1996, The total number of each species (square root transformed) on a particular plot
and sampling date was correlated against the mean grass height on that plot and
sampling date. This correlation was performed on all plots sampled in 1996 (with the

exception of the cadmium plots sampled only on 4 August) and all sampling dates,

In order to investigate the relationship between the abundance of the most frequently
occurring species and the concentration of cadmium, a Spearman’s rank correlation was
calculated for the cadmium plots sampled at Auchincruive on 4 August 1996 (see Table
5.2). The digested plots were also sampled on this date to give a background cadmium

level. It was decided to use the Spearman’s instead of the product moment correlation
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because of the low number of observations and, as the cadmium concentration was not

directly measured in all plots, an ordinal scale was used for cadmium concentrations.

5.4 Results

General information

At Auchincruive a total of 17,765 individuals from 15 species were identified in 1995,
and 122,323 individuals from 22 species were identified in 1996 (see Appendix X1I for
species lists). In 1996 almost all samples taken at Auchincruive had a higher number of
Collembola present than in [995. At Hartwood a total of 22,082 individuals from 17

species were identified (see App‘endix KT for species list).

Results of ANOVAs

At Auchincruive the effects of date, block and treatment were investigated using 3-way
ANOVAs on 1995 and [996 data separately. Effects of treatment and block were

investigated at Hartwood using a 2-way ANOVA.

Species composition and block

Although differences in soil parameters were found between blocks (see Appendix VI),
no block effect was shown for any of the species investigated at either site. It would
therefore appear that while date and {reatment influenced species composition, block did

not.

Species composition and date: Auchincruive

In 1995, the number of total Collembola, L. cyaneus, S. elegans, S. aureus, H. nitidis, I.
palustris, I anglicana and I notabilis were more abundant in suction samples taken on
25 July than 12 July (see Table 5.3). This may have been the consequence of
environmental conditions (e.g. humidity and temperature) being more favourable for
these species on 25 July. As the grass was cut on 17 July, the higher abundance of these
species on 25 July could also have been the resuit of an increase in their sampling

efficiency in the shorter grass. Only one species was found to be more abundant on 12
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July than 25 July, namely S. viridis (see Table 3.3). It is possible that environmental
conditions were less favourable for this species on 25 July, or that it was adversely

affected by grass cutting.

In 1996, the abundance of total Collembola, Isotomurus/Isotoma juveniles, I palusiris,
S. aureus and I maculatus increased from April to May, reaching their highest
abundance in the May samples and then decreased again in the August samples (see
Table 3.4 and Figures 5.3-5.4). This indicates that environmental conditions were more
favourable for these species in May. In addition, as the grass was cut in May, these
species could also have been sampled more efficiently in the shorter grass. The
decrease in abundance of these species from June to August was therefore unlikely to be
a consequence of grass cutting (especially since the abundance of total Collembola, S
aureus and I palustris increased following grass cufting in 1995) and was therefore
probably the consequence of environmental conditions being less favourable in August.

Figure 5.3 Effect of date on abundance of total Collembola and
I palusiris (1996) irrespective of treatment
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Figure 3.3 The above graph shows the effect of date on species abundance caught by suction sampling at
Auchincruive in 1996, Error bars show standard deviations.
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Figure 5.4 Effect of date on abundance of I maculatus, S.
aureus and fsetoma/lsotomurus juveniles (1996) irrespective of
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Figure 3.4 The above graph shows the effect of date on species abundance caught by suction sampling at
Auchincruive in 1996. Error bars show standard deviations.

The abundance of £ anglicana also peaked in May 1996 and decreased again in June
but, unlikc the above species, this species wias more abundant in August than June and
occurred in its lowest abundance in June (Table 5.4 & Figure 35.5). Isotoma notabilis
was also present in its lowest abundance in June when the grass was longest (Table 5.4,
Figurc 5.5 & Appendix VIII). Both these species increased after grass cutting in 1995
also. This suggests that they were either favoured in short grass, or morc cificiently
sampled in short grass. The abundance of §. viridis, on the other hand, was highest in
June when the grass was longest (see Table 5.4, Figure 5.5 & Appendix VIII). This is
in agreement with the 1995 samples where S viridis was found to be more abundant
before grass cutting. It would therefore appear that S. viridis was either favoured in long

grass or adversely affected by grass cutting.
In 1996, several species tended to increase as the summer progressed and were found in

their highest abundance in August (see Table 54 & Figure 5.6). For example, T

longicornis was more abundant in August than in April or May;, L. cyaneus was more
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abundant in August than April; and A ritidis and L viridis were more abundant in
August than on any other sampling date (see Table 5.4 & Figure 5.6). This suggests that
conditions in August were more favourable for these species. Their increased
abundance in August could also partly be a consequence of the suction sampler being
more efficient at sampling these species in the shorter grass. In 1995, L. cyaneus, I
viridis and A. nitidis increased in late July following grass cutting. This further suggests
that conditions became more favourable for these species as the summer progressed and
that sampling was more efficient in shorter grass.

Figure 5.5 Effect of date on abundance of 1. anglicana, 1.

16 - notabitis and S, viridis (1996) irrespective of treatment
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Figure 5.5 The above graph shows the effcct of date on species abundance caught by suction sampling at

Auchincruive in 1996, Error bars show standard deviations.

Ceratophysella denticulata was more abundant in April and May than in June or August
and S. malmgreni occurred almost exclusively in the April samples (see Table 5.4 &
Figure 5.7). It would therefore appear that these species were favoured by the cooler

damper conditions in spring.
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Figure 5.6 Effect of date on abundance of 7. longicornis, L.
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Figure 5.7 Effect of date on abundance of C. denticulate and .
S. malmgreni (1996) irrespective of treatment £
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Figure 5.6 & 5.7 The above graphs show the sftect of dale on species abundance caught by suction F

sampling at Auchincruive in 1996, Error bars show standard deviations.
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Species composition and treatment at Auchincruive

In 1993, the abundance of total Collembola was unaffected by the sludge treatments (see
Table 5.3). Treatment effects were, however, apparent at the species level. Isotoma
notabilis was more abundant in the undigested plots than in any other plots (see Table
5.3 & Figure 5.8). Isotoma anglicana was more abundant in the copper-rich, cadmium-
rich and undigested plots than the control plots, and was also more abundant in the
cadmium-rich plots than the digested plots (see Table 5.3 & Figure 5.8). Isotoma
anglicana therefore appearcd to be promoted by the addition of cadmium-rich, copper-
rich and undigested sludge, but not by digested or zinc-rich sludge. JIsofomurus
palustris also showed a tendency to be more abundant on cadmium-rich than control
plots, suggesting that this species was favoured by cadmium-rich sludge but not by any

of the other sfudge treatments (see Table 5.3 & Figure 5.8).

Figure 5.8 Effect of treatment on Collembola (1995) irrespective
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Treatment

Figure 5.8 The above graph shows the effect of treatment on the species abundance caught by suction in
19935 at Auchincruive. Error bars show standard deviations.

The probability that the cadmium-rich and control plots were different with respect to
the abundance of I palusiris, was found to be < 0.05 (see Table 5.3). As the variances
were heterogeneous (K-test), the likelihood of a Type one error was increased (Day &

Quinn 1989) and the results should therefore be treated with caution. The Tukey test,
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however, found that the probability of the cadmium-rich and control plots differing was

< 0.01, hence suggesting that effects were real.

In 1996, the addition of digested sludge increased the abundance of H. witidis, I
maculatuy and total Collembola abave that of the control plots (see Table 5.4 & Figure
5.9). When the sludge was contaminated with zine or cadmium these species did not
significantly increase, hence suggesting adverse effects of these metals.

Figure 5.9 Tiffect of treatment on abundance of total
Collembola, H. nitidis and I, maculatus (1996) irrespective of

date
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L maculatus
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Figure 5.9 The above graph shows the effect of freatment on the species abundance caught by suction in
1996 at Auchincruive. Error bars show standard deviations.

The species L. cyaneus and [ viridis were clearly shown to be adversely affected by the
addition of cadmium-rich siudge, with the abundance of these species in the cadmium-
rich plots being lower than the abundance in all other plots (see Tabie 5.4 & Figure
5.10). Isotomurus palustris, on the other hand, was actually favoured by the addition of
metal contaminated sludge, and the abundance of this species on the zinc and cadmium-
rich plots (but not the digested plots) was significantly higher than the conirol plots (see
Figure 5.11 and Table 5.4). The abundance of L palustris in the cadmium-rich plots

was higher than the control plots in 1995 also {(see Table 5.3). This further indicates that
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I palustris was favoured by the addition of metal-rich sludge. Ceratophysella
denticulata was significantly more abundant in the zine-rich plots than the control plots
(see Figure 5.11 and Table 5.4), suggesting that this species was favoured by zinc-tich

sludge.

Figure 5.10 Effcct of treatment on abundance of L viridis and
45 L. cyaneus (1996) irrespective of daie
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Figure 5.10 The above graph shows the effect of treatment on the species abundance caught by suction in
1996 at Auchincruive. Error hars show standard deviations.

Isotoma anglicana appeared to be tolerant to the presence of heavy metals in sewage
sludge. The abundance of this species was higher in all plots receiving sludge,
irrespective of metal contamination (see Figure 5.11 & Table 5.4). In 1995, the
abundance of /. anglicana was higher on the cadmium-rich plots than control plots (see
Table 5.3), suggesting that this species may be particularly favoured by cadmiwm-rich

siudge.
Sminthurus viridis was the only species to oceur in its highest abundance on the control

plots, and was also more abundant on the cadmium-rich plots than the digested or zinc-

rich plots (see Table 5.4 & Figure 5.12). This may be a result of this species being
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favoured by the cadmium-rich sludge, or it may be a consequence of higher sampling

efficiency in the shorter grass of the control and cadmium-rich plots (see Appendix

VII).

Figure 5.11 Effect of treatment on abundance of 1.
45 - anglicana and L palustris (1996) irrespective of date

40 - M [ anglicana

I palustris

Mean no. (sqrt. transformed)

Control Digested Zinc Cadmium
Treatment

Figure 5.12 Effect of treatment on abundance of C.

10 W denticulata and 8. viridis (1996) irrespective of date
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Figure §.11 & 5.12 The above graphs show the effect of treatment on the species abundance caught by
suction in 1996 at Auchincruive. Error bars show standard deviations.
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Species composition and treatment at Jfartwood

At Hartwood only S. viridis and Isotoma/Isotomurus juveniles were influenced by
treatment (see Figure 5.13). The abundance of S. viridis was significantly higher in
control plots than zinc-rich or digested plots (F=14.44 at df =3, 6: P <0.01: see figure
5.13). The abundance of Isotoma/lsotomurus juveniles was significantly lower in the
cadmium-rich plots than in the other plots, suggesting that reproduction was adversely
affected by cadmium-rich shudge (F=13.34 at df = 3, 6: P < 0.01: see Figure 5.13). The
abundance of juveniles was also higher in the control and zinc-rich plots than the
digested plots, suggesting that the addition of digested sludge (but not zinc-rich sludge)
adversely affected reproduction of IsotomalIsotomurus species (see Figure 5.13).

Figure 5.13 lffect of treatment on species composition at
12 Iartwood irrespective of date

B S. viridis |
1. juvenile J

Mean no. {sqrt. iransformed)

Control Digested Zine Cadmium
Treatment

Figure 5.13 The above graph shows the effect of treatment on the species abundance caught by suction in
1996 at Hartwood. Error bars show standard deviations.

DCA Auchincruive 1995

DCA’s were performed on the species relative abundance (without downweighting of
rare species) for the Auchineruive and Hartwood data sets separately, and for the 1995
and 1996 data sets separately. The 1995 DCA produced eigenvalues of 0.336, 0.084,
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0.023 and 0.016 for axes 1-4 respectively. These values indicate that the amount of
between-plot variation in collembolan assemblages accounted for by axes 1-4 was
73.2%, 18.3%, 5.0% and 3.5% respectively. As axes 3 and 4 accounted for so little of
this variation they werc not considered further. The samples and species scores were
plotted to obtain sample and species ordinations respectively (see Figures 5.14 and

5.15).

Figure 5.14 DCA sample ordination for suction samples: Auchincruive 1993
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Figure 5.14 DCA sample ordination for the 1995 data set (based ou species relative abundance). Each
point represents one plot,

From Figure 5.14 it can be seen that sampling date was the main factor dividing samples
along axes one, with 25 July samples lying to the right of 12 July samples. The species
ordination indicates that the samples taken on 25 July had a higher occurrence of 1
anglicana, S. aureus and I.. cyaneus than those taken on 12 July. This is supported by
the ANOV As (see above). The species ordination therefore also suggests that date was

the main factor influencing the division of samples along axes one.
The axes scores derived from the ordination were re-drawn showing digested and
undigested treatments separately. This was done to enable treatment effects to be

observed more easily. The digested treatment ordination indicates that on both sampling
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dates in 1993, the digested, zinc-rich and control plots lie distinct from the cadmium-
rich plots. This suggests that the cadmium-rich plots had a different collembolan
specics composition from the other plots (see Figure 5.16). On 25 July, all digested
treatments lie distinct (see Figure 5.16), hence suggesting that differences in
collembolan composition betwcen treatments were more pronounced in late July

following grass cutting.

Figure 5.15 DCA species ordination for suction sampies: Auchincruive 1995
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Figure 3.15 DCA species ordination for the 1995 data set (based on species relative abundance). Species
cades can be seen in Appendix [X.

The undigested treatment ordination shows that on both sampling dates, the contro} and
coppet-rich plots differed most with respect to collembolan composition (see Figure
5.17). As was found for the digested treatments, differences between undigested

treatments were more pronounced on 25 July (see Figure 5.17).

With the exception of the cadmium plots on 25 July, there were considerable differences
between replicas within a treatment. JEven on 25 July, when all treatments were
separated, the variation between rcplicas within a treatment was as great, if not greater

than, the variation between treatinents. Closer examination of the ordinations found that
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Figure 5.16 DCA ordination for suction samples 1995: digested treatments
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Figure 5.17 DCA ordination for suction samples 1995: undigested treatments
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Figure 5.16 & 5.17 DCA ordination for the digested and undigested treatments at Auchincruive
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respectively (based on spucies relative abundance). Each point represents one plot.
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for most treatments (on both sampling dates) block two differed most between the three
replicas.  The litterbag ordination also found that block two differed most between the
three replicas in 1995 (see Chapter 4). It would therefore appear that while no
individual species was affected by block (see above), the collembolan composition as a

wholc was.

The available data on soil properties indicated that pH and conductivity of block two
was lower than the other blocks prior to sludge application (see Appendix VI). Several
studies have found that Collembola show species specific preferences to pH (Hagvar
1990; Hagvar & Abrahamsen 1980; Hagvar & Kjendal, 1981). The species ordination
places the acidophilic species A. pygmea to the right of the species ordination and the
calciophilic species /. nofabilis to the left (see Figure 5.15: Higvar & Abrahamsen
1980). It would therefore appear that soil pH may have influenced the species

composilion which could have contribuled to the observed separation of block two.

DCA Auchincruive 1996
The 1996 DCA produced eigenvalues of 0.351, 0.088, 0.054 and 0.014 for axes 1-4

respectively. The between-plot variation in collembolan community structure accounted
for by axes 1-4 was therefore 69.2%, 17.4%, 10.7% and 2.8% rcspcctively. As axes 3
and 4 accounted for so littlc of the observed variation, they were not considered further.
The species and sample scores for axes 1 and 2 were plotted to obtain species and

sample ordinations respectively (see Figures 5.18 & 5.19).

In 1996, the August samples tended to lie above and to the left of the other sampling
dates (see Figure 5.18). The species ordination (see Figure 5.19) indicates that the
samples taken in August had the highest occurrence of T. longicornis, H. nitidis and [
viridis and this is supported by the ANOVAs (see above). Date did not, however, solely
account for the division of samples, and there was considerable variation between

samples collected on the same date (see Figure 5.18).
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Figure 5.18 DCA sample ordination for Auchincruive suction samples 1996
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Figure 5.19 DCA species ordination for Auchincruive suction samples 1996

400
Toimo long
350~ ®
300 - Dycr orna
o
[sot viri
250- ®
Smin viri
200~ Hete niti @ [sotnota® @ Isotangl ‘
50 ks Smin pumi @ ® Isot tigr Smin aure
Lepi lign ® L ®
103~ [ ] Smin malm Cera dent
Isot palu
50 - @ [sot macu
Pseu deci ) Isot juve
0 Lep{ cyan ® ® Smin i.:ll.'.g ®
® L J
=30 L Enlo niva
FFols cand
-100 Dycr saun
®
-150- i I | I T )
-50 0 30 100 150 200 250
Axis I

300

Figures 5.18 & 5.19 DCA sanmple and species ordination respectively (based on species relative

abundance}. Each point represents one plot. Species codes can be seen. in Appendix IX.
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To enable treatment effects to be observed more easily, the axes scores derived (rom the
ordination were re-drawn showing each sampling datc scparately (see Figures 5.20-
5.23). TFor all sampling dates, the biggest difference in collembolan community
structure was found between the cadmium-rich and the digested plots, with the
cadmium-rich plots consistently lying to the right of the digested (see Figures 5.20-
5.23). The species ordination also indicates that treatment was important in separating
the samples, with cadmium-sensitive species (e.g. L. cyaneus and I viridis: see above)
lying to the left of the species ordination, while tolerant species (e.g. I palustris and I
anglicana: sec above) lie to the right (see Figure 5.19). On all sampling dates, the
scparation between the cadmium-rich and digested treatments was substantially larger

than differences between the replicas of these treatments (see Figures 5.20-5.23).

Large differences between replicas, however, occurred for the zinc-rich and the control
treatments. In the case of the conirol treatments, the block two replica was consistently
separated to the right of the other replicas for all sampling dates. This block was also
separated from the other blocks in 1995. In 1996, however, block two did not differ
greatly from the other replicas in the cadmium-rich or digested plots. It would therefore
appear that in 1996 the separation of block two in the control treatment was the result of
differences in this individual plot rather than the entire block. Examination of the
available soil data for this plot in 1996 indicated that biomass carbon was higher, while
pH and grass yield were lower in this replica than the other two control replicas (see
Appendices VIII & X1).

For the zinc-rich plots, block two occurred towards the left of the ordination and block
one towards the top. In the April and May ordinations, block two differed most between
the three replicas of the zinc-rich plots, while in June and August block one differed
most. Examination of the soil data did not show any variable that differed consistently
between these plots (see Appendices VIL, VIII & XI). However, as the three blocks
appeared in the same position relative to each other (1.e. block two always to the lelt of
blocks one and three} on different sampling dates, it is likely that the separation of

blocks was a true effect.
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For both the zinc-rich and control plots, replica differences appeared to be consistent E
between dates, indicating that this variation was not simply a sampling error, but a real
difference between the plots. It would therefore appear that date, treatment and other

unknown soil parameters (e.g. pH and soil moisture) influenced the collembolan species

composition in 1995 and 1996.

DCA Hartwood 1996
The Hartwood DCA produced sigenvalues of 0.115, 0.02, 0.006 and 0.003 for axes 1-4

respectively. This indicates that the amount of between-plot variation in collembolan

community structure accounted for by axes [-4 was 79.9%, 13.9%, 4.2% and 2.1%
respectively. It can be seen that the control treatments lie distinct from all three sludge
treatments, hience indicating the collembolan composition differed most between the
control and sludge treatments (see Figure 5.24). The Hartwood DCA indicates that
differences between replicas within a treatment were generally as large as difference

between treatmernts.

Figure 3.24 DCA sample ordination for Hartwood 1996 (relative abundance)
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Figures 5.24 DCA sample ordination {relative abundance). Each point represents one plot.
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Figure 5.25 DCA species ovdination for Hartwood 1996 (relative abundance)
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Figures 5.25 DCA species ordination respectively (relative abundance). Species codes can be found in
Appendix IX.

There was evidence of a block effect, with the block one replicas tending to lic to the
right of the block two and three replicas. This may be a result of block one being
situated close Lo a row of trees, or of other unknown parameters (e.g. soil pH or
moisture content). The Hartwood species ordination suggests that humidity may have
influenced the division of samples; species which prefer damp conditions occurred
towards the bottom of the ordination (e.g. I pafustris, S. malmgreni and T. minor:
Joosse 1970; Ejellberg 1980}, while those which prefer drier conditions occurred

towards the top (L. cyaneus: Joosse 1970: see Figure 5.25).

Relationship between erass height and species abundance at Auchincruive

A product moment correlation was calculated to investigate the relationship between
grass height and the abundance of frequently occurring species {i.e. the species shown in
Table 3.4). Species which were found to be corelated with grass height are presented in
Table 5.5. The abundance of [ viridis and I anglicana showed a negative correlation

with grass height thus indicating their abundance decreased as grass height increased
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or they were sampled more efficiently in short grass. The abundance of I anglicana and
I viridis was also found to increase in August 1996 after grass cufting (see Table 5.4),
and this further suggests that these species may be sampled more cfficiently in shorter
grass. It is, however, difficult to draw any definite conclusions as grass height may have
been confounded with sampling date.

Table 5.5 Relationship between grass height and species abundance

Specics Product moment t-value | Probability
correlation coefficient df =46, n =48

1 anglicana -0.50 -3.93 <40.01

1 viridis -0.30 -2.14 <0.05

Relationship between cadmium concentration and species abundance at_Auchincruive

A Spearman’s rank correlation was cauried out to investigate the relationship between
the abundance of frequently occurring species (caught by suction on 4 August) and
cadmium concentration. The specics I wiridis, L cyaneus and H nitidis were
negatively corrclated with cadmium concentration, and therefore decreased in
abundance as the cadmium concentration increased (see Table 5.6). Lepidocyrius
cyaneus and I viridis were less abundant in plots receiving cadmium-rich sludge than in
other plots, further suggesting that they were adversely affected by cadmium (see Table
5.3 & Table 5.4).

Table 5.6 Relationship between cadmium concentration and species abundance

Species Spearman’s rank Probability
correlation coefficient n=15
I palustris 0.14 N.S.
1. maculatus 0.14 N.S.
L notabilis 0.03 N.S.
I juvenile (.33 N.S.
I viridis -0.70 <0.01
L anglicana 0.43 0.1
7. longicornis 0.12 N.S.
H. nitidis -0.68 < (.01
L. cyaneus -0.52 0.05
S. viridis 0.29 N.S.

The species 7 anglicana tended to show a positive relationship with cadmium
conceniration, incrcasing in abundance with cadmium concentration (see Table 5.6).
This is in agreement with the 1995 Auchincruive results, which found 7 anglicana to be

more abundant in cadmium-rich plots than digested or control plots (see Table 5.3).
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5.5 Discussion

Effect of date on collembolan composition at Auchincruive

In 1996, almost all samples taken at Auchineruive had a higher number of Collembaola
present than samples taken in 1995. This was thought to be primarily a consequence of
the 1995 summer being particularly dry. Purvis & Curry (1978) also found that
excessively dry summers adversely affected Collembola, and they concluded that this

was the result of a reduction in microbial activity and hence food for Collembola.

The DCA ordipations indicated that in 1995 date was the main [actor influencing
collembolan composition, while in 1996 both date and treatment had large influences.
Some species reached their maximum population density in April (e.g. C. denficulata
and S. malmgrent), others May (e.g. 1. palustris, I maculatus and Isotoma/lsotomurus
juveniles), others in June (e.g. S. viridis) and others in August (e.g. K nitidis, T.
longicornis, I viridis and L. cyaneus). Other authors have also found that different
collembolan species respond to seasonal changes in different ways (Joosse 1969;
Brussaard et al. 1990). By only presenting seasonal fluctuations for the abundance of
total Collembola, and omitting data on individual species, much information is therefore

lost (Joosse 1969; Christiansen 1964).

Joosse (1969) found that species with maximum population denstties in spring were
more hydrophilic than species which had population maximums in summer.
Sminthurides malmgreni and [ palustris which peaked in April and May respectively,
are known to prefer humid habitats (Ijellberg 1980; Joasse 1970), while L. cyaneus
which peaked in abundance in late summer, is known to prefer drier areas (Joosse
1970}, However, the species I viridis and T. longicornis, which were found in their
highest abundance in late summer, prefer humid habitats (Joosse 1970; Fjellberg 1980).
It would therefore appear that while the scasonal abundance of some species can be

related to their humidity preference, this docs not follow for all specics.

Both Hale (1965) and Joosse (1969) found a maximum oviposition rate w April/May for

several species of Collembola including £ viridis and I palustris. In agreement with
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these authors, the number of Isotomallsotomurus juveniles was higher in May at
Auchineruive therefore indicating that oviposition primarily occurred in April/May. It is
also interesting to note that the abundance of juveniles sharply decreased from May to
June. As this decrease did not correspond to an increase in [sotoma/Isofomurus adults, it
is suggested that juvenile mortality was high. This is in agreement with Van Straalen
(1985) who found that predation pressure was higher in juvenile Collembola than for
adults or eggs. The decrease in abundance of juveniles in June may, however, simiply be
the result of a lower sampling efficiency in long grass. The abundance of /. anglicana,
L palustris, I notahilis and I maculatus decreased from May to June. 'This may be a
consequence of a decrease in sampling efficiency in long grass, or alternatively it may
be the result of an increase in adult mortality following egg laying. Egg-laying has

previously been found to increase adult mortality in the species I viridis (Joosse 1969).

The abundance of I anglicana, I notabilis, I palustris and I. maculaius peaked in May,
while that of L. cyaneus. I viridis, T. longicornis and H. nitidis peaked in August. Both
these sampling dates followed grass cutting. This would appear to confradict the results
of Cuarry & Tuohy (1978) who found cutting to be detrimental to epigeal and
hemiedaphic Collembola. However, these authors used a different sampling method
and it is possible that suction sampling is more cfficient in short grass (Harwood 1994).
Furthermore, the abundances of L viridis and /[ anglicana were negatively correlated

with grass height, further indicating an increased sampling efficiency in shorter grass.

The epigeal species S. viridis, appeared to be adversely affected by grass cutting in 1995
and 1996. As S. viridis climbs grass stems (Frampton 1994), it was probably as
efficiently sampled in long grass as short grass. The lower numbers of S, viridis after
grass cutting was therefore considered to be a real effect, and was thought to be related
to its habit of climbing stems making it more susceptible to cufting. By sampling
immediately before and after grass cutting, it would be possible to determine if this

speeics was adversely affected by the cut.
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Effect of treatment on species composiiion

It has been well documented that the addition of sewage sludge can promote Collembola
(Liibben 1989; Pimentel & Warneke 1989; Héller-Land 1959), and at Auchincruive the
addition of digested sludge increased the abundance of Collembola in 1996. Although
the abundance in digested plots was greater than conirol plots in 1995 at Auchincruive
and in 1996 at Hartwood, this difference was not siguificant as a result of the large
variation between replicas. It is likely that if sampling had occurred over a longer

period of time, significant effects would have become apparent.

At the species level, it was found that while some species appeared to be adversely
affected by the cadmium-rich sludge {e.g. 7 viridis, A nitidis and L. cyaneus), others
were not (e.g. I palustris, and 7 anglicana). Species specitic differences in metal
susceptibility are well documented (Bengtsson & Rundgren 1988; Hagvar &
Abrahamsen [990; Posthuma & Van Straalen 1993; Filser ef al. 1995), and this again
exemplifies the importance of taking the individual species approach rather than looking

at the group Collembola as a whole.

Cadmium may be directly toxic to Collembola through decreasing their growth rate,
reproduction or survival (Bengtsson et al. 1983 Tranvik ef al. 1993; Posthuma et al.
1993; Joosse & Verhoef 1983), and there was evidence of a decrease in
Isotoma/Isotomurus juveniles in the cadmium-rich plots at Hartwood. This was not,
however, the case at Auchineruive. Differences between sites were probably the result
of a bigger proportion of the juveniles at Hartwood consisting of metal sensitive species

(e.g. L viridis) than at Auchincruive.

The cadmivm-rich sludge may have also affected Collembola indirectly through
affecting their habitat structure and the soil microbial community (Posthuma ef al.
1993). It was found that the grass height in the cadmium-rich plots was lower than the
digested siudge plots (see Appendix VIII), and this decrease in plant cover may have
resulted in a less favourable microclimate (Pimentel & Warneke 1989). Nomne of the
species adversely affected by the cadmium-rich sludge showed a positive correlation

with grass height, hence suggesting that the decrease in grass height did not adversely
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affect any species, Furthermore, I viridis showed a negative correlation suggesting that
it was actually favoured shorter grass. It is therefore unlikely that the lower abundance

in the cadmium-rich plots was a consequence of grass height.

Collembola may be predisposed to poisoning if their preferred fungal species are
sensitive Lo cadmium, or if they are unable to avoid polluted food. Furthermore, if these
species are able to digest fungal cell walls, where heavy metals are frequently
accumulated, they will be exposed o melal concentrations far in excess of those found
in the soil (Siepel 1994). Lepidocyrtus cyareus was found to have a higher metal
concentration than O. cincia in a study by Van Straalen & Van Wensem (1986). This
suggests that metals were more available, or that excretion was less efficient, in L.
cvaneus than O. cincta. However, as no data is available on the accumulation of metals
in the other species found at Hartwood and Auchincruive, no conclusions can be drawn

concerning differences in inetal accumnulation.

Despite levels of zinc being higher than cadmium, toxic effects of zinc were not found.
The threshold conceniration at which deleterious cffects occur is usually higher for
essential micro-nutrients (e.g. copper, zinc and iron) than for nonessential ecological
impurities (e.g. cadmium and mercury: Pokarzhevskil & Van Straalen 1996, Hopkin
1989). Essential elements are also regulated more efficiently than nonessential elements
(Janssen & Hogervorst 1993). A less toxic effect of zinc may therefore be expected, as
it i$ a micro-nutrient which is required in trace quantities while cadmium has no known
positive function. TFurthermore, cadmium is a very toxic element with a higher
concentration factor (Hopkin 1989; Janssen & Hopervorst 1993}, and lower solubility

than zinc (Rithling & Tyler 1973).

Isotomurus palustris and I anglicana were promoted by the addition of contaminated
sludge, These species may have a more efficient detoxification mechanism than metal
sensitive species such as L. cyarews. The detoxification of melals in Collembola is
thought 1o be primarily under the control of metal binding granules in the gut wall which
arc lost when the gut is exfoliated (Humbert 1978, Van Straalen et al 1987).

Isotomurus palustris would be more cfficient at excreting heavy metals if it possecssed
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these granules, while metal sensitive species did not. The abundance of this species is
not, however, greater in the metal-contaminated plots than the digested plots. This
suggests that although it was able to maintain high populations in the metal-rich plots, it

did not benefit from the decrease 1n abundance of sensitive species.

Seninthurinus aureus has been found to be less abundant on metal enriched sludge plots
than on uncontaminated sludge plots (Libben 1989), and thereforc appears 1o be
susceptible to metal poisoning. Sminthurinus aureus may consume sewage sludge
directly and would therefore be particularly susceptible to poisoning from metal
contaminated sludge (Curry 1994). In this study, no adverse affects of metal rich sludge
were found for this species. While the sludge used by Libben (1989) was artificially
contaminated with metal salts, the sludges in this investigation were derived from
sewage treatment works that had naturally high inputs of specific metals. It is possible
that the metals were less available in the naturally rich sludges used in the present study,
or that other metals were present in Lubben’s sludge (e.g. nickel, chromium or lead) that

were more toxic lo this species,

At both the Hartwood and Auchincruive sites the abundance of S. viridis was higher in
control plots than sludged plots, suggesting adverse effects of sludge. The abundance of
S, viridis was also higher mn cadmiom-rich plots than digested or zinc-rich plots at
Auchincruive. It is possible that this species was adversely affected by the higher grass
yield in the zine-rich and digested plots. However, as the abundance of this species
showed no correlation with grass height, and it was found in its highest abundance when
the grass was longest, this is unlikely o be the case. It is therefore suggested that S.
viridis, veing phytophageous, did not benefit from the increase in micro-organisms
occurring in the sludged plots. Sminthurus viridis may actually have been adversely
affected by the addition of sludge if the abundance of predators had increased. The
abundance of carabid beetles has been found to increase following sludge application
(Larsen e/ al. 1996). As this species consumes living plant tissue, which generally has
lower concentrations of heavy metals than fungi (Curry 1994), it may also have had a

competitive advantage over mycophagous Collembola in the cadmium-rich plots.
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It was found that Collembola were heterogeneously distributed within the study areas,
and consequently there were large differences between the five suction samples in a
plot. Pooling the five samples helped to overcome the problem of spatial heterogeneity
and square root transformation normalised the data for most species (see Chapter 3).
However, as the variances for some species were still heterogeneous, it was necessary to
set the probability value at 0.01 to avoid Type one errors (Nay & Quinn 1989). In this
study, each suction sample covered an area of 706 em®. The problem of spatial
heterogeneity may have been reduced if the area of a suction sample had been

decreased, and the number of sarples taken increased.

5.6 Main findings

1: The lower abundance of Collembola found in 1995 when compared to 1996, was

thought to be primarily due to the summer of 1995 being exceptionally dry.

2: Species specific differences were found with respect to scason which could only

partly be attributed to humidity preferences.

3: The Isoroma/Isotomurus oviposition rate peaked in May, and this was followed by an

increased mortality of adults.

4: Suction sampling of some species (e.g. I anglicana and L viridis) appcared 10 be
more efficient in shorter grass. The species S. viridis, on the other hand, was found to
be less abundant following cutting, and this was thought to be a consequence of this

species being particularly sensitive to cutting.

5: The addition of sludge increased the abundance of total Collembola and of several

species (e.g. [ maculatus and 1. palustris).
6: Only S. viridis was adversely affected by sludge application. This was thought to be

a consequence of this species being phytophageous and therefore was not able to benefit

from the increase in micro-organisms which accompanied sludge application.
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7:  Species specific differences were found with respect to cadmium sensiiivity.
Sensitive species included L. cyanmeus, { viridis and H. nitidis, while folerant species

included I anglicana and I palusiris.

8: Cadmium was more toxic than zinc, and this was thought to be related to zinc being

more efficiently regulated than cadmium.




CHAPTIER 6. Iiffects of sewage studge on hemiedaphic and cpigeal Collembola
sampled by pitfall trapping

6.1 Introduction

Pitfall traps provide a cheap method of sampling surface active invertebrates (Luff
1975) and Collembola are often the most frequently caught arthropods in the traps
(Boyd 1995, Duffield & Aebischer 1994). Although pitfalls have seldom been used to
sample Collembola in the past (Joosse 1965, Berbiers et al. 1989), they are now
becoming ntore popular (Duffield & Aecbischer 1994; Mebes & Filser 1997; Badejo &
Olaifa 1996; Winklehner et af. 1997).

Pitfall traps have a number of advantages over suction sampling. For example, the
labour involved in placing and collecting pitfall traps (once they are established) is less
than that involved in suction sampling. In addition, nocturnal species (such as Q. cincta
and 7. minor. Joossc 1965) tend to be under-represented in suction samples (since they
are almost always taken during the day), while pitfall traps efficiently sample both
nocturnal and diurnal species. Pitfall trapping may also help overcome problems of
spatial heterogeneity that arise from Collembola aggregating in their natural habitat. A
further advantage pitfall trapping has over suction sampling is that it gives an indication
of the activity of the individuals, and therefore pitfall traps have the potential fo be used

to measure sub-lethal eftects of chemicals (Frampton 1994).

Pitfall traps are, however, influenced by several factors the most important of which is
the activity of the individual species, with the most mobile species being consistently
over-represented in catches (Greenslade 1964). Other factors that can influence the
efficiency of pitfalls include the vegetation, weather, lype of preservative and even the
material the pitfall is made from (Greenslade 1964; Joosse 1965; Berbiers er al. 1989).
Joossc (1965) found that the abundance of Zntombrya nivalis (Linng) in pitfall traps was
negatively correlated with temperature, while that of Q. cincta was positively correlated
with temperature. Rainfall was found fo lower the abundance of £ nivalis in pitfall

catches, while it actually increased the abundance of L. cyaneus (Joosse 1965).
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Tt has been found for some collembolan species {(e.g. Tomocerus miror (Lubbock) and [
viridis) that a higher proportion of individuals are caught within the first two days of
placing pitfall traps than on subsequent days (Joosse & Kapteijn 1968). This has been
termed the ‘digging in’ effect (Joosse 1965). The digging in effect is unlikely to be
caused by any mechanical disturbance that occurs when placing the traps (i.e. walking in
the field) as such disturbances last for less than an hour (Joosse & Kapteijn 1968). The
increased abundance may instead be caused by the increased CQO, production that occurs
when soil is disturbed (Joosse & Kapteijn 1968). CO, has been found to attract and
stimulate collembolan activity in the laboratory (Joosse & Kapteijn 1968; Ruppel 1953).
The proportionally higher catchels ot Collembola in the first two days may therefore be
the consequence of Collembola being attracted to, or stimulated by, the elevated CO,

that results from soil disturbance when inserting the pitfall traps.

It would therefore appear that both suction samples and pitfall traps have their downfalls
and strong points, and a comparison between these two sampling methodologies will be
made in Chapter 7. It is likely that the most effective sampling regime would included
both these sampling methods (Frampton 1994; Berbiers ef o/, 1989). In this chapter,
pitfall traps were used to investigate the effects of different types of sewage shudge on

surface active Collembola.
6.2 Methods

Trial site and trcatments

The Auchincruive trial site (described in Chapter 3) was used for this experiment. The
following six weatments were investigated: control, digested, undigested, zinc-rich,
copper-rich and cadmium-rich. The treatments are presented in Table 6.1 alongside the
year in which they were studied (plots studied are marked with an asterix in Figure 6.1).

The chemical properties of the five sludges are presented in Appendices IT and X.
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Table 6.1 Treatments

Treatment Treatment Mean metal concentration | Sewage Year
number treatment | sampled
waorks
1 Control Background levels 1995 &
{see Appendices ITI & XI) 1996
2A Digested Low levels Banbury 1995 &
uncontaminated | (see Appendices I, [f[, X & 1996
sludge XI)
3 Undigested Low levels Carterton 1995
uncontaminated | (see Appendices IT & IIT)
sludge
7 Zinc-rich 7,036 mg Zn kg'l sludge Coleshill 1995 &
digested sludge | 288.5 kg Zn ha' year 1996
180 mg Zn kg™ soil 1995
270 mg Zn kg™ soil 1996
11 Copper-rich 3,394 mg Cu kg™’ sludge Selkirk 1995
undigested 679 kg Cu hat yeeu"l
sludge 69 mg Cu ke™! soil 1995
15 Cadminm-rich | 48.9 mg Cd ke sludge Perry Oaks | 1995 &
digested sludge | 4.3 kg Cd ha™! year™ 1996
1.2 mg Cd kg™ soil 1995
2.2 mp Cd kg™ soil 1996

Sampling by pitfali traps

Pitfall traps consisted of plastic beakers of 150 ml volume, and a diameter of 6 cm.
These were buried in the ground so that their rims were flush with the soil surface. The
mouth of the traps were covered by a wide mesh gauze (mesh size 1.5 cm) which was
secured by a metal staple. This gauze prevented small mammals and amphibians from
cntering the traps. Pitfall traps conlained 20 ml of ethylene glycol which acted as a
preservative.  On cach sampling date (see below) five pitfall traps were inserted
randomly in each plot, and retained in situ for a period of seven days. Pitfall traps wete

not cstablished within | m of the edge of each plot to avoid any edge effect (Gill 1969).

As with the suction samples, pitfalls were also studied over a period of two years (1995
- 1996). During 1993, pitfalls were inserted in all six treatments described in Table 6.1
(total of 18 plots) on 26 June and again on 24 July. This provided initial information on
these treatments. It was then decided (as with the suction samples) to concentrate on
the digested sludge treatments in 1996, namely the control, digested, zinc-rich and

cadmium-rich sludges. During 1996, pitfalls were inserted on 24 April, 27 May, 20
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June and [ August. For cach year, on subsequent sampling dates, pitfalls were inserted
into the same holes as the first pitfalls (26 June 1995 and 24 April 1996) to avoid the
‘digging in’ effect on subsequent dates. Pitfall traps were therefore established in the

same [ocation for all sampling dates in 1995 and 1996.

After collection, the pitfall samples were rinsed with alcohol to remove the preservative
and heated in alcohol until the Collembola ceased to float (to prevent dehydration).
Samples were then stored in a cold room (5°C) uatil they could be sorted and the

Collembola identificd (see Chapter 3).

Body-lengths

Measurements were taken for the body lengths of all specimens of I palustris collected
from all pitfall traps established during the week commencing | August 1996. These
measurements were taken to investigate sub-lethal effects on growth and reproduction.
Body lengths (minus the head) were measured under the dissecting microscope using a

stage mounted graticule (accurate to 0.1 mun).

6.3 Statistical analysis

As in Chapters 4 and 5, the five samples collected from a plot on a particular sampling
date were pooled to obtain an indication of collembolan community siructure for each
plot. The pooled data were utilised in statistical analyses. For all analyses, the 1995 and

the 1996 data sets were investigated separately.

Species composition

Three-way analyses of variance (ANOVAs) were performed (on the square root
transformed data) to test for date, block and treatment effects. The Tukey multiple
comparison test was applied to locate differences found by ANOVA (Zar 1984).
ANOVAs were performed on the number of total Collembola and the most frequently
occurring species.  Although the square-root transformation normalised the data for
most species, in some species the variances still differed considerably between replicas
of a treatment (F-test). To prevent wrongly rejecting the null hypothesis the significance

level was set at 0.01 (rather than 0.05: Day & Quinn 1989).




Detrended Correspondence Analvsis

DCA’s were performed on the species relative abundance {without downweighting of
rare species) using DECORANA (Hill 1979). DCA was chosen as it provided a method
of looking simultaneously at the effects of treatment, block and season on the overall

collembolan population structure.

Correlation analyscs

To investigate the relationship between grass height and specics abundance, a product
moment correlation was calculated. The total number of cach species caught by pitfall
trapping (square root transforme;i) on a particular plot and sampling date was correlated
against the mean grass height on that plot and sampling date. This correlation was

performed on all plots sampled in 1996 and all sampling dates.

6.1 Resulis

General information

A total of 11,153 individuals from 16 species were identified in 1995, while in 1996
44,745 individuals from 20 species were identified (see Appendix XIV for species lists).
As was found in the suction samples (see Chapter 5), more Collembola were collected

in almost all samples in 1996 compared to 1995,

Results of ANOVAs

To test for effects of date, block and treatment, 3-way ANOV As were performed on the
1995 and 1996 data separately. The results of these tests can be seen in Table 6.2 (for
the 1995 data) and Table 6.3 (for the 1996 data) and Figures 6.2-6.9 below.

Species composition and date

In 1995, the numbers of total Collembola and the species I viridis, I anglicana, S.
aureus and C. denticulata were more abundant on 24 July than 26 June (see Table 6.2).
This may indicate an increase In abundance or activity as the summer progressed.
However, as the grass was cut on 17 July, pitfall catches of the above species may be

greater on 24 July as a consequence of an increased sumpling efficiency in shorter grass.
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In 1996, the abundance of total Collembola and of I palusiris in pitfall traps was
significantly lower in April than on any other sampling date (see Table 6.3 and Figure
6.2). This suggests that Collembola in general, and the species [ palusiris, were less
abundant, or active, in April than on any other sampling date. Isotoma viridis, S.
pumilis, H nitidis and L. cyaneus, on the other hand, occurred in their highest
abundance in August pitfalls (see Table 6.3 & Figure 6.3}, Isotoma viridis was also
found in its highest abundance in late summer 1995 after grass cutting. These species
may be more abundant, or active, in late summer or, as the grass was cut prior to the
August sampling, they may be sampled more efficiently in short grass.

Figure 6.2 Lifect of date on abundance of total Collembola and
I palustris (1996) irrespective of treatment

45 ﬂl :
40 ‘ Cut 1 Cut? |
35 | I M
30 ~{ I
25 -
—e— Total

e

-8~ I palusiris

Mean no. (sqrt. transformed)

24/04/96 27/05/96 20/06/96 01/08/96
Date

Figures 6.2 The above graph shows the effzct of date on the abundance of species/total Collembola
caught by pitfall trapping at Auchincruive in 1996. Error bars show standard deviations.

Swminthurinus aureus increased in pitfalls from April to May/June suggesting it
increased, or became more active, as the summer progressed (see Table 6.3 & Figure
6.4). It then significantly decreased from June to August. This was unlikely to be the
consequence of 8. aureus being susceptible to grass cutting, as its abundance increased
following the May cut, and also after cutting in 1995. It is therefore suggested that

environmental conditions were unsuitable for this species in August 1996.

Isotoma/lsotomurus juveniles peaked in abundance in May pitfalls, before declining to

reach their lowest abundance in August pitfalls (see Table 6.3 & Figure 6.4). This
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suggests that Isofoma/Isotomurus juveniles predominantly hatch in May, and may also
indicate an increased sampling efficiency in shorter grass. Isefoma anglicana also
showed a peak in abundance in May pitfalls, but for this species the lowest abundance
was found in April pitfalls (see Table 6.3 & Figure 6.4). It is therefore suggested that
conditions were more favourable for this species in May, and that it may also be

sampled more efficiently in shorter grass.

35 - Figure 6.3 Effect nf date on abundance of H. nifidis, 1. viridis,

S. pumilis and L. cyaneus (1996) irrespective of treatment &
30 4 | -.

Cutl ! —— H. nitidis Cut2 !
] Y | =8 [ viridis v
- - & - -8 pumilis /({
K ———n ) Hro

204 L. cyaneus e

—
(9]
l
’

[a—
<
L
q

Mean no. (sqrt. transformed})

5 -
0 +— = _3
24/04/96 27/05/96 Date  20/06/96 01/08/96
Figure 6.4 Effect of date on abundance of L anglicana,
Isotoma/Isotomurus juveniles and S. aureus (1996) irrespective
16 - ~ of treatment.
%\ i
g 144
g
Z 12 A
o
b E
S 10~ 3
E
e 6 . ;
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2 4 d; i ) :
; t —e— [ anglicana ‘
2 - LB | juvenile |
. ek - - S aureus !
0 - : : [ - "
24/04/96 27/05/96 20/06/96 (1/08/96
Date
Fizures 6.3 & 6.4 The above graphs show the effects of date on the collembolan composition caught by ’

pitfall trapping af Auchincruive in 1996, Error bars show standard deviations.
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Isotoma notabilis was significantly more abundant in April than on any other sumpling
date (see Table 6.3 & Figure 6.5). Isotoma maculatus also tended to decline as the
season progressed (see Table 6.3 & Figure 6.5). The abundance of this species was
significantly higher in May than in Junc or August, and was also more abundant in April
than August. [t would therefore appear that these two specics were favoured by the

cooler conditions in April and May.

TFigure 6.5 Effect of date on abundance of L. nofabilis and 1.
maculatus (1996) irrespective of treatment

14 | |
g 12 Cutl Cut2
= ! A A4
T i PR uiN
S 10 .
§ 3 T et i —&— [ notabilis |
E g- { " - - - - I maculatus |
L
R Tt
@ :

O ‘ _______ . - T 1
24/04/96 27/05/96 20/06/96 01/08/96
Datc

Figure 6.5 The above graph shows the effects of date on the collembolan composition caught by pitfall
trapping at Auchinggmive in 1996. Error bars show standard deviations.

Species composition and treatment

In 1995, two species were found to be affected by treatment, namely L. cyaneus and I
viridis (see Table 6.2). Both L. cyareus and [ viridis were adversely affected by the
addition of cadmium-rich siudge, and the abundance of these species in pitfall traps was
significantly less in cadmium-rich plots than digested plots (see Table 6.2 & Figure 6.6).
The probability that the cadmium-rich and the digested plots were different with respect
to the abundance of 7. viridis, was significant at a probability of < 0.05 (see Table 6.2).
As the variances were heterogenecous (F-test), the likelihood of a Type one error was
increased (Day & Quinn 1989), and this result should therefore be treated with caution.
The Tukey test, however, found that the probability of the cadmium-rich and digested

plots differing was < 0.01, suggesting that effects were real.
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Figure 6.6 Effect of treatment on species compaosition (1995}
irrespective of date

B L viridis ,
| ML cyameus |

(@) ~)
I
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Mean no. (sqrt. transformed)
N

3 -
2 4
1
0 T . i
Control Digested Undigested Zinc Copper
Treatment

Figure 6.6 The above graph shows the effects of treatment (Figure 6.6) on the abundance of species
caught by pitfall trapping at Auchincruive in 1993, Error bars show standard deviations.

The cadmium-rich sludge adversely affected [ viridis and L. cyaneus in 1996 also {see
Table 6.3 & Figure 6.7). The numbers of £ viridis and L. cyaneus caught by pitfall traps
in the digested plots was higher than in cadmium-rich plots. Furthermore, the
abundance of L. ¢yaneus in the cadmium-rich plots was also less than the control plots.
In this year, the total collembolan abundance was found to be adversely affected by the
applicalion of cadmiwm-rich sludge, with the total abundance being lower in pitfalls in

the cadmium plots than those in digested plots {(see Table 6.3 & Figure 6.7).

The abundance of I maculatus, H. nitidis and I. notabilis was greater in the digested
sludge plots than the control plots (see Table 6.3 & Figure 6.8). The abundance of these
species in the zinc and cadmium-rich plots was not significantly different from the
control plots. This suggests that the presence of zinc and cadmium in sludge prevented
these species from reaching the abundance found in the digested plots. Furthcrmore the
abundance of £ maculatus in the cadmium-rich plots was actually significantly lower
than the digested plots. Isofoma/ Isotomurus juveniles and [ palustris had a significantly
higher abundance in all plots receiving sludge than control plots (see Table 6.3 & Figure
6.9). It would therefore appear that they were not adversely affected by the presence of

cadmium or zinc in sludge. Ceratophysella denticulata was actually more abundant in
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the zinc-rich sludge plots than the cadmium-rich sludge plots (see Table 6.3 & Figure

6.9).

Mean no. (sqrt. transformed)

Mean no. {sqrt. transformed)

Figurc 6.7 Effect of treatment on abundance of total
Collembola, £. viridis and L. cyaneus (1996) irrespective of date
Total '7
W /. viridis
O L. cyaneus |

I

Control Digested Zine Cadmium
Treatment

Figure 6.8 Effect of treatment on abundance of H. nitidis, I.

30 - notabifis and I maculatus (1996) irrespective of date
25 T -
i ‘ B/ notabilis

31 maculatus ‘

]
<

Control Digested Zinc Cadmium
Treatment

Fisures 6.7 & 6.8 The above praphs show the effects of treatment on the abundance of total Collembola

and species comgposition caught by pitfall trapping at Auchincruive in 1996. Error bars show standard
deviations.
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Figure 6.9 Effect of treatment on abundance of 1. juveniles, 1
18 - palustris and C. denticulata (1996) irrespective of date

16 | B 1 palusiris
14 @1 juveniles |
O C. denticulata

Mean no. (sqgrt. transformed)

Control Digested Zine Cadmium
Treatment

Figure 6.8 The above graphs show the effects of treatment on collembolan species composition caught by
pitfall trapping at Auchineruive in 1996. Etror bars show standard deviations.

DCA 1995

The 1995 DCA produced cigenvalucs of 0.127, 0.057, 0.027 and 0.014 for axes 1-4
respectively. These values indicate that the amount of between-plot variation in
collembolan assemblages accounted for by axes 1-4 was 56.4%, 25.3%, 12.0% and
6.2%, respectively. As axes 3 and 4 accounted for so little of this variation, they were
not considered Ruther. The samples and species scores were plotted to obtain sample

and species ordinations, respectively (see Figures 6.10 and 6.11).

From Figure 6.10 it can be seen that in 1995 the main factor separating samples along
axes 1| and 2 was sampling date, with the June plots lying above and to the left of the
July plots. The species ordination indicates that the samples tuken on 24 July had a
higher occurrence of [ viridis, L anglicana, S. aureus and C. denticulaia (see Figure
6.11) than those taken on 26 June. This is supported by the ANOVAs (see above). The
species ordination therefore also indicates that the main driving force influencing the

division of samples along axes one was season.
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Figure 6.10 Sample DCA ordination for pitfalls 1995 (relative abundance)
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Figure 6.11 DCA spceeics ordinatien for pitfalls 1995 (relative abundance)

400 —
Lepi lign
®
300 .
Lepi cyan
Jsot tigr .
Tomo long L Pseu deci
200+ i Isot viri L
® [Into niva ®
= Smin viri ® Smin sleg
ﬁ 100~ Isot.palu e Smin.pumi
® Cera dent
0~ Smin aure®
[sot nota
-100- ®
Hete piti
[sot angl® e;m :
-200 T T T . T | l i
-200 -150 -100 -50 0 50 140 150 200 250 300

Figures 6.10 and 6.11

Appendix [X.

Axis 1
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DCA sample and species ordination (respectively) for 1995 (based on species
relative abundance). Each point represents one piot in sample ordination, Species codes can be found in




The axes scores derived from the ordination were re-drawn showing undigested and
digested treatments separately (see Figures 6.12 & 6.13, respectively). This was done to
enable treatment effects to be observed more easily. For the undigested treatments, on
both sampling dates, the copper-rich and conirol plots lie distinct from each other
suggesting that the collembolan species composition differed most between these plots
(see Figure 6.12).
differcnces between replicas within a treatment, which were as great as the differences

between treatments.

For the digested sludge {reatments, the cadmium-rich plots lie distinct from the other
treatments on both sampling dates (see Figure 6.13). This indicates that the collembolan
composition of cadmium-rich plots differed most from the other treatments. However,

as was found for the undigested treatments, considerable differences occurred between

However, on both sampling dates there were also counsiderable

replicas of the digested treatments also.

Figure 6.12 DCA ordination for pitfalls 1995: undigested treatments
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Figures 6.12 DCA ordinations for the undigested treatments. Each point represents one plot.
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Figure 6.13 DCA ordination for pitfails 1995: digested treatments
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Figures 6.13 DCA ordinations for the digested treatments. Each point represents one plot.

Closer examination of the ordinations found that for almost all treatments {on both
sampling dates), block two replicas differed most between the three replicas of a
freatment. It would therefore appear that while no individual species was affected by
block (see above), the collembolan composition as a whale was. The suction samples
and litterbags also indicated that in 1995, block two differed most between replicas of a
treatment (see Chapters 4 & 5 respectively). Since this block appears to be different on
both sampling dates, irrespective of sampling method, it is suggested that it was a true

effect and not merely a consequence of sampling error.

Closer examination of the available soil data for this block indicated that its pH and
conductivity was lower than the other blocks prior to sludge application (see Appendix
VI). It is possible that the observed differences in block two were a consequence of the
soil being more acidic. The species ordination for the suction data indicated that pH

may have influenced the separation of plots (sec Chapter 3).
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DCA 1990

The 1996 DCA produced eigenvalues of 0.422, 0.154, 0.058 and 0.029 for axes 1-4
respectively. The between-plot variation in collembolan community structure accounted
for by axes 1-4 was therefore 63.7%, 23.2%, 8.8% and 4.4%, respectively. As in 1995,
axes 3 and 4 accounted for little of the observed variation and were not considered
further. The species and sample scores {or axes 1 and 2 were plolted to obtain species
and sample ordinations (see I'igures 6.14 & 6.15 respectively).

Figure 6.14 Sample DCA ordination for pitfalls 1996 (relative abunrdance)
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Figures 6.14 DCA sample ordination for the Auchincruive 1996 data. Each point represents one plot.

As was found in 1995, the main factor dividing samples along axes 1 and 2 was
sampling date (see Figure 6.14). The April samples occurred above the other sampling
dates, the August samples occirred to the right of axis 1, while the May and June
samples occurred to the [eft. The species ordination indicates that the April samples had
a higher abundance of I maculatus and I notabilis (sce Figure 6.15) than the other
sampling dates and this is supported by the ANOVAs (see Table 6.2). The species
ordination also indicates that L, cyaneus, I viridis and H. nitidis were more abundant in
the August samples, while S. aureus, Isofoma/Isotomurus juveniles and I anglicana
were more abundant in the May/June samples (see Figure 6.15). This is again supported

by the ANOVAs (see Table 6.2). The species ordination therefore also indicates that
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date influenced the separation of samples along axcs 1 and 2. There was, however, stiil

considerable diffcrences between samples on a particular date.

¥igure 6.15 DCA species ordinaiion for pitfalls 1996
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Figures 6.15 DCA species ordination for the Auchineruive 1996 data {(sce Appendix [X for species
codes).

To enable freatment effects to be seen more easily, the axes scores were re-drawn
showing each sampling date separately (see Figures 6.16-6.19). For all sampling dates
the biggest difference in collcmbolan community structure occurred beiween the
cadmium-rich and digested plots (see Figures 6.16-6.19). For all dates lhe separation

between these treatments was substantially larger than differences between replicas.

Large differences between replicas, however, occurred for the zine-rich and control
plots. In the case of the control plots, the block two replicas were consistently sepacated
to the left of the other replicas for all sampling dates. Block two was not considerably
separated from the block one and three replicas in the other treatments, hence suggesting
that the division was the result of this individual plot being different, rather than the

entire block. Examination of the available soil data for this plotin 1996 indicated
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that biomass carbon was higher, while pH and grass yield were lower in this replica than

the other two control replicas (see Appendices VIIL & XI).

For the zinc-rich treatments, block two occurred towards ithe right of axis one and block
one occurred towards the lelt. In the April and May ordinations, block two differed
most between the three replicas of the zinc-rich plots, while in June and August block
one differed most. Examination of the soil data did not, however, show any variable

that differed consistently between thesc plots (see Appendix XI).

For both the zinc-rich and control plots, differences between replicas appeared o be
consistent between sampling dates. This indicates that the variation was not simply a
consequence of sampling error, but a real difference between the plots, It would
therefore appear that while treatment was a main factor influencing the collembolan
composition in the cadmium-rich and digested plots, other environmental parameters

(e.g. pH and grass height) were also important in the zinc-rich and control plots.

Relationship between grass height and spccics abundance
A product moment correlation was calculated to investigate the relationship between

grass height and the abundance of the most frequently occurring species (i.e. those listed
in Tahle 6.3) for the 1996 data set. Results of the correlations can be seen in Table 6.4
below (only species showing a significant correlation are shown). A positive correlation
was found between grass height and the abundance of S. aureus and fsotoma/Isotomurus
juveniles, indicating that the abundance of these species increased with grass height.
The abundance of 1 viridis and S. pumilis showed a negative corrclation with grass
height, therefore indicating that the abundance of these species decreased as grass height
increased. It is, however, possible that grass height was confounded with sampling date,
and carc should therefore be talen in interpreting these results.

Table 6.4 Relationship between grass height and species abundance

Species Product moment t-value |Probability
correlation coefficient di=46 n=48

1 viridis -0.53 -4.19 <0.01

1 juvenile 0.32 2.27 <{.01

S. aureus 0.33 2.39 <0.01

S. pumilis -0.39 -2.91 <0.01
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Effect of treatment on size distribuiion of L palustris

For the August pitfall traps (1996), the size of I palusiris was measured, and the
distribution plotted as a percentage (see Figure 6.20). This was done to delect any sub-
lethal effects of treatment on this metal tolerant species (e.g. changes in growth rate and
reproduction). With the exception of the control, all treatments showed two main peaks
suggesting that two generations were present in August. In 1996, the number of juvenile
Isotomurus/Isotoma species peaked in abundance in May (see above). Tt is therefore
suggested that the second peak in August represents this first generation in May, while
the first peak represents a second generation that hatched in late July. The second peak
is larger than the first peak, suggesting that reproduction was highest in May, and this

was in agreement with the results from the ANOVA (see above).

When compared to the zinc-rich and digested plots, a greater proportion of I palustris in
the cadmium-rich plots were less than Imm. This may indicate that reproduction was
greater in the cadmium-rich plots. Alternatively it may indicatc that survival of
juveniles to a size greater than Imm was lower in the cadmium-rich plots than the
digested and zine-rich plots. It is therefore possible that while the addition of cadmium-
rich sludge does not adversely affect reproduction, it may affect growth. The proportion
of individuals with a size greater than 2.0 mum is greater in the control plots than on the
sludged plots. This suggests that the growth rate (or survival) of L pafusiris was greater

in the control plots than the sludged plots.

6.5 Discussion

The DCA ordinations indicated that in both 1995 and 1996, date was the main factor
influencing collembolan composition with treatment being less important. As was
found with the suction data, somc species were more abundant in April (e.g. 1
natabilis), others in May (e.g. L anglicana and Isotoma/Isotomurus juveniles) and
others in August (¢.g. . nitidis, I viridis and L. cyaneus). Results from the suction data
indicated seasonal differences in species abundance could only partly be accounted for

by humidity preference and this was supported by the pitfall data. For example, both Z.
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cyaneus and I viridis peaked in August despite L. cyaneus preferring dry conditions,
while {. viridis preferred humid conditions {Joosse 1970). It would therefore appear that

other environmental variables were involved in determining seasonal peaks.

Although 1 notabilis was more abundant in April pitfalls, it occurred in its highest
abundance in May suction samples (see Chapter 5). The higher captlure rate of this
species in the April pitfalls could not therefore be atiributed to a higher abundance in
April. [t is possible that either L notahilis was more active in April than on subsequent
sampling dates, or that the “digging in effect’ lead to its higher abundance. The digging
in effect is more pronounced for some species (e.g. 7. minor), than for other specics
(e.g. E. nivalis: Joosse & Kapteijn 1968). It is therefore possible that I noiabilis was
stimulated, or attracted, more by CO, than other species, and was consequently over-
represented in the April pitfalls. It would be interesting to quantify any differences in
CO, attraction/stimulation between this species and the other species present. This
exemplifies how, through using both pitfalls and suction samples, a better understanding

of collembolan ecology can be achieved.

Berbiers et @l (1989) found that while some species were caught more frequently in
pitfalls set in long grass (L viridis and S. pumilis), other species where caught more
frequently in short grass (e.g. S. aureus and S. elegans). They suggested that differences
between species were a consequence of differences in Jocomotory activity in the varying
grass height. Contrary to the findings of Berbiers et al. (1989), this study found that 7
viridis and S. pumilis were actually caught more frequently in short grass than long
grass. In this study, the higher abundance of £ viridis and S. pumnilis in short grass was
thought to be a consequence of an increased sampling efticiency, and the abundance of
these species in pitfalls was inversely related to grass height. Greenslade (1964) found
that the abundance of carabid bectles caught in pitfall traps was also inversely related to
the vegetation cover. The average grass height in Berbiers ef al. (1989) study was 14.2
cm, and less than 6 cm for long and short grass respectively, whereas, in the present
study it was 35 cm and 10 cm for long and short grass respectively. There were
therefore considerable differcnces between the ‘long” grass at the Auchincruive site and

the ‘long’ grass at Berbiers’s site. [t is possible that while the grass at Auchincruive
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exceeded a threshold height which reduced the sampling efficiency, the grass at

Berbiers’s site did not.

The abundance of Isotomaslsotomurus juveniles peaked in May in both pitfalls and
suction samples. In agreement with other authors, reproduction for Isofoma and
Isotomurus species was therefore greatest in April/May (Hale 1965; Joosse 1969). In
August 1996, the size distribution of [ palustris individuals was bimodal. This
indicates that on this date two generations of I palustris were present, and foosse
(1969) also found that [ palustris gave rise 1o two generations per vear in the
Netherlands. It would therefore appear that in addition to egg laying in April/May, cgg
laying also occurred in lute July. As I palustris overwinters as half grown juveniles
{Toosse 1969), it is suggested that the first generation of juveniles born in April/May
were derived from the overwintering population, while the second generation born in

late July were derived from the April/May population.

Eftfect of treatment on species composition

It was found that the collembolan community structure differed most between the
cadmium-rich and digested plols and between the copper-rich and control plots.
Differences between digested treatments were more pronounced in 1996. However,
even in 1996, differences in community structure were apparent between the replicas of
a treatment. Differences in replicas were consistent across sampling methods (i.e.
suction and pitfalls) and sampling dates, indicating that they were not just a result of
sampling error, but a true effect caused by differences in soil parameters {(e.g. pH,
conductivity and moisture content). Species specific differences in response to changes
pH are well documented (Higvar 1990; Hagvar & Abrahamsen 1980; Higvar &
Kjendal, 1981), and the suction samples species ordination suggested that pH may have

influenced the separation of samples in the ordinations (see Figure 5.15).

Species specifie differences in metal susceptibility are also well documented (Bengtsson
& Rundgren 1988; Filser er al. 1995; Hagvar & Abrahamsen 1990; losthuma & Van
Straalen 1993). In this study, the pitfall traps indicated that I viridis and L. cyaneus

were adversely affected by cadmium-rich sludge, while 7 palustris was not. As these
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results were also found by suction sampling, they must be related to a change in density
and not to sub-lethal effects on activity. When sampled by pitfall wapping the
abundance of total Collembola and £ maculatus were also adversely affected by
cadmium-rich sludge. This adverse affect was not, however, significant when these
species were sampled by suction, hence suggesting that these results were not related to
a change n density. It is therefore possible that the lower capture rate in pitfalls set in
cadmium-rich plots was a consequence of a decrease in activity. Hopkin (1989) found
that isopods exposed to high concenirations of metals are moribund, and will only move
slowly when stimulated. It is therefore possible that metals can have sub-lethal effects

on collembolan activily, and this will be investigated more thoroughly in Chapter 7.

In this study, £ notabilis and H. nitidis were favoured by the addition of digested sewage
sludge but not by the addition of metal-rich sludge, suggesting that the presence of
metals in sludge adversely affected these species. Furthermore, the abundance of A
nitidis was inversely related to the concentration of cadmium in sewage sludge (see
Chapter 5). Adverse effects of metals in sewage sludge were also found for I notabilis
by Liibben (1989), and this species was rare in heavy metal poliuted soil close to Gusum
brass mill (Tranvik ef af. 1993). It would therefore appear that the cadmium-rich sludge
adversely affected this species also. Explanations of why some species are more

susceptible to metals than others are given in Chapters 4 and 5.

Isotoma/Isotomurus juveniles were found to have a higher abundance on all plots
receiving sludge. This suggests that their reproduction was promoted by the addition of
sludge and was not affected by cadmium or zinc. However, as the juveniles were not
identified to species level, it is possible that metals adversely affected the reproduction
of some species, while promoting that of others. The different size classes of L
palustris indicated that reproduction in [ palusiris may have been lower in the digested
and zinc-rich plots than the cadmium-rich plots. It is theretore possible that while
reproduction in I palustris was adversely affected by digested and zinc-rich sludge, that
of other Isotoma/Isotomurus species was promoted, and hence no adverse effects on the

total abundance of Isofoma/ Isotomurus juveniles was detected. It would be interesting




to identify juveniles to the specics level to determine if reproduction was adversely

affected by metal-rich sludge.

A higher proportion of I palustris were larger than 2 mm in the control plots, than on
the studged plots. This may indicate a reduced growth rate (possibly as a consequence
of metal pollution), or a reduced survival in sludged plots. Survival may have been
reduced due to an increase in predators, and the abundance of carabid beetles has been
shown to be higher on sludged plots (Larsen et al 1996). As the total abundance of 1.
palustris was higher on sludged plots than control plots, the influence of density

dependant factors (e.g. competition and parasitism) would also be greater on these plots.

Both the suction samples and pitfalls indicated that although some species had a lower
abundance in zinc-rich than digested plots, this difference was not significant. It would
therefore appear that zinc was less toxic than cadmiwm. This result may be expected, as
zinc is a micro-nutrient which is regulated more efficiently, than nonessential elements
such as cadmium {see Chapier 5 for more details). One species, C. denticulata, actually
occurred in its highest abundance in zinc plots. It is possible that prior to sludge
application this species was deficient in zine, and through the application of zinc-rich
sludge this was overcome. [t is also possibic that C. denticulata had a zinc-sensitive gut
parasite, and through the addition of zinc this parasite was eliminated favouring C.

denticulaly.

6.6 Main findings

1: Therc was much agreement with results found by pitfall trapping and suction

sampling.

2: Effcets of datc were more pronounced than those of treatment.

3: Jsotoma notabilis was more abundant in the April pitfalls which was possibly a

consequence of the digging in effect being more pronounced for this species.
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4: The abundance of Z viridis and S. pumilis was inversely related to grass height, and

this was thought to be due to a decreased sampling efficiency in long grass.

5: The total collembolan abundance, and the abundance of L. cyaneus, I viridis and H.

nitidis, were lower in cadmium-rich plots than digested plots.

6: Isotoma/Isotomurus juveniles and I palustris appeared to be tolerant of metal-rich
sludge, and their abundance was higher on all sludged plots, irrespective of metal

contamination.

7: There was evidence that reproduction was higher for I palustris in the cadmium-rich
plots than the digested or zinc-rich plots suggesting sub-lethal effects of digested and
zine-rich sludge on reproduction.

8: There was evidence that all sludges adversely affected the growth rate and/or
survival of I palusiris. This may have been a result of an increase in predators,

parasites or competition in the sludged plots.

9: As was found for the suction data, cadmium was more toxic than zinec.
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CHAPTER 7. A comparison between littexrbags, suction sumples and pitfall traps

7.1 Intreduction

The previous two chapters concentrated on the response of epigeal and hemiedaphic
Collembola to sludge application. In Chapter 5 suction sampling was used to monitor

Collembola, while tn Chapter 6 pitfall trapping was used. Both methods are considered

to be effective for sampling cpigeal and hemiedaphic species, but not for euedaphic

species (Berbiers er al. 1989). In Chapter 4, the eflects of sludge application on

euedaphic and bemiedaphic Collembola were investigated using litterbags.

Although soil cores are thought to give the most complete method of sampling
Collembola (sampling epigeal, hemiedaphic and cuedapbic specics: Berbiers et al,
1989), they may be inefficient at sampling epigeal species {(Frampton 1994). Frampton
et al. (1992) found that for most epigeal species, less than one individual per soil core
was recovered, ['urthermore, in soils with a high organic comntent the extraction of
Collembola from cores can be very time consuming, as flotation techniques are
generally required. A more practical altemative to soil cores may therefore be achieved
by combining methods of sampling epigeal/hemiedaphic species with methods of

sampling eucdaphic species.

Although suction sampling and pitfall traps both sample epigeal/bhemiedaphic specics,
the sampling efficiency of different species may vary between the two methods. Suction
sampling gives good quantitative data on collembolan population density (Frampton
1994; Johnson et al 1957) but, as they are predominately taken during the day,
nocturnal species can be poorly represented (Joosse 1965). Pitfall trapping, on the other
hand, gives poor quantitative data as it is dependant not only on the abundance of each
species, but also on their activity. Pitfall traps tend to over-represent the most active
species, while under-representing the least active. Catches are therefore influenced by
factors which affect the mobility of arthropods (e.g. weather and grass height:
Greenslade 1964; Berbiers er al. 1989). Pilfall traps are, however, generally left in situ
for a period of several days, and will efficiently sample both diurnal and nocturnal

speeies. The most cffective sampling regime for epigeal and hemiedaphic Collembola is
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therefore thought to be a combination of both pitfalls and suction samples (Berbiers et
al. 1989; Frampton 1994).

By combining information derived from suction sampling and pitfall trapping, it is
possible to estimate the activity level of individuals specics. A similar approach has
been successfully used to investigatc the effect of moulting on locomotory activity in the
field (With & Joosse 1971). It should therefore also be possible to detect sub-lethal
effects of chemicals on collembolan activity by combing pitfall and suction data

(Frampton 1994).
In this Chapter, the litterbag, pitfall and suction data scts are compared. Information
from pitfalls and suction samples is then combined to investigate sub-lethal effects of

cadmium-~rich sludge.

7.2 Species caught in litterbags, suction samples and pitfalls {1995)

The species collected by litterbags (22 July). suction samples (25 July) and pitfall traps
(24 July) in late July 1995 were compared in order to investigate which species were
sampled by each method. The late July dates were selected as this was the only
sampling period that included all three methods. This enabled seasonal effects on
species composition to be eliminated. As the cadmium-rich plots were not sampled by
litterbags, they were omitted from the investigation. A species list and the sampling
methods which collected each species is presented in Table 7.1 (species present are

marked with an X).

In the late July samples, a total of 25 species were identified (see Table 7.1). Of these,
21 were collected by litterbags (total of 6,362 individuals), 14 by pitfall traps (total of
7,055 individuals) and 15 by suction (total of 9,628 individuals). It would therefore
appear thal litterbags sampled more species than pitfalls or suction. As fess individuals
were sampled by lhitterbags, the greater number of species could not be attributed to
maore individuals being collected. It would therefore appear that the euedaphic

collembolan fauna at this study site was more diverse than the epigeal fauna.
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Table 7.1 Comparison between litterbags, suction samples and pitfall traps (July
1995)

Species Litterbags | Pitfalls Suction
Anurida pygmaea X
Friesea claviseta
Ceratophysella denticulata
Folsomia candida
Folsomia fimetarioides
Folsomia fimetaria
Isotoma anglicana
Isotomurus palustris
Isotomodes productus
Isotoma tigrina

Isotoma notabilis
Isofoma viridis
Heteromurus nitidis
Lepidocyrtus cyaneus
Lepidocyrtus lignorum
Pseudosinella decipiens
Tomocerus longicornis
Sminthurinus aureus
Sminthurinus elegany
Sminthurides pumilis
Sminthurus viridis
Neelus minimus
Mesaphorura spp.
Protaphorura cancellata
Onychivurus circulans
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Sminthurinus elegans, S. aureus, L. cyaneus, I palustris, P. decipiens, I. notabilis, 1
anglicana, C. denticulata and H. nitidis were collected by all three sampling methods,
and as expected all these species are hemiedaphic. Likewise, the eight species which
were only collected by litterbags were all euedaphic (namely N. minimus, Mesaphorura

spp. P. cancellata, O. circulans, F. claviseta, F. fimetarioides, F. fimetaria, I

productus). The enedaphic species 4. pygmea and F. candida were collected by suction
sampling and litterbags. The litterbags, however, appeared to be more efficient at

sampling these species and sampled 21 specimens of F. candida and 49 specimens of A.

pygmea, whereas, only one specimen of each of these species was caught by suction. As
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expected, euedaphic species were sampled more efficiently by litterbags than pitfall

traps or suction.

Four species were only collected by suction and pitfalls (namely S. viridis, T
longicarnis, I viridis and L. lignorum). Of these species 7. longicornis and S. viridis
are strictly epigeal (Frampton 1994; Ellis 1974), and were consequently never collected
by litterbags (see Appendix V). Isotoma viridis and L. lignorum are generally
considered to be hemiedaphic (but /. viridis is known to climb vegetation: Ellis 1974;
Curry 1994), and although they did not occur in the late July litterbags, they occurred in
litterbags collected on other dates in 1995 (see Appendix IV). It would therefore appear
that the species sampled by the three methods under investigation was primarily

dependant on ecomorphology.

A more detailed investigation was then conducted on the species caught by suction and
pitfall traps (see Table 7.2). A comparison was made between the samples taken in
1996, when all suction samples were taken during the weck that pitfall traps were in
situ, From Table 7.2, it can be seen that the majority of specics were sampled by both
suction and pitfall trapping. In 1996, a total of 22 species were collected by suction
sampling and 20 were collected by pitfall trapping. The suction samplers also collected
more individual Collembola than pitfall traps (122,323 were collected by suction and
44,745 by pitfalls). As the number of species collected by any sumpling method
invariably increases with sample size (Magwran 1988), the larger number of species in
suction samples was expected simply as a consequence of more individuals being

collected.

In 1996, the species F. fimetarioides, F. candida, Dicyrtoma ornata (Nicoleti) and
Dicyrtoma saundersi {(Lubbock) were only caught by suction sampling, while the
species 7. minor and 4. pygmea were only caught by pitfall trapping. Of these species,
F. fimetarioides, F. candida and T. minor were represented by only one individual, and

it is therefore likely that they were sampled as a consequence of chance.

The species D. ornata and D. saundersi, on the other hand, occurred in several suction

samples but were absent from pitfall traps. [t would therefore appear that suction was
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more efficient at sampling these species. Species of the genera Dicyrioma are lypically
herbage dwellers (Curry 1994). As pitfall traps only sample ground active invertebrates,
they are less efficient, when compared to suction, at sampling epigeal insects (Duffield
& Aebischer 1994). It is therefore likely that D, ernafa and D. saundersi were sampled
more efficiently by suction as a consequence of their predominately epigeal existence.

Table 7.2 ‘Species caught by suction samples and pitfalls 1996

Species Pitfalls | Suction
Anurida pygmaea X
Ceratophysella denticulata X
Folsomia candida
Folsomia fimetarioides
Isotoma anglicana
Isotomurus palustris
Isotomurus maculatus
Isotoma tigrina

Isotoma notabilis
Isotoma viridis
Entomobrya nivalis
Heteromurus nitidis
Lepidocyrtus cyaneus
Lepidocyritus lignorum
Pseudosinella decipiens
Sminthurinuy aureus
Sminthurinus elegans
Sminthurides pumilis
Sminthurides malmgreni
Sminthurus viridis
Dicyritoma saundersi
Dicyrtoma ornata
Tomocerus longicornis
Tomocerus minor
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The species 4. pygmea, which occurred in several pitfalls, was absent from suction
samples. Pitfall traps tend to over-represent the most active species. Anurida pygmea is
euedaphic, and therefore has morphological adaptations to a subterranesn existence
including reduced furca and legs. It is therefore unlikely that 4. pygmea is particularly
mobile, and consequently it was unlikely to be present in the pitfalls as a result of it’s
high activity level. It is possible that 4. pygmea is only present on the surface at night

and, as the suction samples were taken during the day, it was not collected by suction.
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7.3 Comparison between relative abundance of species caught in suction samples

and pitfall traps

Wilcoxon’s matched pairs tests were conducted {on the relative abundance for dominant
species) to investigate if species were caught proportionally more often by suction or
pitfalls. These tests were performed on the most frequently occurring species (i.e. those
occurring in over halfl of either suction or pitfall sarnples) caught by suction and pitfall
trapping on the sampling period commencing 1 August 1996. It was decided to
standardise across grass height, as this was thought to have a greater influence on
sampling cfficiency than treatment (see Chapters S and 6). 1 August was chosen as the
grass was cut on 26 July and species specific differences in sampling cfficiency as a
consequence of grass height were minimised. This, however, did not correct for some
plots having a denser vegetation than others (i.e. cadmium-rich plots tended to be less
dense) which may also have influenced the sampling efficicncy. It was necessary to use
the relative abundance rather than the absolute abundance because the suction samples

collected more individuals than the pitfalls.

The relative abundance for each species caught by suction sampling and pitfall trapping
was calculated for a specific plot on 1 August. Pitfall traps and suction samples for each
plot were then paired, and a Wilcoxon matched pairs test conducted. Differences
between suction and pitfall abundances which equalled zero were ignored and the
number of observations adjusted appropriately. The results of these tests can be seen in
Table 7.3 together with the appropriate number of observations and median percentage

per plot.

Tomocerus longicoruis, I palustris, I anglicana, S. viridis, I viridis and 1. notabilis had
a higher relative abundancce in suction samples than pitfalls (see Table 7.3). Some of
these species (c.g. Sminthurus viridis and I viridis) are known. to climb grass (Curry
1994; Frampton 1994). As pitfall traps rely on the species being ground active, epigeal
species such as I viridis and S. viridis are likely to be sampled more efficiently by
suction than pitfalls. Zsofoma notabilis is, however, strictly hemiedaphic (Curry 1994)
and the higher relative abundance of this species in suction samples could not be the
consequence of an epigeal existence. It is possible that this species is diurnal and, as the

suction samples were taken during the day, dinmal species were over-represented.
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Table 7.3 Comparison of pitfall traps and suction samples with respect to species

relative abundance

Species Median percentage(Median percentage(T-value Significance
in suction in pitfalls level

I palustris 19.76 12.71 7 {(n=12) =0.01
I maculatus 1.25 1.96 26 (n=12) N.S.
L viridis 5.78 2.76 7 (n=12) = (.01
L anglicana 4.32 1.42 1 (n=12) = (.001
[ notabilis 3.33 0.50 0 (n=12) <{.001
T. longicornis .76 0.08 1 (n=12) ={.001
H. nitidis 1.09 1.02 34 (n=12) N.S.
L. cyaneus 55.14 61.01 49 (n=12) N.S.
S. viridis 2.87 0.60 2 (n=12) < 0.0l
S. aureus 0.11 0.98 10 (n=12) <(.05
S. elegans 0.08 0.58 0 (n=9) < 0.01
S. pumilis 0.00 0.74 0 {n=11) = 0.001
C. denticulata 0.00 4,15 0{n=11) = (001

The relative abundance of S. aureus, S. elegans, S. pumilis and C. denticulata was
higher in pitfalls than suction samples (see Table 7.3). This may be the result of these
species being strictly hemiedaphic, and therefore more active on the soil surface than
epigeal species. These species would also be caught more frequently in pitfall traps than
suction samples if they were nocturnal. Orchesella cincta and T. minor are both thought
to be predominately nocturnal (Joosse 1965), and this study suggests that this is the case

for C. denticulata (which was rarely caught by suction, but frequently by pitfalls).

7.4 Lffect of cadmium on activity

The number of individuals of a particular species collected by suction is directly related
to the density of that species, while the number of individuals caught by pitfall trapping
is related to both its density and activity (Berbiers et @/, 1989). It is therefore possible to
combine information derived from pitfall trapping and suction sampling to obtain an
indication of the activity level of a species. By dividing the number of individuals
caught by pitfall trapping by an estimate of the population density (calculated from the
suction sampling data), an indication of activity level can thus be obtained (With &
Joosse 1971). The resultant activity level will be most accurate when environmental
variables which affect sampling efficiency are kept constant. Using this information, it

is possible to detect sub-lethal effects of chemicals on activity under near normal
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conditions in the field (Frampton 1994). The presence of high body burdens of zinc and
cadmium (1.5% and 0.5% respectively) in isopods renders them moribund and they will
only move weakly when stimulated (Hopkin 1989). Tt may therefore be expected that

heavy metals also reduce the activity of Collembola.

Using the above approach, sub-lethal effects of the cadmium-rich siudge were
investigated for the total Collembola, a cadmium sensitive (L. cyareus) and a cadmium
tolerant species (/. palustris). The abundance of these species caught by pitfall traps on
1 August in digested and cadmium-rich plots was divided by the abundance caught by
suction sampling in the same plot on the same date (the median indices are presented in
Table 7.4). As grass height can affect the activity of certain species of Collembola
(Berbiers et al. 1989), 1 August was chosen to standardise grass height across
treatments. Differences in activity level, or sampling efficiency, as a consequence of
grass height were therefore eliminated.

Table 7.4 Effect of cadmium on activity level

Species Median index for|Median index for
digested plots cadmium-rich plots

Total 0.76 0.60

I palustris 0.40 0.37

L. cyaneus 0.63 0.09

From Table 7.4 it can be seen that activity level of total Collembola and L palusiris did
not appear to be affected by cadmium-rich sludge. For L. cyaneus, on the other hand,
the median value for the pitfail/suction index was substantially higher in the digested
plots than the cadmium-rich plots. This indicates that cadmium-rich shudge adversely
affected the activity level of L. cyaneus. However, as too few replicas were available to

merit statistical analysis, a definite conclusion cannot be drawn.

The detoxification of heavy metals is thought to be cnergetically costly, and a decrease
in glycogen rcscrves after metal cxposure has been found for several invertebrate
species (Richards & Ireland 1978; Reddy & Bhagyalakshmi 1994; Bodar ef al. 1990).
The presence of metals may therefore be expected to reduce activity by decreasing the
energy available. Metals may also directly interfere with the biochemical pathways

involved in metabolism. Serensen ef al. {1997) observed reduced activity in a metal
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polluted population of the isopod Oniscus asellus (Linné). Laboratory studies have also
found reduced activity in the Collembola Folsomia fimetaria at high levels of the
pesticide dimethoate (Fabian & Petersen 1994), Computer-automated video tracking
may therefore provide a quick and effective method of monitoring pollution (Serensen
et al. 1997), and this study suggests that the species L. cyarneus has the potential to act as

a test organism.

7.5 Discussion and recommendations for future study
The litterbags collected almost all species found in pitfalis and suction samples, in

addition to several species which were not sampled by either of these methods {e.g.
Mesaphorura spp. and V. minlfmus).- [t was, however, found that the pumber of
hemiedaphic individuals collected by litterbags was generally lower than the number
callected by suction or pitfall trapping (e.g. in late July 1995, 354 individuals of L.
cyaneus were collected by suction, while only 61 were collected with litterbags).
Furthermore, strictly epigeal species (e.g. S. viridis) were never found in litterbags. It is
therefore concluded that to obtain the most complete picture of a collembolan
community, it is necessary to combine methods which sample euedaphic/hemiedaphic
species with methods which sample hemiedaphic/epigeal species. The most effective
sampling regime for Collembola would therefore be accomplished by combining soil

cores or litterbags with pitfall traps or suction samples.

When concentrating on the hemiedaphic and epigeal species, the two most effective
sampling methods appear to be pitfall trapping and suction sampling (Frampton 1994).
Frampton (1994) found more statistically significant effects of fungicides when
Collembola were sampled by suction than when they were sampled by pitfalls, hence
suggesting that suction was the better sampling method. Plant climbing species such as
S. viridis are, however, not only sampled more efficiently by suction, but are also likely
to be more susceptible to pesticide sprays (Frampton 1994). This would explain why

Frarpton (1994) found more significant cffects of fungicides with suction.
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In this. study, the suction DCA for 1995 generally showed a better treatment split than
the pitfall DCA for the same year (see Chapters 5 and 6 respectively). This suggests that
suction was belter at discriminating between communities. In 1996, however, the pitfall
and suction DCA showed similar treatment effects, suggesting that with more intensive
sampling both methods become equally good at detecting changes in community.
structure. Tor both the pitfall and suction data, three significant treatment effects were
found in 1995 and 9 were found in 1996. With rcspect to sludge application, ncither
sampling method indicated more treatment effects. It is, however, important to
remember that in 1996 almost three times more Collembola were collected by suction.
This implies that move work was involved in sorting the suction data to achieve the
same end point (i.e. nine significant differences), hence suggesting that in this study the

most efficient method may bave been pitfall trapping.

Although both sampling methods detected similar treatment effects for several species
{(see Chapter 5 and 6), effects for some specics were only detected by suction (e.g. S.
viridis and I anglicana) or by pitfalls (e.g. Isotomailsotomurus juveniles and I
notabilis).  The most effective sampling regime for epigeal and hemiedaphic
Collembola wauld therefore appear to be a combination of pitfall traps and suction
samples (Berbiers e/ af. 1989; Frampton 1994). As resources are often limiting, this
option may not always be practical and in such cases only one method can be selected.
When selecting a sampling method, the efficiency of each method in collecting specific
groups of species should be considered and the influence of treatment on these groups
taken into account. For example if a treatment predominanily affects epigeal species
(e.g. some pesticides), suction sampling would be the preferred method because it is

more efficient at sampling such species.

This investigation also suggests that metals may have sub-lethal effects on activity,
particularly in metal sensitive species. By combining information derived from suction
samples and pitfalls the detection of such effects are possible, hence indicating a further
advantage in using both methods. It is also possible to collect individuals that have been

exposed to a certain chemical in the field, and use computer-automated video tracking in
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the laboratory to determine sub-lethal effects (Serensen ef al. 1997). It is suggested that
such behavioural analysis is less time and resource consuming than conventional
toxicity tests with end points such as growth, survival and reproductive output

(Serensen et al. 1997).
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CHAPTER 8. Effects of pharmaceutical waste on euedaphic and hemiedaphic

Collembola

8.1 Pharmaceutical wastes

The pharmaceutical industry produces organic acids, steroids and antibiotics using a
varietly of fermentation processes that involve micro-organisms (Volz & Heichel 1979).
The fermentation products are generally produced twn large vats containing a carbon
source (such as molasses (o act as food for the micro-organisms), lime (to maintain the
pH) and in some cases zinc (to control growth rates). When fermentation is complete,
the fermentation product is extracted by distillation, filtration and/or precipitation. The
large quantities of waste that remains contain cellular material from the fermentation
micro-organisms, unused substrate and filter aids (e.g. perlite), and is therefore
considered to be non-toxic (Larsen et al. 1991). Disposal, however, poses a problem
since the high levels of organically degradable material can cause eutrophication if the

waste enters aquatic environuments (Larsen ef al. 1991).

Pharmaceutical wastes generally have large BOD (biochemical oxygen demand) and
COD (chemical oxygen demand) levels, that exceed the maximum for disposal of
cffluents in water. Activated sludge treatment, although expensive, will significantly
decrease the BOD and the treated sludge can sometimes be discharged into a stream
(Lederman et al. 1975). Alternative methods of disposing of pharmaceutical waste
include incineration, landfill (both problematic due to environmental impact: Wright
1978), livestock feeding supplement and fertiliser, When added as a dietary supplement
for livestock, the growth rate has been found to increase due to an unidentified growth
factor (Lederman ef ¢ 1975). This practice is now, however, no longer advised (Aitken

1994).

Pharmaceutical sludge can contain high concentrations of nitrogen, phosphorus and
potassium {plant macro-nutrients), and lower concenfrations of micro-nutrients such as
zinc, magnesium and calciun (Larsen ef af. 1991). Com (De Roo 1975) and soybeans
{(Volz & Heichel 1979) have heen found to achieve significantly higher yields when

fertilised with pharmaceutical waste compared to inorganic fertiliser.  Some
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pharmaceutical sludges can also improve the structure of sandy soils as a consequence
of their high organic matter content (Larsen ez a/. 1991). In addition, the heavy metal
content has been found to be lower in pharmaceutical sludge than in sewage siudge
(Larsen et ¢l 1991). Pharmaceuntical sludge would therefore appear (o comply with the
Waste Management Licensing Regulations 1994, which state that siudges from
biological treatment plants may be used as agricultural fertiliser if' they benefit

agriculture and promote ecological improvement without causing pollution.

Pharmaceutical sludge can, however, contain a number of compounds that have the
potential to be sources of pollution, e.g. zine, high salt concentrations and/or antibiotic
residues (De Roo 1975). Tomatoes were found to be particularly sensitive to high salt
concentrations and showed symptoms indicating nitrogen deficiency when fertilised by
pharmaceutical sludge (De Roo 1975). The high salt concentralion in the sludge was
thought to suppress nitrification in the substrate, uptake of nitrogen by the plants, and

nitrogen metabolism in the plant (1De Roc 1975).

Only a few studies have looked at the effects of land application of pharmaceutical
waste {Aitken 1994) and, with thc cxception of nematodes (De Roo 1975) and
carthworms (Aitken 1993), there is little information concerning the effects on
invertebrates. Such studies are necessary if their usage as fertilisers is to be promoted.
At SAC Auchincruive, two small plot trials were instigated in 1993 and 1994 to
investigate the fertilising potential of pharmaceutical wastes. Advantage was taken of
the presence of these trials to gather some information on the effects of these wastes on

Collembola.

8.2 Pharmaceutical Trial 1 - Introduction

The SmithKline and Beecham pharmaceutical plant situated near Irvine, produces large
quantities of aerobically treated sludge (ATS) as a by-product of antibiotic production
(Altken 1994). ATS has significant quantities of nitrogen, phosphorus and potassium
and the dry solids content for these elements is similar to other organic wastes (e.g.

sewage sludge: Aitken 1994). Aitken (1994) found that plots receiving ATS waste had
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arass yields 66% higher than unfertilised plots, indicating ATS has fertilising potential.
However, this increase was significantly less than the increase of 245% which was
achicved in inorganically fertilised plots, suggesting macro-nutricnts are less available
in ATS (Aitken 1994). Current legislation allows ATS to be used as an agricultural

fertiliser providing land application docs not result in pollution (Aitken 1994).

ATS has low levels of heavy metals and organic contaminants, and has a neuiral pH
(Aitken 1994). These factors indicate that ATS does not therefore pose a threat to the
environment. Furthermore, because the waste has been aerobically treated, the BOD
level has been significantly reduced from 5,850 mg I"' to 220 mg 17 (Aitken 1994),
There is therefore less threat, in comparison to undigested waste, of pollution to nearby
water courses. A possible source of poliution, however, is the residual antibiotics
(namely penicillin) which are present in this waste (Aitken 1994). Bewick (1978) found
that high levels of antibiotic waste (4 tonnes ha') decreased the soil microbial activity,
Through adversely affecting the soil microbes, the decomposition rate and hence the
recveling of plant nutrients, are likely to be retarded (Bewick 1978). Furthermore, the
antibiotic streptomycin, was found to decrease soil nitrate-N levels suggesting nitrifying

bacteria are particularly susceptible to streptomycin (Ingham & Coleman 1984).

Aitken (1994) [ound that the micrabial biomass of ATS treated plots was reduced by
about 20% when compared to inorganically fertilised plots. The microbial biomass
levels in ATS plots were, however, within levels commonly found for grassiand. Tt is
unknown if biomass differences were the result of antibiotic residue in the waste, or a
decrease in material available for microbial breakdown (Aitken 1994). 1t is likely that
any adverse affects on microbial biomass would also adversely atfect the Collembola

that feed on the soil micro-flora (Seastedt 1984).

8.3 Pharmaceutical Trial 1 - Methods

ATS waste
Sludge analysis was conducted at SAC Auchincruive (Aitken 1994). Analysis of the

ATS waste conlirmed that heavy metals (Cu, Zn, Cd, Cr, Ni and Pb) wcre at low
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concentrations {see Appendix XV). The ATS waste had a neutral pH and 2 BOD value
of 220 mgl'. The levels of nitrogen, phosphorus and potassium in the waste were
08 ¢ kg", 03 ¢ kg'i and 0.5 g lcg“; fresh weight sludge, respectively. Low levels of

residual antibiotic were present in this waste {Aitken 1994).

Inorganic fertiliscr (NPXK)

Three different inorganic fertilisers provided similar levels of plant macro-nutricnts
(specifically nitrogen, phosphorus and potassium) to the ATS waste. The fertilisers

chosen were amumonium nitrate, triple superphosphate and muriate of potash.

The trial site was situated at Holms Field, SAC Auchincruive. The soil was a sandy
loam of satisfactory drainage and the test crop was Timothy grass (Phleum bertolonit).

The plots (1.5 m x 3 m) ran continuously in two blocks of three (see Figure 8.1).

Experimental design

Three treatments were studied and each treatment was replicated giving a total of six
plots (see Figure 8.1 and Table 8.1). ATS was applied using calibrated watering cans,
while NPK was applied by hand. Application occurred on 28 April 1994,

Table 8.1 Treatments stadied

Plot Number | Treatment

2&6 Control (no fertiliser)

1&5 Ammonium nitrate {160 kg ha™ N), triple superphosphate (130 kg
ha P,0s5) and muriate of potash (40 kg ha™* K;0).

3&4 ATS (100 m* ha™)

Sampling technique

Seven litterbags (see page 44) of 15 cm x 15 cm squares (mesh size 1 mm), were
buried at a depth of 2-5 cm. Each bag contained 2.50 g of dried sycamore leaves and
were re-hydrated before burtal. Litterbags were buried on 27 April 1994 and, after 15
weeks, the bags were removed and the Collembola extracted by modified Tuligren
[unnels (see page 45) over a period of six days. They were extracted into alcahol,
prepared and identified primarily [ollowing Fjellberg (1980) and Gisin {1960). See

Chapter 3 for further information on identification techniques.




Figure 8.1 Layout of trial site
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ATS NPK Control
/TN
Plot 1 Plot 2 Plot 3
3m Replica 2
NPK Control ATS
N
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Statistical analysis

All samples within a plot were pooled (total of seven samples) to obtain an overall
indication of collembolan community structure for each plot. Chi-squared tests were
performed on the pooled data to test for treatment effects on: total collembolan
abundance; the frequency of dominant species (i.e. those occurring in over 50% of
samples); the relative frequencies of dominant species; euvedaphic and hemiedaphic
frequencies; and sexual and asexual frequencies. A DCA (Hill 1979) was also
performed on the pooled data (using the relative abundance and without down-
weighting) to provide a visual impression of the relationship between plots.
Collembolan diversity was compared between the plots using the following measures of
diversity: S (number of species), d (Berger-Parker), Ny (Hill’s) and « (Fisher's log

series index). See pages 30-32 for information on diversity indices.

8.4 Pharmaceutical Trial 1 - Results”

Abundance
A total of 1,905 individuals were collected belonging to 19 species (sce Appendix XVI
for species list). Between-plot difference in the total number of Collembola and the

number of frequently occurring species were tested for using chi-squared tests for
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homogenous frequencies (Fowler & Cohen 1992). Results of these tests, the number of
total Collembola, and the number of frequently occurring species can be seen in Table .

8.2.

The frequency of total Collembola and the frequencies of dominant species were not
evenly distributed between plots (see Table 8.2). The {otal collembolan abundance was
lower than expected in both ATS replicas, and higher than expected 1n both control
replicas (see Table 8.2). In addition, I nofabilis, F. candida, 4. pygmea, C. denticulata
and Mesaphorura spp. (a combination of M. macrochaeta and M. hylophila) were less
abundant in both ATS replicas (sec Table 8.2). This suggests that ATS adversely
affected the collembolan abundance and, with the exception of L. cyaneus, the

abundance of the frequently occuering species (see Tablc 8.2).

Lepidocyrtus cyaneus and A, pygmea were favoured in plots fertilised by NPK, but not
those fertilised by ATS (see Table 8.2). However, the NPK plots were similar to the
control plots with respect to these two species. Ceratophysella denticulata was more
abundant on NPK plots than control plots {(see Table 8.2). The disproportionately large
number of C. denticulata on replica iwo, however, gave a higher expected value than
would otherwise have been affained and, as a consequence, the fr'equency in NPK
replica one was only marginally greater than the expected (see Table 8.2). A
disproportionately high number of Mesaphorura spp. in replica two of the control also
caused higher expected values than would otherwise have been achieved (see Table

8.2).

It must also be noted that replicas of a treatment were different. In particular, for the
NPK plots replica one had more total Collembola and I rorabilis than expected,
whereas, replica two had less. Furthermore, replica two of the control was found to
have more Mesaphorura spp. than expected while replica one had less. The DCA
ordination indicates that differences between replicas were as large, if not larger than,
differences between treatments and this is clearly scen in the DCA ordination (scc
Tigure 8.2). Ideally, if more replicas had been available or if samples had been taken on

several sampling dates, this variation may have been reduccd.
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Figure 8.2 DCA Ordination for pharmaceutical trial 1
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Figure 8.2: DCA ordination performed on species relative abundance, Each point represents one plot.

Relative [requencies

The relative frequencies of the dominant species were compared using a 6 x 6
contingency table (25 degrees of freedom). The result of the contingency table, and the
observed and expected abundance of each species, are presented in Table 8.3. The
relative frequencies of dominant species were found to be dependant on plot (P <
0.001). The disproportionately higher abundance of Mesaphorura spp. in replica two of
the control, and of C. denticulata in replica two of the INPK plots, were the main
contributors to the X? value (sce Table 8.3). This again illusirates that there were
differences between replicas. [t was, however, interesting to note that the proportion of
C. denticulata was less in the control plots than in the ATS and NPK plots. This

suggests that this species was favoured by fertilisation.
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Diversity

The following measures of diversity were calculated for each of the six plots: S to
measure richness, d to measure evenness, and o and Nz to measure diversity (se¢ pages
30-32 for informalion on diversity indices).

Table 8.4 Comparing the diversity between plots

Diversity Index Control ;| ATS |NPKX | Control | ATS | NPK
R1 R1 R1 R2 R2 R2

S (no. species) 11 8 14 14 12 10

N, (Hill’s) 1.33 2.88 3.28 2.66 1.86 | 3.96

d (Berger-Parker) 0.866 | 0.549 | 0.505 0.527 | 0.726 | 0.377

o (Fisher’s) 2.11 2.66 2.64 2.66 3.1 2.02

From Table 8.4 it can be seen that the number of species (8) recorded was independent
of treatment. Hill’s Na found the NPK plots to be most diverse and Berger-Parker's d
found these plots to be most even (indicated by the low value of d). Tt would therefore

appear that NPK increased diversity.

Sexual and asexual

The relative frequencies of sexual and asexual individuals were compared between plots
using a 2 x 6 contingency table (5 degrees frecedom). The results are presented in Table
8.5 below. A significant difference was found in the frequencies of asexual and sexual
individuals between treatiments (P < 6.001). The control plots had a higher number of
asexually reproducing individuals than expected, while the NPK plots had a higher
number of sexually reproducing individuals (see Table 8.5). This is in agreement with
Siepel’s (1995) predictions that fertilisation increases the number of sexual species.
However, fertilisation by ATS waste did not have the same effect, and instead the
frequencies of sexual and asexual individuals were as expected.

Tahble 8.5 Comparing the relative frequencies of sexual and asexual individuals

Reproduction | Control | ATS |NPK Control | ATS | NPK
RI i R4 R1 R2 R2 R2
Sexual 33.01 18.0 191.0 76.0 | 35.0| 168.0
1064 140| 1452 1387 399| 769
Asexual 356.0 | 33.0] 340.0 431.0 | 111.0] 113.0 } A?=
2826 3711 3858 368.3 | 106.1| 204.2|279.8

Table 8.3 This table shows the observed and expected (shown below in italics) frequencies of asexually
and scxually reproducing Collembola found in cach plot. It also shows the X* value (5 d.f) obtained

when the relative frequencies of sexual and asexual individuals were compared.
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Euedaphic and hemiedaphic

The rclative frequencies of euedaphic and hemiedaphic species were compared between
treatments again using a 2 x 6 contingency table (5 degrees of freedom). The tesults are
presented in Table 8.6.

Table 8.6 Comparing the frequencies of euedaphic and hemiedaphic individuals

Ecomorphology ; Control | ATS | NPK | Control | ATS | NPK
R1 R1 R1 R2 R2 R2
Hemiedaphic 354.0 | 39.0| 321.0 309.0 [ 134.0 | 212.0
279.6 36.7| 381.6 364.4 ) 104.9: 201.9
Euedaphic 35.0 120 2100 198.0 | 12.0(65.0 {X%=
10051 144 1494 142.7 | 4LI1| 79111655

Table §.6 This table shows the observed and expected (shown below i italics) frequencies of euedaphic
aund hemiedaphic Collembola found in each plot. It also shows the X value (5 d.f) obtained when the
relative frequencies of sexual and asexual individuals were compared.

The relative trequencies of euedaphic and hemiedaphic individuals were dependent on
plot (P < 0.001). There were more hemicdaphic and less euedaphic species than
expected in both replicas of the ATS treatments, However, in replica one the difference
was only marginal and did vot contribute significantly to the chi-squared value (sce
Table 8.6). Differences between the control and NPK treatments were not consistent
between replicas (although they contributed most to the chi-squéred value), and
therefore no conclusions could be drawn concerning the effects of these treatments on

ecomorphology.

8.5 Pharmaceutical Trial 1 - Discussion

It has generally been found that inorganic fertilisers increase the collembolan abundance
(Marshall 1977, Siepel & Van de Bund 1988). No increase was found in this study, and
the collembolan abundance was similar in the inorganically fertilised plots (NPK) and
the control plots. This may have been the result of an increase in salt concentration or
Marshall 1977). Although the

density of Collembola was similar in the NPK and control plots, the species

impurities in the fertiliser (e.g. copper or chlorine:

composition was different. Cerarophysella denticulata, A. pygmea, and L. cyaneus
Gunhold (1957) also found that L. cyaneus

favoured fertilised plots and it has been called a manure-loving species (Marshall 1977).

were favoured by inorganic fertiliser.
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Ceratophysella denticulara was more abundant under conventional management (with
increased fertiliser) than under integrated farming (with reduced fertiliser: Brussaard e¢

al. 1990).

Siepel (1995) predicted that because fertilisation decreases the predictability of an
cnvironment, asexual species, being less adapted to cope with fluctuating environments,
will be more susceptible to fertilisation than sexual species. The results for this trial
agree with Siepel’s prediction, in that the control bad a higher number of asexuafly
reproducing individuals, while the NPK treatment had a higher number of sexually

reproducing individuals,

Acrobically treated sludge (ATS) plots had a significantly lower density of total
Collembola, and the majority of collembolan species, than the inorganically fertilised
and control plots. The lower grass yield in the ATS plots when compared to the NPK
plots (Aitken 1994), would probably be accompanied by a decrease in the litter layer and
an increase in environmental fluctuations in the soil. This in turn would be likely to
affect Collembola. While the abundance of Collembola was lower in the ATS plots
than the control plots, the grass yield in ATS plots was actually greater than control
plots (Aitken 1994). This suggests that effects of ATS on Coﬂem’t;ola could not be

entirely attributed to changes in the vegetation height.

The soil microbial biomass was found to be lower in the ATS piots than the NPX plots
suggesting that ATS adversely affected the microbial community (Aitken 1994). This
may have been a direct effect of antibiotic residues in the waste, or an indirect effect of a
lower root yield in the ATS plots resulting in less available material for microbial
breakdown {Aitken 1994). Bewick (1978) also found a decrease in soil microbial
activily in plots receiving antibiotic waste. It is likely that through adversely affecting
the microbial community of the soil, the Collembola, which live in close association
with the scil micro-flora and fauna, would also be adversely affected. These results
indicate that the application of ATS waste to agricultural land may, at least in the short-

term, be deleterious to soil collembolan and microbial cominunities. Through adverscly




atfecting these communities, it is likely that a retardation in the decomposition rate

would also occur counteracting the fertilising potentiat of ATS.

8.6 Pharmaceutical Trial 2 - Introduction

A large quantity of liquid sodium ammeonium sulphate (SAS) solution is also produced
by the SmithKline and Beecham pharmaceutical plant, Irvine. SAS has the potential to
'fertilise or beneficially condition the land' as it contains high concentrations of nitrogen,
sodium and sulphur, all of which are important plant nutrients. SAS application has
already been shown to increase the herbage yield by up to 46% (Aitken & Kirkland
1993). However, before SAS can be used as an agricultural fertiliser, it must be
demonstrated that there are no adverse environmental effects resulting from its
application. If no pollution occurs, current legisiation permits such wastes to be applied

as fertilisers without a licence (Aitken & Kirkland 1993).

Potential problems for utilising SAS waste as a fertiliser may arise from it’s low
concentration of the salt sodium thioglliycollate (Aitken & Kirkland 1993). This salt is
an ‘oxygen scavenger’ and partly accounts for the high BOD of the siudge. The sludge
could therefore be environmentally harmful if it entered an aquatic environment {e.g.
through ‘run-off’: Aitken & Kirkland 1993). High levels of SAS waste (250 kg ha'')
were found to reduce the pH value of the soil at a depth of 0-10 e, from pH 5.63 to
5.32 (Aitken & Kirkland 1993). In addition, high application rates elevated the salinity
at a depth of 0-10 cm, from 0.34 ms cm™ to 0.88 ms cm™ (Aitken & Kirkland 1993).

Adverse effects of SAS on earthworm abundance were apparent even at the lowest
application raie, and their abundance did not attain pre-treatment levels after a period of
nine months (Aitken & Kirkland 1993). Clover was also found to be adversely affeeted
by SAS waste, with scorching of leaves apparent 11 days after application (Aitken
1993). The adverse affects on both carthworms and clover were thought to be caused by
the high salt concentration (Aitken & Kirkland 1993). Changes in salt and pH ievels as
a consequence of applying SAS waste, were generally restricted to the top 10 cm of the
soil (Aitken & Kirkland 1993). Since this is where the majority of euvedaphic and

hemiedaphic collembolan activity occurs, it was also possible that these chemical
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changes could adversely affect Collembola. [his experiment aimed to investigate the
effect of land application of SAS waste on: the total collembolan abundance; individual
speeies abundance; relative frequencies of dominant species; diversity of Collembola,
proportion of sexual and asexual individuals; and the proportion of euedaphic and

hemiedaphic individuals.

8.7 Pharmaceutical Trial 2 - Methods

Analysis of SAS was conducted at SAC Auchincruive (Aitken 1993).  Analysis
contirmed that heavy metals (Cd, Ni, Cr, Pb, Cu and Zn) were at low levcls (see
Appendix XV)., Furthermore, no bacteria (salmonella, coliforms or closridia) were
present. The dry matter content was low (380 g I'") and the BOD was bigh (2,340 mg ).
The waste was acidic (pH 4.3) with a high salt content (1.27 g cm®). The sludge
contained significant amounts of nitrogen and sodium (51.5 g "' nitrogen and 73.8 g I

sodium).

Ammonium nitrate

The inorganic fertiliser ammonium nitrate (AN) was used to evaluate the fertilising

potential of SAS waste.

Trial site

This investigation was part of a larger experiment conducted at Holms Field,
Auchincruive, during 1993. A total of 46 plots, consisting of recently reseeded late
perennial ryegrass (Lolium pernne) and a moderately high content of clover were
established. A dressing ot phosphorus and potassium was applied to all plots (50 kg
ha' PO, and 90 kg ha™ K,0). The soil type was a sandy loam of satisfactory drainage.
The plots, each 1.5 m x 3 m, ran contiguously in 2 blocks of 23 (see Figure 8.3). Within
this larger experiment four application rales of AN and SAS were examined, in addition

te a no treatment control. The fertilisers were either applied early (2 April 1993) or late
(28 April 1993).
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Experimental desion

The highest application levels of AN and SAS were chosen for this study (plots are
marked with an asterix on Figure 8.3}. The early fertilised plots were studied and hence
AN and SAS were applied on 2 April 1993, the former by hand and the fatter using
calibrated watering cans. Each treatment was replicated, and occurred randomly within
block one. The treatments studied can be seen in Table 8.7.

Table 8.7 Treatments studied

Plot Number | Treatment

9 & 14 Controf

5&21 Early maximum AN (250 Kg/ha N)
10& 17 Early maximum SAS (250 Kg/ha N)

Sampling technique

Scven litterbags (see page 44), of 15 em x 15 e squares (mesh size 1 mm), were buried
at a depth of 2-5 cm in the selected plots. Each bag contained 2.50 g of dried sycamore
leaves and werc re-hydrated before burial. Litterbags were buried almost a year after
fertiliser application, on 22 March 1994, Afier 12 weeks the bags were removed and the
Collembola extracted by modified Tullgren funnels (see page 45) over a period of six
days. They were extracted into alcohol, prepared and identified primarily following
Fjellberg (1980) and Gisin (1960: see Chapter 3 for further details on identification

techniques).

Statistical analvsis

All samples within a plot were pooled (total of seven samples) to obtain an overall
indication of collembolan community structure for each plot. Chi-squared tests were
conducted on the pooled data to test for reatment effects on: total collembolan
abundance; abundance of individual species; relative frequencies of dominant species;
proportion of sexual and asexual individuals; and proportion of euedaphic and
hemiedaphic individuals. A DCA was performed on the species relative abundance
(without downweighting: Hill 1979). Four measures of diversity were also examined
specifically; S (number of species), d (Berger-Parker), N; (Hill’s) and o (Fisher’s {og

series index). See pages 30-32 for information on diversity indices.
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8.8 Pharmaceutical Trial 2 - Results

Abundance

Sixteen species of Collembola (& total of 1,943 individuals) were collected by the
literbags (see Appendix XVII for species list). Differences in the number of total
Collembola, and the number of the most frequently occurring species, were compared
between the six plots using chi-squared tests for homogenous frequencies (Fowler &
Cohen 1992). Results of the chi-squared tests, and abundance of total Collembola and

dominant species, can be scen in Table 8.8,

The abundance of total Collembola and, with the exception of 7 viridis and P.
decipiens, he abundance of the dominant species were not evenly distributed between
plots (see Table 8.8). There was significantly more total Collembola in the SAS plots
than expected and less in the control plots (see Table 8.8). The results for AN plots are
inconclusive, with only replica one having more Collembola than expected. It can,
however, be sce that both the AN plots had a higher abundance of total Collembola than
the control plots (see Table 8.8). Folsomia candida and Mesaphorura spp. (composed
of M. macrochaeta and M. hvlophila) occurred more frequentlfy in SAS plots than
expected and less frequently in control plots (see Table 8.8). It is interesting to note that
no species occurred more frequently in the control, suggesting that in the long-term no

species was adversely affected by either of the fertilisers (see Table 8.8).

Differences in the frequencics of F. fimetarioides, I palustris and I tigrina could not be
attributed to treatment. Isofoma tigrina showed marked differences between AN
replicas, with replica one having less than expected and replica 2 having more (see
Table 8.8). For L palustris, all the treatments had lower abundances in replica 2, hence
indicating there was a significant replica effect for I palusiris (see Table 8.8). Although
the numbers of C. denticulata tended to be lower in the control replicas than the SAS
and AN replicas, the chi-squared test did not show this difference (see Table 8.8). The
disproportionately small number of C. denficulata in replica 2 of the control gave a
lower expected value than would otherwise have been attauined. As a consequence of

this, the numbers on conurol replica one were not lower than the expected. ‘The DCA
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ordination (sce Figure 8.4) indicates that differences in collembolan composition

between replicas were as great, if not greater than, the differences between treatments,

Relative frequencies

The relative frequencies of the dominant species were compared using a 8§ x 6
contingency table (35 degrees of freedom). The result of the contingency table, and the
observed and expected abundance of each species, are presented in Tuble 8.9. The
relative frequencies of dominant species were found to be dependant on plot (P <
0.001). The main contributors to the A? value were [ound to be the higher proportion of
Mesaphorura spp. in SAS replica 2, and of F. candida in SAS replica one (see Table
8.9). It is possible that this was the result of F. candida having a competitive advantage
in SAS replica one, whereas, the Mesaphorura spp. had the advantage in replica two.
This again illustrates that there were differences between replicas. Folsomia candida

was, however, found to have lower relative frequencies in the AN replicas than

expected, indicating that it was adversely affected by AN (see Table 8.9).

TFigure 8.4 DCA ordination for pharmaceutical trial 2
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Diversity
Although no individual species was adversely affected by SAS, it is possible the

diversity of the community was. Diversity values were therefore calculated for the six
plots (see Table 8.10).
Table 8.10 Comparing the diversity between treatments

Diversity Index Control AN SAS | Conirol AN SAS
R1 R1 R1 R2 R2 R2
S (no. species) 10 13 12 9 11 10
N, (Hill’s) 2.2 2.4 3.05 2.74 2.41 3.07
o (Fisher’s) 2.11 2.6 2.2 2.19 2.26 1.88
d (Berger-Parker) 0.658 0.629 | 0.483 0.580 0.625 0.521

The plots receiving AN fertiliser were more diverse when measure by o (Fisher’s).
However, when diversity was measurcd by N, (Iill’s), the SAS plots had the higher
diversity. This is likely to be a consequence of @ being unaffected by the dominance of
single species, whereas, N, is sensitive to single species dominance (Magurran 1988).
As may be expected from comparing N, and ¢, the SAS plots had a lower d (Berger-

Parker) value than the AN (or control) plots. This indicates that the evenness of the
SAS plots was preater which would contribute to the higher N, value. It is interesting to
note that no diversity index ranked the control plots as the most diverse, and hence it
would appear that fertilisation increased the diversity of the collembolan community

within {his trial.

Sexual and asexual

The numbers of Collembala with asexual and sexual reproduction were compared
between treatments using a 6 x 2 contingency tablc (5 degrees of freedom). The results
are presented in Table 8.11.

Table 8.11 Comparing the frequencies of sexual and asexual individuals

Reproduction | Control | SAS | AN Control | SAS | AN
R1 R1 R1 R2 R2 R2
Sexual 206 313 310 101 261 237
1764 | 379.2| 283.0 96.3 | 2793} 213.9
Asexual 34 203 75 30 119 54 | X%5=
63.61 1368 102.1 34.7 | I00.7 77.1187.0

Table 8.11 This tablc shows the observed and expected (shown below in italics) frequencics of ascxually
and sexually reproducing Collembola found in each plot. Tt also shows the A° value (5 d.f.) obtained
when the relative frequencies of sexual and asexual individuals were compared.
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From Table 8.1 1 it can be seen that there was a significant difference in the frequencies
of sexual and asexual individuals between treatments (P < 0.01). In particular, the
control plots and AN plots had a higher frequency of sexual species and a lower
frequency of asexual species than expected, whereas, the SAS piots had a higher
frequency of asexual species and a lower frequency of sexual species. This does not
support Siepel’s (1995) hypothesis that fertilisation favours sexual individuals over the

asexual individuals.

Euedaphic and hemiedaphic

The numbers of euedaphic and hemiedaphic individnals were compared between the
treatments in order to test for a difference in ecomorphology. Again a 6 x 2 contingency
table (5 d.f.) was used to test for differences. The results are presented in Table 8.12.

Table 8.12 Comparing the frequencies of euedaphic and hemiedaphic individuals

Ecomorphology | Control | SAS | AN Contrel | SAS | AN
R1 R1 R1 R2 R2 R2
Hemiedaphic 207 309 286 100 241 233
170.0 ) 3034 272.7 92.8 | 269.1| 2061
Fuedaphic 33 207 99 31 139 58 | X?5=
70.0 1 150.61 112.4 382 110.9) 8491 83.8

Table 8.12 This table shows the abserved and expected (shown below in italics) frequencies of euedaphic
and hemieduphic Collembola found in each plot. v also shows the X value (5 d.£) obtained when the
relative frequencies of sexual and asexual individuals were compared.

A significant difference in the frequency of cuedaphic and hemicdaphic individuals
between plots was found (P < 0.01). Euedaphic individuals were over-represented in

the SAS plots and under-represented in the AN and the control plots.

8.9 Pharmaceutical Trial 2 - Discussion

Both fertilisers were found to increase the abundance and diversity of Collembola over
the unfertilised control a year after treatiment. Several studies have found organic waste
and inorganic wastc to increase the abundance of Collembola (Liibben 1989; Siepel &
Van de Bund 1988: for organic and inorganic, respectively). This is thought to be
principally the result of enhancéd macro and micro-floral communities, which increases

the food and cover for Collembola.
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As found in other studies, fertilisation altered the species composition (Marshall 1977).
Folsomia candida and Mesaphorura spp. were favoured by SAS, while the former
species was adversely affected by AN. Folsomia candida and Mesaphorura spp. were
also favoured by heavy metal contaminated sludge (Libben 1989) and F. candida
occurs more frequent in intensely managed plots (higher fertiliser, pesticide and
ploughing) than less intensely managed plots (Brussaard e al. 1990). It would appear
that . candida and Mesaphorura spp. benefit most from fertilisation under conditions
that other species find adverse (e.g. the presence of heavy metals and pesticides).
However, in Chapter 4 Mesaphorura spp. were found to be adversely affected by the

addition of metal-rich sludge.

The earthworm abundance was adversely affected by SAS for at least nine months
following application, and this was thought to be the consequence of the high salt
concentration of SAS (Aitken 1993). Collembola have been shown to be adversely
affected by salinity in the laboratory (Hutson 1978). However, if the high salinity of the
SAS waste adversely affected Collembola, they appeared to be short-lived and the

abundance and diversity were enhanced by SAS in the long-term.

Siepel & Van de Bund (1988) predicted that fertilisation would favour hemiedaphic
individuals over cuedaphic. Contrary to this prediction, euedaphic individuals were
actually favoured by SAS. Furthermore, the SAS waste had a lower ocourrence of
sexual individuals and a higher occurrence of asexual individuals than the AN or the
control. This is again contrary to Siepel’s (1995) predictions that fertilisation increascs
sexual species. It is likely that the increase in asexual species and in euedaphic species
in the SAS plots resulted from the increase in F. candida and Mesaphorura spp. in this

treatment, as these species arc both euedaphic and asexual.

It would therefore appear that the application of SAS did not adversely affect the
collembolan abundance or diversity in the long-term. The species composition was,
however, changed with F. candida and Mesaphorura spp. being promoted by SAS.
This change in community structure affected the soil ecosystem which in turn could

affect decomposition and mineralisaiion.
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8.10 General discussion

For both pharmaceutical trials treatment and plot effects were apparent. Aerobically
{reated sludge (ATS) significantly reduced the abundance of Collembola, and the
detrimental cffects were non-specific, with almost all investigated species being
adversely affccted. Both the inorganic fertilisers (AN and NPK) had a higher diversity
when measured by Hill’s N,, suggesting that inorganic fertilisers promote diversity both
in the long-term and the short-term. Furthermore, sodium ammonium sulphate (SAS)
was found to increase the diversity and the total abundance of Collembola in the long-
term, and Folsomia candida and Mesaphorura spp. particularly benefited from SAS
application. Although the collembolan community was promoted by SAS in the long-
term, adverse effects were noted fellowing application for clover and earthworms, and

may also have occurred for Collembola (Aitken & Kirkland 1993).

These results must, however, be analysed with caution as differences between replicas
were sometimes as great, if not pgreater than, differences between treatments.
Exceptionally high numbers of certain species (e.g. C. denticulata) were still found in
some plots, and this caused a higher expected value than would of otherwise been
reached. Ideally, if more replicas had been available, the problem of aggregation could

have been minimised and stronger statistical tests applied.

Both pharmaceutical frials were part of a larger scale study, and it was therefore
necessary to sample Collembola using minimal disturbance techniques. Because
litterbags cause minimum disruption, these were chosen instead of soil cores. It is
important to note that litterbags do not give a true indication of the soil fauna because
Collembola in the litterbags are not solely determined by the external soil fauna, but also
by colonisation and successional effects (see page 44). Furthermore, as litterbags
provide a food source and exclude larger predators, the number of Collembola in
litterbags are [requently higher than the abundance in the external soil (Crossley &
Hoglund 1962).

Although SAS promoted collembolan communities in the long-term, earthworms and

clover {(and possibly Collembola) were adversely affected directly following application
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(Aitken 1993). Furthermore, the application of ATS was found to adversely affect
Collembola for at least a period of three months following application. It is likely that
wastes from different processes will affect the soil community differently, and thercfore
the use of pharmaceutical waste should be more carefully regulated than current

legislation demands.
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CHAPTER 9. General Conclusions

9.1 The influences of metal-rich sludges on Collembola

At the Auchincruive site a total of 24 species were caught by pitfall trapping and suction
sampling in 1995 and 1996, Of these, 16 species occurred frequently enough for
statistical tesls to be applied. Adverse effects of zine and copper-rich sludge were not
found for any of lhese species. It is however, important to note that only initial work
was conducted on the copper-rich plots, and it is possible that a more detailed
investigation would have shown eflects. Lepidocyrius cyaneus, I viridis, I maculatus
and H. nitidis, on the other hand, were found to be sewsitive to thc application of
cadmium-rich sludge. Four out of a possible 16 (or 25%) epigeal/hemiedaphic species
{sampled by suction and pitfalls) were adversely affected by the application of

cadmium-rich sludge.

A total of 26 species were sampled by litterbags at Auchinctuive in 1995 and of these,
10 species occutred frequently enough for statistical tests to be applied. Neelus minimus
and Mesaphorura spp. were found to be adversely affected by the application of zinc-
rich sludge, and Mesaphorura spp. were also adverscly affected by copper-rich sludge.
It would therefore appear that at Auchincruive euedaphic Collembola were more
susceptible to the zinc and copper-rich sludges than hemiedaphic/epigeal Collembola.,
As the cadmium-rich plots were not sampled by litterbags, no conclusions can be drawn
concerning the effects of cadmium-rich sludge on euedaphic Collembola. It is possible
to combine information derived from the three sampling methods to determine what
percentage of Collembola were adversely affected by the copper-rich and zinc-rich
sludges. Through doing this, it can be concluded that 2 out of 20 (or 10%) species were
adversely affected by zine-rich studge, while 1 out of 14 (or 7%) were adversely affected

by copper-rich sludge.

To assess the ecological risks of applying metal-rich shudge to agricultural land, it is
necessary to relate the above percentages to a more meaningful term. Van Straalen
(1993) suggests that since it is rarely possible to protect 100% of species, one should

aim to protect 35%. All three metal-rich sludges were found to adversely affect over 5%
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of the species studied, hence suggesting they were not safe for land application (at Icast

with respect to Collembola).

The 95% protection level does, however, have its problems, principally the implication
that 5% of species are ‘expendable’, irrespective of what these species are (Hopkin
1993). It is possible that ‘expendable’ species are vital for ecosystem functioning, or
that they are Red Data Book species (Hopkin 1993). The 95% protection level value,

aithough being a useful concept, should therefore not be treated as a ‘holy grail®
(Hopkin 1993).

The CEC Duective 86/278/EEC concerns the control of heavy metal accumulation in
the soil, and provides recommended maximum values for soil, sludge and rates of
addition (CEC 1986). This Directive stipulates that all Member states must obsexve the
maximum soil metal concentrations, and that soil levels must be monitored. In addition
to setting maximums for soil metal levels, the Directive also stipulates that Member
states must control the rate of addition of heavy metals to the soil (Smith 1996). This
may be achieved by either controlling the concentration of metals present in the sludge,

or by limiting the amount of heavy metals added annually (CEC 1986). This latter
approach has been adopted by the UK. '

The maximum sludge concentrations, soil levels and application rates set by the CEC
(1986) arc shown in Table 9.1, alongside the levels present at Auchincruive. From this
table it can be seen that the soil concentrations of all three metals were below the
maximum permissible levels set under the CEC Directive (1986). This study suggests
that Collembola exhibited adverse affects to copper, zinc and particularly cadmium, at
soil concentrations deemed safe by current UK legislation. Furthermore, because the
UK did not adopt the safe metal loadings for sludge (Smith 1996), sludges with metal

concentrations in eéxcess of those used at SAC may be applied to agricultural land in the
UK.

Instead of setting 2 maximum metal concentration in sludge, the UK adopted the
approach of limiting the annual application rate of mectals., At Auchincruive, the

application rates of cadmium, zinc and copper were far in excess (five times in the case
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of copper to 25 times in the case of cadmium) of application rates permissible by UK
legislation (see Table 9.1). At safe metal application rates it would take over 50 years
for the soil metal concentrations to build up to the maximum permissible levels (Aitken
personnel communication). [t was therefore necessary to use high application rates to
enable the maximum soil concentrations to be achieved within a realistic number of
years. Furthermore, by raising the soil levels quickly genetic adaptation, which may
obscure real effects, was less likely to occur.

Table 9.1 Maximum metal concentrations set by CEC (1986) and concentrations at
SAC

Metal Soil concentration Sludge concentration | Annual application rate

Cadmium{SAC 2.2 mg kg SAC 48.9 mg kg SAC 4.3 kg ha™' yr!
Maximum 3 mg kg*  Maximum 40 mg kg Maximum 0.15 kg ha™' yrt

Zinc SAC 270 mg kg SAC 7,036 mg kg’ SAC 288.5 kg ha! yr?
Maximum 300 mg kg” IMaximum 4,000 mg kg |Maximum 30 kg ha yr!

Copper  |SAC 69 mg kg SAC 3,394 mg kg SAC 67.9 kg ha yr'
Maximum 140 mg kg |Maximum 1,750 mg kg' |Maximum 12 kg ha™* yr!

Table 9.1 This table shows the maximum soil concenirations set by the CEC Directive 86/278/EEC
(1986). Ir shows the mean cadmium and zinc concentrations in 1996 and the mean copper conceniration
in 1993 for the SAC Auchincruive iriai site. It also shows the mean sludge concentvations and application
rates at SAC,

It would therefore appear that Collembola were adversely affected by soil concentrations
of copper, zinc and cadmium below the maximum permissible levels set by Directive
86/278/EEC (CEC 1986). Furthermore, as the UK does not place any restrictions on
maximum metal concentrations in sludge (the approach adopted by most European
countries: Smith 1996), adverse effects were [ound at sludge concentrations permissible
for land application in the UK. Caution must, however, be taken as the annual

application rates were up to 25 times higher than the maximum acceptable levels.

As sensitivity depends on the metal in question, it is important to monitor which metals
are present in sludge. Cadmium-tich sludge was found to be particularly toxic to
Collembola and it is therefore suggested that levels of cadmium should be carefully
controlled. The levels of cadmium in sewage effluent from industrial sources have

declined markedly in the last decade, and consequently most sludges currently spread on
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agricultural land contain background levels of cadmium (Smith 1996). It is also
possible to include metal removal stages (e.g. acid extraction techniques) in sludge

treatment to ensure that sludges spread on agricultural land are safe,

9.2 Recommendations for future studies

As found by several authors, Collembola were heterogeneously distributed in the study
areas (Hughes 1962; Krogh 1991; Heungens & Van Daele 1984; Winter ef al. 1990;
Frampton 1988). Frampton (1994) concluded that to obtain an accurate estimation of
Collembola populations, an impracticably high number of suction or pitfall samples
(over 200) would have to be taken, except at times of peak abundance. [n this study, the
five samples (litterbag, suction or pitfall) taken on a plot on a specific sampling date
were combined to help overcome problems of spatial heterogeneity and to give an
tndication of overall community structure per plot (see Chapter 3). The abundances
were then square root transformed to normalise the data and the probability was also set
at 0.01 to avoid Type one errors (Le. wrongly rejecting the null hypothesis: Day &
Quinn 1989). By taking these precautions it could be safely concluded that results were

real and not just a consequence of sampling error.

In this study, pitfall trapping and suction sampling was conducted from April to August.
As species specific differences in scasonality are well documented (Joosse 1969;
Niijima 1973, Brussaard et al. 1990), it is possible that winter species were omitted by
this sampling regime. Sampling by litterbags was, however, conducted during the
winter of 1995, and no hemiedaphic species was sampled exclusively by winter
litterbags. It is therefore probable that, at least for hemiedaphic Collembola, species
present in winter were also present in summer. It would appear that sampling from
April to August included most (if not all) species, and minimised problems associated
with sampling in wet weather (e.g. pitfall traps filling with rain). An increased sampling
efficiency in shorter grass was found for several species sampled by pitfalls or suction.
It is therefore suggested that the best time to sample hemiedaphic and epigeal species is

when the grass is short.

Identification of Collembola is labour intensive and requircs taxonomic expertise. It

would therefore be convenient to be able to classity Collembela at a level other than
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species. As a consequence of species specific differences in metal sensitivity within
genera (e.g. 7. quadrioculata has been described as a metal sensitive species: Filser et
al. 1995, while F. candida is described as tolerant: Litbben 1989), effects of metals may
not be detected at the genus level and identification just to this level should be avoided.
The ecological classification of Collembola into epigeal, euedaphic and hemiedaphic
individuals is reasonably straight forward requiring little expertise (see Chapter 2), and
could therefore provide an alternative to species identification. Differences in
susceptibility of euedaphic and hemiedaphic Collembola have been found for pesticides,
with hemiedaphic species being more susceptible as a result of the pesticide
concentraiing in the litter layer (Krogh 1991). In this study no treatment effect was
found when the total Collembola were grouped in euedaphic and hemiedaphic
individuals, hence suggesting that neither ecomorphology was more susceptible (see
Chapter 4). The application of SAS (but not ATS) pharmaceutical waste was found to
promote euedaphic species at the cost of hemiedaphic species (see Chapter 8). It would
therefore appear that the classification of Collembola into hemiedaphic and euedaphic
individuals is of }iitle use when looking at the effects of metal-rich sludge, but may be of

use when looking at other agricultural practices.

While the copper and zine-tich sludges did not affect epigeal and henﬁedaphic species,
adverse effects were found for eucdaphic species, hence suggesting that these species
were more susceptible to metal-rich sludge. However, the manipulation and
identification of epigeal species is generally easier than euedaplic species as they tend
to be larger. Furthermore, adverse effects of cadmium-tich sludge were found for
several hemiedaphic and epigeal species. By combining methods which sample
evedaphic species (e.g. litterbags and soil cores) with methods which sample epigeal
species (e.g. suction samples and pitfalls), the most effective sampling regime for

studying metal-rich sludge is achieved.

The species F. candida is the subject of numerous toxicity tests (Gestel & Hensbergen
1997, Crommentuijn et ol 1993). Folsomia candida is an ideal organism for
conducting laboratory experiments as cultures are easily maintained and they have a
short reproductive cycle at 20°C (Hopkin 1997). The International Standardisation

Organisation (ISO) has now produced guidelines for a standard {oxicity test using F.
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candida as a test organism {(lnternational Standardisation Organisation 1994). It is
therefore likely that /. candida will become a rouiine organism for ecotoxicology
testing. Liibben (1989) found that F. candida was actually favoured by the addition of
metal-rich sludge. It would thercfore appear that metal levels deemed safe for this
species are ltkely to adversely affect more sensitive species. Care must therefore be
taken in extrapolating results from lahoratory cxperiments on F. candida to other
species of Collembola in the field. In this study the species A, witidis, which is also
relatively easy to culture, was found to be negatively correlated with cadmium
concentration (see Chapter 5). It is therefore possible that this species is more sensitive
to metals than the relalively insensitive F. candida and may therefore be a useful

organism for ecotoxicology testing.

Under conditions currently deemed safe by CEC legislation it would take many years for
the soil metal levels to reach the levels present in this experiment. As metals are
persistent and accumulate with prolonged sludge application, it is likely that adverse
affects on invertebrates would not become apparent until several years of repeated
application. It is therefore suggested that monitoring programs should be conducted on
a long-term basis, and should investigate sub-lethal effects on activity and reproduction

to enable earlier detection of ecosystem disturbance.

The phyto-availability of heavy metals in sludge is dependant on several factors
including soil structure, pH and cafion exchange capacity (Smith 1996). Further work is
therefore required to investigate how these factors influence the availability of metals to
invertebrates. Soil pH is thought to have the greatest influence on metal availability,
and ecosystem rccovery may be promoted by elevating the pH (through the addition of
lime) to render heavy metals less available (Benninger-Traux & Taylor 1993). Since
Collembola are influenced by both metals and pH, it would be interesting to determine

how liming contaminated land influences their community.

Microarthropads which possess the enzyme chitinase, are able to ingest fungal cell walls
where heavy metals are frequently concentrated (Siepel 1994; Siepel & Ruiter-Dijkman
1993). It ts therefore likely that such feeding guilds will be particularly susceptible to

heavy metals (Siepel 1994). By testing for the presence of chitinase, it may he possible
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to determine if L viridis and L. cyaneus were sensitive to cadmium as a consequence of
their feeding guild. It would also be interesting to use acid digestion techniques to
determine if sensitive specics had higher body burdens of metals than tolerant species

(Van Straalen & Van Wensem 1986). This would help determine if metals were directly

ot indirectly toxic.

Previous studies have found Collembola to be effective indicators of pesticide usc
(Frampton 1994), and the findings of this research suggests that they can also be used as
effective monitors of heavy metal pollution. The ideutification of Coliembola is
assumed to be a difficult task, and this may be considered a drawback in using them as
indicators. However, with some expertise the majority of species can be identified with
relative ease, and although a current British key is lacking, good continental keys are
available (Gisin 1960; Fjellberg 1980). Collembola also have the advantage over most
arthropods that several species are present in a recognisable form throughout the vear.
Furthermore, as a consequence of their small size, they are particularly usetul for small
plot trials where the use of larger invertebrates would be inappropriate. They are also
equally useful for field scale studies. As a consequence of their more direct association
with contaminants, Coflembola may give an carlier indication of pollution. Finally,
Collembola are an interesting and diverse group and, because they are relatively

understudied, there is stili plenty to discover about their behaviour and ecclogy.
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APPENDIX I. Equations for Diversity Indices
a) N, - reciprocal of Simpson’s index (Hill 1973)
N, = (Yp2 ) (i=1,2,3,..,8), 0 <N, < S
Where S = Number of species and p; = Percentage of the i-th species
b) o - Fisher’s log series index

= N(L)]

X

Where N = Sum of Collembola and x is estimated from the iterative solution of

S = [(I-x)yx}[-In(1-x}|
N

¢) d - Berger-Parker’s dominance index

A= Nmx 0gd<l
N
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APPENDIX IV. Species list for litterbags 1995 (Auchincruive contaminated
sewage slndge experiment)

Arurida pygmaea  (Bomer)
Ceratophyselia denticulata  {Bagnall)
Ceratophysella succinea  Gisin
Friesea claviseta  Axelson
Folsomia candida (Willem)
Folsomia fimetaria (Linné)
Folsomia fimetarioides (Axelson)
Isotomodes productus  (Axelson)
Isotoma anglicana  Lubbock
Isotomurus palustris  (Miiller)
Isotoma tigrina  (Nicolet)

Isotoma notabilis  Schiffer
Isotoma viridis  Bourlet
Heteromurus nitidis  (Templeton)
Lepidocyrtus cyaneus Tullberg
Lepidocyrtus lignorum (Fabricicus)
Pseudosinella decipiens  Denis
Sminthurinus aureus  (Lubbock)
Sminthurinus elegans  (Fitch)
Sminthurides pumilis  (Krausbauer)
Mesaphorura hylophila  (Rusek)
Mesaphorura macrochaeta  (Rusek)
Stenaphorura denisi (Bagnall)
Onychiwrus circulans  Gisin
Protaphorura cancellaius  Gisin
Neelus minimus  (Willem)
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APPENDIX VIL Soil Analysis from the Auchincruive Contaminated Sewage

Table VII.1 Analysis of plots prior to sludge application

Sludge Experiment (1994)

Treatment | Block Biomass C Rhizobia No. | Soil respiration

(ugC g™ ODsoil) (mgCO,-C kg™
Control 1 431.66 93,000 0.49
Control 2 425.11 75,000 0.50
Control 5 475.36 93,000 0.48
Digested ! 435.18 21,000 0.47
Digested 2 462.40 215,000 0.42
Digested 3 430.67 11,000 0.45
Undigested 1 466.13 149,000 0.51
Undigested 2 459.89 23,000 0.47
Undigested 3 432.78 38,000 0.49
Zinc 1 357.82 93,000 0.47
Zine 2 513.92 4,400 0.45
Zine 3 384.86 43000 0.53
Copper l 375.08 23,000 0.48
Copper 2 317.40 20,000 0.46
Copper 3 375327 75,000 0.42
Cadmium 1 404.78 75,000 0.50
Cadmium 2 44931 23,000 0.50
Cadmium 3 438.47 5,600 0.46
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APPENDIX VIIL. Grass Yield & Grass Height from the Auchineruive
Contaminated Scwage Sludge Experiment

Table VIII.1 Grass yields for 1995 and 1996

Treatment Block | 1995 Cut 1 1995 Cut 2 1996 Cut 1
(fresh wt. kp) (fresh wt. kg) {fresh wt. kg)
Control 1 6.9 21.0 16.1
Control 2 5.5 17.0 13.0
Control 3 3.4 20.6 14.0
- Digested 1 17.3 20.1 40.38
Digested 2 12.5 21.6 32.5
Digested 3 13.5 22.2 31.8
Undigested 1 16.7 22.2 35.1
Undigested 2 _15.0 17.8 34.4
Undigested | 3 9.1 24.3 42.8
Zine 1 21.0 19.1 33.6
Zine 2 15.5 28.4 30.1
Zinc 3 12.0 22.6 28.6
Copper 1 17.2 15.9 29.2
Copper 2 18.4 20.2 38.4
Copper 3 12.8 27.4 37.0
Cd (very low) 1 22.3 35.7 32.4
Cd {(very low) 2 20.0 24.8 36.0
Cd (very low) 3 20.0 28.8 33.9
Cd (medium) 1 21.5 39.4 35.6
Cd (medium) 2 16.7 32.7 39.1
Cd (medium) 3 17.4 36.5 342
Cd (high) ] 17.7 32.8 38.5
Cd (high) 2 11.9 31.1 37.0
Cd (high) 3 12.1 29.0 34.3
Cd (very high} 1 10.5 22.3 28.2
Cd (very high) 2 9.2 21.0 27.3
Cd (very high) 3 11.2 27.3 30.5
Table VIII.2 Grass Heights (in mm) 1996
Treatment Block {30 April| 31 May 22 June 4 August
Control 1 133.2 116.6 173.6 90.6
Control 2 121.0 105.8 153.0 84.6
Control 3 135.8 104.1 173.5 99.0
Digested 1 307.7 106.0 442.6 82.5
Digested 2 309.1 110.1 404.2 62.8
Digested 3 327.3 87.5 441.8 77.6
Zinc 1 298.3 100.5 443.7 3.3
Zinc 2 299.0 104.8 405.9 81.4
Zinc 3 324.2 98.7 460.9 76.6
Cadmium 1 271.5 §7.3 405.0 78.0
Cadmium 2 2773 104.3 384.3 97.6
Cadmium 3 264.0 84.1 3854 79.3
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Anur pygm
Cera dent
Cera succ
Frie ¢lav
Fols cand
Fols fime
TFols firo
[sot prod
Isot juve
Isot angl
Isot macu
Isot palu
Isot tigr
Isot nota
Isot viri
Ento niva
Hete niti
Lepi cyan
Lepi lign
Pseu deci
Smiin aure
Smin eleg
Smin malm
Smin pumi
Stoin viri
Tomo fong
Tomo mino
Mesa hylo
Mesa macr
Sten deni
Onyc¢ circ
Prot canc
Neel mini

APPENDIX IX. Codes for DCA species ordination

Anurida pygmacea
Ceratophysella denticulata
Ceratophysella succinea
Friesea claviseta
Folsomia candida
Folsomia fimetaria
Folsomia fimetarioides
Isotomodes productus
Isotomurus/Isotoma juverile
Isotoma anglicana
Isotomurus maculatus
Isotomurus palustris
Isotoma tigrina

Isotoma notabilis
Isotoma viridis
Entomobryu nivalis
Heteromurus nitidis
Lepidocyrtus cyaneus
Lepidocyrtus lignorum
Pseudosinella decipiens
Sminthurinus aureus
Sminthurinus elegans
Sminthurides malmgreni
Sminthurides pumilis
Sminthurus viridis
Tomocerus longicormnis
Tomaocerus minor
Mesaphorura hylophila
Mesaphorura macrochaela
Stenaphorura denisi
Onychiurus circulans
Protaphorura cancellata
Neelus minimus
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APPENDIX XII. Species list for suction samples taken at the Auchineruive
contaminated sewage sludge experiment

1995

Anurida pygmaea  (Borner)
Ceratophysella denticulata  (Bagnall)
Folsomia candida (Willem)
Isotoma anglicana  Lubbock
Isotomurus palustris  (Miiller)
Isotoma notabilis  Schiffer
Isotoma viridis  Boutlet
Heteromurus nitidis  (Templeton)
Lepidocyrtus cyaneus Tullberg
Lepidocyrtus lignorum  ([Fabricicus)
Pseudosinella decipiens Denis
Sminthurinus aurens (Lubbock)
Sminthurinus elegans (Fitch)
Sminthurus viridis  (Linné)
Tomacerus longicornis  (Miiller)

1996

Ceratophysella denticulata  (Bagnall)
Iolsomia candide  (Willem)
Folsomia fimetarioides (Axelson)
Isotoma anglicana  Lubbock
Isotomurus palustris  (Miiller)
Isotomurus maculatus  Schaeffer
Isotoma notabilis  Schifler
Isotoma viridis Bourlet

Isotoma tigring  (Nicolet)
Entomobdrya nivalis  {Linng)
Heteromurus nitidis  (Templeton)
Lepidocyrtus cyaneus Tullberg
Lepidocyrtus lignorum  (Fabricicus)
Pseudosinella decipiens Denis
Sminthurinus aureus (Lubbock)
Sminthurinus elegans  (Fitch)
Sminthurides pumilis  (Krausbauer)
Sminthurides malmgreni  (Tullberg)
Sminthurus viridis  (Linné)
Dicyrtoma saundersi  (Lubbock)
Dicyrioma ornata  (Nicoleti)
Tomocerus longicornis  (Miiller)
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APPENDIX XI. Species list for suction samples taken at the Hartwood
contaminated sewage sludge experiment (1996)

Ceratophysella denticulate (Bagnall)

Isotoma anglicana  Lubbock
Isotomurus palustris  (Miiller)
Isotomurus maculatus  Schaeffer
Isotoma notabilis  Schiffer
Isotoma viridis  Bourlet

Isotoma tigrina  (Nicolet)
Heteromurus nitidis  (Templeton)
Lepidocyrtus cyaneus Tullberg
Lepidocyrtus lignorum  (Fabricicus)
Pseudosinella decipiens Denis
Sminthurinus aureus {Lubbock)
Sminthurinus elegans  (Fitch)
Sminthurides pumilis  (Krausbauer)
Sminthurides malmgreni  (Tullberg)
Sminthurus viridis  (Linng)
Tomocerus minor  {Lubbock)




APPENDIX XIV. Species list for pitfall traps taken at the Auchincruive
contaminated sewage sludge cxperiment

1995

Ceratophysella denticulata  (Bagnall)
Isotoma anglicana  Lubbock
Isotomurus palustris  (Miiller)
Isotoma tigrina  (Nicolet)

Isotoma notabilis  Schiffer
Isotoma viridis Bourlet
Entomobrya nivalis  {(1inné)
Heteromurus nitidis  (Templeton)
Lepidocyrtus cyaneus  Tullberg
Lepidocyrtus lignorum  (Fabricicus)
Pseudosinella decipiens  Denis.
Sminthurinus aureus (Lubbock)
Sminthurinus elegans  (Fitch)
Sminthurides pumilis  (Krausbauer)
Sminthurus viridis  (Linné)
Tomocerus longicornis  (Miiller)

1996

Anurida pygmea  (Bdrner)
Ceratophysella denticulata  (Bagnall)
Isotoma anglicana  Lubbock
Isotomurus palustris  (Miller)
Isotomuruy maculatus  Schaetfer
Isotoma notabilis  Schiffer
Isoroma viridis  Bourlet

Isotoma tigrina  (Nicolet)
Entomobryva nivalis  (Linng)
Heteromurus nitidis  (Templcton)
Lepidocyrtus cyaneus  Tultberg
Lepidocyrtus lignorum  (Fabricicus)
Pseudosinella decipiens Denis
Sminthurinus aureus (Lubbock)
Sminthurinus elegans  (Fitch)
Sminthurides pumilis  (Krausbauer)
Sminthurides malmgreni (Tullberg)
Sminthurus viridis  (Linng)
Tomocerus longicornis  (Miiller)
Tomocerus minor  {Lubbock)
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APPENDIX XV. Analyses of pharmaceutical wastcs applied at Jolms Field

Auchincruive

Table XV.1 Metal content of ATS waste 1994

Metal Concentration (mg kg™)
Cadmium < 0.01

Nickel 0.04
Chromium 0.15

Lead 0.14

Copper 0.25

|Zinc 0.63

Table XV.II Metal content of SAS waste 1993

Metal Concentration (g I'")
Cadmium 0.05
Nickel 0.35
Chromium 0.80
Lead 0.05
Copper 0.06

Zinc 18
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APPENDIX XVI. Species present in Litterbags (1995) in ATS experiment Holms
Field Auchincruive

Anurida pygmaea {Borner) l
Ceratophysella denticulaia  (Bagnall) :
Folsomia candida (Willem)
Folsomia quadrioculata  (Tullberg)
Folsomia fimetarioides (Axelson)
Isotomodes productus  (Axelson)
Isotoma anglicana  Lubbock
Isotomurus palustris  (Miller)
Isotoma notabilis  Schiffer

Isotoma viridis  Bourlet
Heteromurus nitidis  (Templeton)
Lepidocyrius cyaneus  Tullberg
Lepidocyrtus lignorum  (Fabricicus)
Pseudosinella decipiens Denis
Sminthurinus aureus (Lubbock)
Sminthurides pumilis  (Krausbauer)
Mesaphorura macrochuacta  (Rusek)
Stenaphorura denisi  (Bagnall)
Onychivius circulans  Gisin
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APPENDIX XVII. Species present in Litterbags (1995) in SAS experiment Holms
Field Auchincruive

Anuride pygmaea (Borner)
Ceratophysella denticulata  (Bagnall)
Friesea claviseta  Axelson
Folsomia candida (Willem)
Folsomia fimetarioides (Axelson)
Isotomodes productus  (Axelson)
Isotoma anglicana Lubbock
Isotomurus palustris  (Miudler)
Isotoma tigrina  (Nicolet)

Isotoma notabilis  Schiffer
Isotoma viridis  Bourlet
Lepidocyrtus cyaneus Tullberg
Lepidocyrtus lignorum  (Fabricicus)
Pseudosinella decipiens  Denis
Mesaphorura macrochaeta (Rusek)
Onychiurus circulans  Gisin

UNIVERSITY
[ LIBRARY

219




