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Stellingen
1. Insecticiden, herbiciden en fungiciden kunnen symptomen van
eutrofiéring veroorzaken.
Dit proefschrift.

2. Het ecologisch risico van individuele bestrijdingsmiddelen in
opperviaktewater is acceptabel als voldaan wordt aan de criteria
voor waterorganismen zoals beschreven in de Europese
regelgeving volgens de Uniforme Beginselen.

Dit proefschrift, Lahr et al, 1998. STOWA Rapport 98-30; Van
Wiingaarden et al., 1998. STOWA Rapport 98-31.

3. Muitivariate technieken vormen, mits goed toegepast, een
essentiéle aanwulling op gangbare univariate statistische
technieken om semi-veldexperimenten te analyseren.

Dit proefschrift.

4.  Semi-veldexperimenten zijn een waardevol hulpmiddel voor het
vaststelten van de ecologische risico’s van contaminanten.
Dit proefschrift.

5. Voor het ontwikkelen van effectmodellen zijn gegevens over de
levenscyclus van soorten van vitaal belang. Beschrijvend
ecologisch onderzoek verdient meer waardering en aandacht bij
academische instellingen.

6. De landbouwkundige praktijk van de gewasbescherming heeft
emissie wvan verscheidene bestrijdingsmiddelen naar het
opperviaktewater 1ot gevolg. Daarom is voor een adequate risico-
evaluatie naast de stofgerichte benadering ook een teeligerichte
benadering nodig.




10.

11.

Alhoewel de NOEC voor de evaluatie van laboratoriumtoetsen van
beperkte waarde is, is deze paramster goed bruikbaar bij de
evaluatie van semi-veldexperimenten.

Chapman et al, 1996. Ecotoxicology, 5: 169-186, 1996, dit
proefschriff.

De discussie over welke ecologische effecten aanvaardbaar zijn bij
landbouwkundig gebruik van bestrijdingsmiddelen, is niet alleen een
wetenschappelijke maar vooral een politieke.

De beursgang van Ajax vertoont overeenkomsten met de grasmat
waarop zij speelt.

Het is voor de wijnliethebber prettig dat de geneeskunde steeds
meer de gezonde kanten van de geneugtes des levens belicht,
Lemeshow et al., 1998. American Journal of Epiderniology 148:
298-306.

Meten is (z)weten maar zonder dit wordt modelleren fantaseren.

Stellingen behorende bif het proefschrift:

“Ecological and statistical evaluation of effects of pesticides in freshwater
mode! ecosystems”

Paul J, van den Brink, Wageningen, 2 maart 1999.
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Chapter 1

General introduction

The twentieth century has seen a rapid increase in the human population. Te satisfy
consumption needs, intensive agriculture was stimulated. The use of agrochemicals
{feriilisers, pesticides) was greatly expanded to increase crop productivity in a cost-effective
way. It soon became apparent, however, that intensive use of agrochemicals alsc caused
environmental problems (e.g. Carson, 1962).

Agricultural pesticides are, as the name indicates, chemicais deliberately released
into the environment to control pests that harm crops. This mode of application implies that
they may reach non-target areas. Aquatic ecosystems, for instance, have been reported to
become contaminated by pesticides due to spray drift, drainage, run-off, atmospheric
deposition and/or accidental spills (Capri and Trevisan, 1998). Since aquatic ecosystems
include key species related to the target organisms of pesticides, undesirable side effects
on agquatic plants and animals may ensue (Hurlbert, 1975; Hill et al., 1994}. Consequently,
autherities have set criteria to protect aquatic life from pesticide stress. Recently, the
European Union adopted the Uniform Principles, a registration procedure for the placing of
plant protection products an the European market in which also water quality criteria are
incorporated (EU, 1997; see also Table 1). These new water quality criteria are among the
main reasons why several traditional products are now banned (or will be in the near
future), and many new active ingredients are not allowed on the European market, or only
in highly restricted circumstances (CTB, 1997). The current registration procedures,
however, are often debated because of the economic consequences of unduly strict, and
the ecological consequences of unduly lenient environmental risk assessment criteria.

Tiered risk assessment approach

ldeally, when assessing the ecological risks of a new pesticide, one investigates its
fate and effects under realistic field conditions, taking into account normal agricultural
practice and the spatial and temporal variability of the ecosystems potentially under stress.
The time, costs and logistics necessary for this approach, however, make it impossible to
evaluate all active ingredients and formulated preducts in this way. Thersfore, a tiered
approach has been adopted in Europe. The first, relatively simple, tier of aquatic risk
assessment is based on the estimation of a PEC/NEC ratio. In this ratio, the calculated
concentration of the pesticide in surface water (Predicted Environmentat Concentration;
PEC) is compared with the expected No Effect Concentration (NEC). If the PEC does not
exceed the NEC, no effects of the pesticide on the aguatic community are expected.
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Table 1. EU criteria as set for the impact of pesticides on non-target species.

Tier Compartment Criteria
and organisms

First tier Terrestrial

Birds and other short-term PEC < 0.1 x LD5S0

terrestrial non-target long-term PEC < 0.2 x NOEC

invertebrates BCF <1
unless..

Honeybees maximum application rate < 50 x LD5G
unless..

Beneficial arthropods maximum application rate may not cause effects or death for
more than 30% of test crganisms in a laboratory test
unless..

Earthworms short-term PEC = 0.1 x LD5Q
long-term PEC < 0.2 x NCEC
unless..

Soil micro-organisms maximum apptication rate may not cause inhibition of nitrogen or

carbon mineralizaticn of larger than 25% after 100 days in the
laboratory

unless..

Surface water
Fish, Daphnia and algae | Short-term PEC < 0.01 LC50 or EC50Q fish or Daphnia
Short-term PEC < 0.1 EC50 algae

Long-term PEC < 0.1 NOEC fish or Daphnia

BCF < 1000 for readily biodegradable active substances
BCF < 100 for not readily biocdegradahle active substances

Second tier unless it is clearly established throaugh an appropriate risk

assessment that under field conditions no unacceptable impact
on the viability of exposed species (predators) occurs - directly
or indirectly - after use of the plant protection product according

to the proposed conditions of use

PEC: Predicted Environmental Concentration; LD50: Lethal Dose 50%; NOEC: No Observed Effect
Concentration; BCF: BioConcentration Factor; LC50: Lethal Concentration 50%; EC50: Effect
Concentration 50%

The first tier PEC is generally calculated with the help of a computer model for a
standard freshwater system (stagnant; water depth 30 cm) on the basis of the
recommended dose used for pest control and the percentage of expected drift {or input
from another entry route; Capri and Trevisan, 1998). The NEC is based on concentration-
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effect relationships studied in the laboratory with a limited number of “standard” species,
viz., an alga, Daphnia and fish (Figure 1). These species have been chosen because of
their ease of handling and rearing in the laboratory. Their test procedures are highly
protocolized and well described in, for instance, OECD guidelines {Organisation for
Economic Co-operation and Development; OECD, 1993). The standard test species are
regarded as convenient surrogates for sensitive indigenous species of aquatic
ecosystems, despite a general awareness of the uncertainty associated with the
extrapolation from one species to another. To protect sensitive indigenous aquatic
populations, the NEC is usually calculated by multiplying the toxicity value of the most
sensitive standard test species by an assessment factor (usually a factor of 1/100 for acute
ECS50s or a factor of 1/10 for chronic NOECs; for more details see Table 1).

Figure 1. Standard test species as used for the aquatic risk assessment of pesticides.

The above-mentioned first tier in the risk assessment procedure is considered
conservative, partly because of the higher dissipation rate and the generally lower
bioavailability of pesticides in the field compared with the standardised test conditions in
the laboratory, and partly because of the more or less worst case conditions adopted in the
standard scenario to calculate the PEC. Therefare, if the first tier indicates potential risks,
European guidelines for the admittance of pesticides on the market offer the possibility to
include ecologically more relevant data in an advanced risk assessment procedure. This
advanced risk assessment procedure can be regarded as the second tier, the “unless”
procedure described in Table 1. This second tier does not consist of well-defined rules like
the first one, but has to be tailor-made, depending on the degree of uncentainty in the risk
remaining after the first tier. The requested additional information may range from, for
instance, more information on the susceptibility of indigenous species to a better
estimation of the half-life of the chemical in water. Experiments on an ecosystem level are
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frequently requested and performed to demonstrate that the actual risks of a particular
pesticide are acceptable when used under normal agricultural practice.

Need for validation and use of microcosms and mesocosms

The use of laboratory tests for the ecological risk assessment of pesticides is often
disputed because of its lack of ecological realism {e.g. Kimball and Levin, 1985). To test
whether the risk assessment procedure as described above protects the aguatic
environment, the representativeness of the standard test species and the values of the
assessment factors used should be validated. Ideally, the effects of pesticides should be
evaluated at ecosystem level under natural conditions. This can be done by monitoring the
dynamics of communities in impacted water bodies under field conditions and comparing
them with a reference site. However, non-impacted reference sites are rarely available,
and obscuring variables often make these fisld-observations difficult to interpret in terms of
causal effects.

Another approach is the use of man-made experimental ecosystems: microcosms
or mesocosms. Microcosms and mesocosm are made up of parts of natural ecosystems.
They are brought together in a container (for instance an aquarium or a concrete 1ank) and
are left to develop inte a system that is complex enough to serve as a model for a natural
ecosystem in terms of structure and function. The use of microcosms or mesocosms
provides a bridge between the laboratory and the field, in terms of being manageable and
allowing replication and hence an experimental set-up on the one side and providing
realism in terms of ecological processes and exposure to the chemical on the other side
{Brock et al., 1995}

The difference between microcosms and mesocosms is their size and hence often
also their complexity. The summary and recommendation document of the EWOFFT
(Crossland et al., 1994) defined microcosms as experimental tanks/ponds with a water
volume of less than 15 m® or experimental streams less than 15 m in length, while
mesocosms are systems that are larger than 15 m® or 15 meter, respectively. It is very
important that the dimensions, and hence often the complexity, of the test system meet the
requirements needed to solve the research question. Thus, if scaled propetly, the use of
microcosms or mesocosms can provide the best of both warlds; if their dimensions are not
adjusted 1o the research needs, it can suffer the disadvantages of both.

Pesticide studies in aquatic microcosms and mesocosms have frequently been
used for both regulatory and scientific purposes (Hill et al., 1994; Graney et al., 1994). A
framework of criteria and relevant endpoints for an acceptable aquatic microcosm or
mesocosm study for pesticide registration is provided by several guidance documents
(Touart, 1988, SETAC-RESOLVE, 1992; SETAC-Europe, 1992). However, the question
"What should be measured to indicate the magnitude and duration of ecosystem
responses to pesticide stress?” is not fully answered by these guidance documents,

4
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because of the enormous complexity and variability of freshwater ecosystems.
Nevertheless, it is generaily recognised that a flexible framework can serve regulatory
purposes, and that it is particularly the uncertainties arising from the earlier tiers of risk
assessment which should guide the appropriate set of measurement endpoints in a
microcosm or mesocosm study.

The need for inferpretative tools

In recent years, the evaluation and interpretation of microcosm and mesocosm
studies are frequently disputed between representatives of the industry and regulatory
bodies. Questions like “How should these studies be evaluated?” and “What constitutes an
acceptable effect?” are often raised.

A difficult stage in the evaluation of microcosm and mesocosm experiments is the
analysis and interpretation of its results. The sampling of the various communities (e.g.
zooplankton, phytoplankton, macroinvertebrates) in time results in large data sets
comprising the dynamics of many species. These data sets are not easily analysed for
treatment effects. Data from microcosm and mesocosm experiments are usually analysed
with the same methods as those used for the analysis of standard laboratory test resulis.
Normally, univariate methods like a statistical test (NOEC calculation) or regression
analysis (EC50 calculation) is performed for each taxon. Because of the variability and/or
low abundance of the majority of taxa, a satisfactory evaluation of treatment effects is only
possible for a lmited number of taxa (Van Wijngaarden et al., 1996). It has been
recognised that in contrast to univariate methods, multivariate methods may enable
researchers to use all infermation present {Crane et al., 1997). These methods are able to
analyse treatment effects at a higher taxonomic level, viz., the community level. Cver the
last few years, various attempts have been made to analyse microcosm and mesocosm
data at the community level (e.g. Leeuwangh, 1994; Van Wijngaarden et al., 1995; Shaw
and Manning, 1996). The techniques used, however, are relatively complex and often not
well understood. Also, the interpretation of the results they produce, for instance in the
form of biplots, is often not straightforward, making the findings difficult to interpret.

Aims of the thesis

Four specific aims are addressed in this thesis.

1 To validate the assessment factors of the first tier of aquatic risk assessment for
pesticides using three chemicals with different modes of action (insecticide, herbicide,
fungicide) as benchmark compounds.

2 To gain insight into long-term community responses and the factors determining the
recovery of affected populations after a single application of an insecticide in
experimental ditches.
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3 To evaluate long-term responses in terms of ecosystem structure and functioning to
chronic exposure to a herbicide and fungicide in aquatic microcosms.

4 To develop a technique that facilitates the interpretation of the results of microcosm
and mesocosm experiments at the community level.

Test systems and substances used for this thesis

Two different test systems were used for the experiments described in this thesis,
namely microcosms and mesocosms. Both test systems were chosen to mimic
macrophyte-dominated drainage ditches, because this is the type of ecosystem that is
expected to suffer most from pesticide contamination in the Netherlands. The microcosms
are relatively small systems (1 m), situated in a laboratory of the Wageningen Agricultural
University, the Netherlands (Figure 2A; Brock et al., 1992). The advantage of these indoor
systems over the outdoor mesocosms is that they allow a relatively large level of control
over the abiotic environment {e.g. temperature, light regime) and that they are relatively
easy to handle in terms of construction and sampling. The disadvantage of these systems
over outdoor systems is that it is impossible to maintain some populations in these
systems and that they do not allow the researcher to study the recovery of all affected
populations {e.g. emergent insects do not have the oppertunity to re-enter an indoor
microcosm after emergence). The large mesocosms (60 m® Figure 2B; Drent and
Kersting, 1993) are situated at the experimental research station “De Sinderhoeve” in
Renkum, the Nethertands. They were used for the study focussing on long term
community responses and recovery of affected populations, white the indoor microcosms
were used when the direct and indirect effects of chemicals and their threshold levels were
the main objectives of the study.

The first three aims of this thesis were addressed by evaluating the effects of three
pesticides, with different modes of action, with the help of microcosms and mesocosms.
For this purpose an insecticide, a herbicide and a fungicide were chosen, The
acethylcholine-esterase inhibiting organophosphate chlorpyrifos was used as a model
substance for insecticides. Although this insecticide has been used in several other
studies, at the time of the start of the experiment it had hardly been studied at realistic low
concentrations and/or in great detail (Van Wijngaarden et al., 1998b). Linuron was chosen
as a model substance for the photosynthesis inhibiting herbicides, the type of herbicides
most commaonly used in the Netherlands (NEFYTO, 1896). Carbendazim, a benzimidazole
fungicide, was evaluated because it is frequently used in the Netherlands (NEFYTO,
1996), but reliable data on its toxicity and effects on aquatic ecosystems were largely
lacking. Some physicochemical characteristics of the substances are shown in Table 2.



Figure 2. Overview of microcosms (top) and mesocosms (bottom) used.
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Table 2, Some characteristics of the pesticides evaluated as listed in the Pesticide manual (Tomlin,

1997).
Chlorpyrifos Linuren Carbendazim
Pesticide group Insecticide Herbicide Fungicide
Chemical abstracts - 0,0-diethyl 0-(3,5,6- N'-(3.4-dichlorophenyl)- | methyl 1H-benzimidazol-
name trichloro-2-pyridinyl) N-methoxy-N- 2-ylcarbamate
phosphorothioate methylurea
Log(Kow}) 4.7 3.0 1.5 (pH=7)
Sclubility {(water, 25 °C, | 1.4 63.8 7 (pH=8)
mg/L)
DT50 (days) 1.5-100 945 124 —>350
Mode of action Chclinesterase inhibitor | Photosynthetic electron | beta-tubilin synthesis
transpart inhibitor inhibitor
Pest organisms Coleoptera, Diptera, grass, broad-leaved Micro-organisms
Homoptera, Lepidoptera | weeds, seedling
perennial weeds

Table 3 presents some relevant toxicity data of the three compeunds for aquatic
standard test organisms.

Table 3. Summary of relevant toxicity data of the pesticides for standard test organisms most
susceptible to the chemicals (in pg/l.).

Chlorpyrifos

Linuron

Carbendazim

LCS50 Daphnia

NOEC Daphnia

LC50 fish

NOEC fish
EC50 algae

NOEC algae

1 {LC50,48h; Kersting and
Van Wijngaarden, 1992}

0.1 (NOEC,21d; Kersting
and Van Wijngaarden, 1992}
4.7 (LC50,96h; Van
Wijngaarden et al., 1393)

= 1000 (EC50,72h; Van
Donk et al., 1992)

310 (LC50,24h; Stepenscn
and Kane, 1984)

3200 (LC50,96h;
Crommentuijn et al., 1997)

6 (EC50,72h; Snel et al.,
1998)

1.2 (NOEC,72h; Snel et
al., 1998)

320 (LCS0,48h; Van
Wijngaarden et al., 1998a}
10 {NOEC,18d; Canton et
al., 1976))

370 (LC50,96h; Palawski
and Knowles, 1986)

340 (EC50,48h; Canton,
1976)

-: no data found
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Outfine of the thesis

Chapter 2 evaluates the longterm effects of a single application of an insecticide
(chlorpyrifos) on the invertebrate community of freshwater outdoor experimental ditches.
Effects on invertebrates are discussed at community level, with an interpretation at species
level where necessary. Special attention is given to the relation between recovery patterns
of taxa and their life-history characteristics.

Chapter 3 describes the response of indoor freshwater microcosms to chronic treatment
with the herbicide linuron. Section | discusses the effects on primary producers and the
risk assessment of linuron. The second section deals with the effects on community
metabolism and invertebrates and discusses the ecological effect chain.

Chapter 4 discusses the effects of the fungicide carbendazim on the ecology of indoor
freshwater microcosms. Section |. discusses the risk assessment and effects on water
quality parameters and macro-invertebrates, while section Il deals with the effects on
zoopiankton and primary producers and the overall ecological effect chain.

Chapter 5 presents a novel multivariate method, designed especially for the analysis of
data from microcosm and mesocosm expetimants. This new method, Principal Response
Curves, is fully described and compared with two other metheds used in ecotoxicolegy.

Chapter 6 shows that the Principal Response Curves technique is able to reveal nat only
the dominant response pattern present in a data set, but also more subdominant ones.
This is discussed with the help of data sets from a multi-stress experiment. The results are
compared with those of two similarity indices.

Chapter 7 discusses the applicability of a multivariate technique commonly used in
ecology, Correspondence Analysis, for the analysis of results from microcosm and
mesocosm experiments. Iis results are compared, with the help of an example data set,
with those of the Principal Response Curves and Redundancy Analysis.

Chapter 8 presents a summary of the thesis and discusses the contents of the other
chapters in relation to the aims set in the present chapter. Some concluding remarks are
made and suggestions for future research are given.
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Abstract—This acticle describes the long-term effects on the macroinvernebrate and zooplagkton community in outdoor experimental
ditches after a single application of the insecticide chlorpyrifos. Nominal concentrations of 0.1, 0.9, 6, and 44 pg/l. of chlorpyrifos
were applied to two mesocosms each, while four served as controls. Both macroinvenebrates and zooplankion were sampled from 4
weeks before to 55 weeks after treatment. The macroinvertebrate and zooplankion data sets were combined into one data set and
analyzed using the multivariate ordination lechnigue *‘redundancy analysis.” The method provided & clear description of the effects
on the invertebrate community in time while still showing the effects at the species level. Crustacea and Insecta showed a rapid,
concentration-dependent decrease in numbers after insecticide application (direct effects). An increase in gastropods and Oligachaeia
was found, suggesting indirect effects. The start of recovery of the invertebrate populations affected was found to depend not only
on the susceptibility of the taxa but also on ecological characteristics, such as the length of the life cycle. A no-observed-effect
concentration of 0.1 wg/L could be derived both at the species and the community level. Safe concentrations, based on no-observed-
short-term-effect levels for some characteristic indigenous taxa susceptible to chlorpyrifos, also appeared to protect the total invertebrate
communitly in the long term. The invertebrate community at all rreatment ievels was considered to have recovered after 24 weeks

positreatment.

Keywords—Mesocosms invertebrate community

INTRODUCTION

Model ecosystems that mimic freshwater ecosystems are of-
ten used to assess the potential ecotoxicological hazards of pes-
ticides [1-31. A major advantage of these experimental fresh-
water ecosystems is their simulation of realistic pesticide ex-
posures to aguatic organisms in a complex ecosystem. Thus,
effects on and recovery of a wide array of species can be studied
while allowing interactions between the varicus populations of
a community.

This arttcle is the second of a series of three dealing with
the impact of a single application of the insecticide Dursban®
4E (active ingredient chlorpyrifos) on the ecology of outdoor
mesocosms. The studies presented in this series were initiated
in order to evaluate the significance of standard laboratory tests
for predicting effects of a pesticide in aquatic ecosystems. The
first anticle compared acute toxicity to indigenous species in the
laboratory with short-term effects in the mesocosms. It also
proposed a safe concentration for the mesacosms based on short-
term effects observed in these systems [4]. The third arnticle will
deal with the effects of the insecticide on ecosystem functioning
and oxygen metabolism in particular.

The aims of this article are to describe long-term effects of
a single application of the nsecticide chiorpyrifos on inverte-
brate populations and the invertebrate community of outdoor
experimental ditches, to evaluate the rate of recovery of sus-
ceptible populations and the invertebrate community, and to set
safe threshold values for susceptible indigenous populations and
the invertebrate community.

* To whom correspondence may be addressed
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Multivariate ordination techniques

Recovery NOEC

MATERIALS AND METHODS
Experimental design

On May 8, 1990, the organophosphorus insecticide Dursban
4E was applied once by means of a spray boom to eight outdoor
experimental drainage ditches {mesacosms). Four dose levels
were applied to two mesocosms each, while four other systems
served as controls, Each mesocosm had the following charac-
teristics: length, 40 m; width at water surface, 3.4 m; water
volume, 60 m* and mean water depth, 0.5 m. Details of the
construction and equipment of the mesocosms can be found in
Drent and Kersting [5]. The aquatic commurity in the meso-
cosms resembled that of macrophyte-dominated drainage ditch-
es,

The nominal concentrations of the active ingredient chlor-
pyiifos, calculated from the amounts of insecticide sprayed and
the water volume of the mesocosms, were O.1, 0.9, 6, and 44
wg/L. These concentraticns are related to agricultural applica-
tion in the sense that the lowest treatment level is considered
a safe standard concentration, while the highest correspends to
a “realistic worst case” scenario. Common agricultural appli-
cation of chlorpyrifos in the Netherlands results in predicted
environmental concentrations (PECs) of 0 10 64 pg/L (authors’
calculations). Detailed information on the expenimental design
can be found in the first article of this series [4].

Invertebrate community sampling and analysis

The invertebrate date ser. From week —4 through week 56
the zooplankton and macroinvertebrate communities were sam-
pled 15 times. These communities were sampled in both mac-
rophyte-dominated and macrophyte-free locations. The sampled
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individuals were identified in the laboratory, 10 species level if
possible. The sampling and identification methods are described
in detail in part I [4].

To evaluate the effects of the insecticide at the level of the
inveriebrate community, all zooplankton and macroinvertebrate
data sets had to be combined inio one. Abundances of macro-
zooplankten (>>300 pum) in macrophyte-free and macrophyte-
dominated locations were lumped. The lumped data set was
then used to calculate average numbers for each mesocosm. The
averages (numbers per liter) of the macrozooplankton and the
data set of the microzooplankton were combined into a single
zooplankton data set. As was described in detail in part I, the
macroinvertebrates were sampled in both macrophyte-free and
macrophyte-dominated locations by means of artificial sub-
strates [4]. Samples of the two locations were also lumped and
average numbers calculated. Abundance data for zooplankton
(numbers per liter} and macroinvertebrates (numbers per sub-
strata) were In (10x + t)}-transformed (for the rationale of this
transformation see Van den Brink et al. [6]) and subsequently
standardized. The following formula was used for standardiza-
tion:

abundance values data set Macroiny.,qyeizes

185,
= [ 3%ams s Zooph ;
= dus s 2ol % abundance values data set Macroinv,
15800 o0

Mucroiny.

where 55 is the total sum of squares of the corresponding ma-
croinvertebrates (Macroiny) and zooplankton (Zoopl) data sets.
This standardization was needed to make both data sets equally
important in terms of amount of variance. In our case, the
**square root term” in the formula resulted in a factor of 0.98.
As a consequence, the log-transformed abundance values of the
macreinvertebrate data set were multiplied by 0.98. All siatis-
tical analyses were performed using the invertebrate data set
thus obtained.

Multivariate analysis of treatment effects. Effects ai the com-
munity level can be analyzed by means of multivariate regres-
sion techniques such as principal component analysis (PCA) [7)
and redundancy analysis (RDA). Redundancy analysis is the
constrained form of PCA and has the advantage of allowing
effects of explanatory variables to be expressed and can be
combined with a Monte Carlo permutation test for statistical
analysis [8]. These technigues have a limited and comprehen-
sible output, even when starting with complex and large data
sets. They provide a'clear overview of temporal and treatment
effects on a community and can indicate recovery of this com-
munity [].

In the present study, the responses and recovery in time of
the invertebrate comrmunity after the Dursban 4F treatment were
analyzed using RDA. The sampling periods, comprising weeks
—4 through 24 and weeks 42 through 55 (before and after the
winter season, respectively), were analyzed separately.

Principal component analysis and RDA are based on a linear
response medel. This means that they calculate a linear regres-
sion line from the abundance data of all samples. This regression
line represents a fraction of the total variance in the data set
and is presented in a diagram as the first axis (see Fig. 3). A
second regeession line is extracted from the remaining variance,
representing the second axis of the diagram. In extracting the
regression lines, PCA takes into account all variance of a data
set. In contrast to PCA, RDA is constrained to the fraction of
the total variance that is explained by the explanatory variables.
These explanatory variables are fixed upon the analysis a prior.

Table 1. Macrophyte biomass used as covariable in the redundancy
analysis for weeks —4 through 24. The mean biomass values for the
sampling weeks —2 and |13 are shown

Macrophyte biomass (kg dry wi./m?)

Repli-
cate Gl g/l 09 pg/l 6 pg/l 44 pg/l
num-  Control Treatment  Treatment Treatment Treatment
ber MESOCAsMs MesoCosST  MESOCOS  Mesacasm Mesocosm

1 0.26 0.22 0.26 027 0.24
2 0.26 0.26 0.14 0.26 0.28
3 024 — — — _
4 0.26 - — — —

The percentage of the total variance of the data set explained
by the explanatory variables is called the sum of all canonical
eigenvalues, The axes in an RDA (e.g., Fig. 3) represent a
percentage of this sum. The higher these percentages, the more
variation is explained by the axes, Values of about 30 to 40%
are quite common in ecclogical applications {9]. For more the-
oretical background information and technical details see Ter
Braak [9-11]. Specific details on the application of RDA to the
results of modet ecosystem experiments are given in Vao Wijn-
gaarden et al. [8].

Redundancy analysis was performed using the CANOCO
computer program, version 3.14 [10]. In the RDA, the factors
“treatment’’ and “sampling week,’’ plus their interaction, were
used as combined dummy explanatory variables since we want-
ed to focus on the relevant variance of the invertebrate data set
(i.¢., only that variance which can be attributed to time or treat-
ment}. Since macrophytes play an important role in structuring
the aquatic invertebrate community and since the macrophyte
biomass at the time of application is an important factor influ-
encing the fate and effects of Dursban 4E in aquatic ecosystems
[12], macrophyte biomass was used as a covariable to correct
for possible systematic differences between the mesocosms. In
order to cbtain a good macrophyte biomass estimate for the
period comprising weeks —4 through 24, the mean of the mac-
rophyte biomasses sampled in weeks —2 and 13 was used as a
covariable. Macrophyte biomass for these sampling weeks was
estimated (in kitograms dry weight per m?) by sampling the
macrophytes in five 1-m* plots in each mesocosm. The mac-
rophyte biomasses of the mesocosms, used as covariables, are
given in Table 1. Only one mesocosm showed a deviant biomass,
one replicate of the 0.9-pg/L treatment. Because no macrophyte
biomass estimations were available for the period consisting of
weeks 42 through 55, covariables were used only in the first
analysis (weeks —4 through 24). Within CANOCO, we optled
for scaling 1 (euclidean distances) since dummy explanatory
variables were used [13]. Apart from this, the default options
were chosen.

To check whether treatment-related differences shown in the
RDA diagrams were statistically significant, Monte Carlo per-
mutation tests, incorporated in CANOCO, were carried out.
General concepts of Monte Carlo permutation tesling, combined
with ordination, have been described in Ter Braak et al.
[10,14,15}. The permutation tests used in the present study have
been described in Van Wijngaarden et al, [8],

Before testing, ireatment levels were log-transformed. We
did so because dose—response curves are intrinsically sigmoid
[16], and this allowed us to fit the dose—response curve as close-
Iy as possible to the linear response model in the RDA. Because
of the limited options for permutation, permulation testing of
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Fig. 1. Dynamics of numbers of arthropod (A) and nonarthropod {B) taxa. Shaded areas represent the minimum and maximum nuzbers collected
in the control mesocosms. The lines represent the average number of taxa collected per treatment.

cach treatment scparately against the controls was useless.
Therefore, all treatments were tested jointly with controls. The
tests were performed for each sampling week, with In (20x +
L)-transformed nominal concentrations as log—dose, where x is
the nominal concentration (for the rationale see Van den Brink
et al. [6]).

No-observed-effect concentration calculations. To study ef-
fects on and recovery of separate taxa, univariate analyses were
performed on the 19 most discriminant species of the RDA
analysis of the period comprising weeks —4 through 24, These
analyses used the Williams test [17], which assumes an increas-
ing effect for an increasing dose. This test allowed us to establish
a no-observed-effect concentration (NOEC) (» < 0.05) for each
sampling week for each taxon. The Williams test was performed
using the Community Analysis computer program, version 3.5
{18].

Before the NOEC, i, could be obtained, a variable had
to be calculated that best summarized the community variance.
Redundancy analysis is not suitable for providing this variable
because it uses explanatory variables, which are a priori-related
to the toxicant. In PCA, however, the entire unconstrained vari-
ance of the data set is taken into account. Therefore, PCA was
used to calculate the first principal component, which is the
single variable that summarizes the community variation best;
it is a linear combination of the species data, not a priori-related
to the toxicant. Principal component analysis was performed on
the invertebrate data set for each sampling week using the CAN-
OCOQ computer program. When the principal component of the
samples (coordinates of the first PCA axis) was analyzed with
the Williams test, we tested whether these coordinates repre-
sented the treatment regime. These analyses resulted in an
NOEC, iy for each sampling week.

Analvsis of functional growps. It may be questioned whether
effecis on individual species are reflected in the properties of
the community. We therefore evaluated effects on funciional
feeding groups of macroinvertebrate taxa. Five groups can be
distinguished: shredders, scrapers, predators, collector filter-
feeders, and collector gatherers [19,20]. Zooplankton was ex-
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cluded since no information on functional groups was available.
The eriginal macroinveriebrate data set was used for the anal-
ysis. All abundance values of taxa belonging to the same func-
tional group were added up; if a taxon belonged to two or three
functional groups, its abundance value was divided evenly over
these functional groups. From these summations, the relative
share of each functional group could be calculated. These cal-
culations were done for three periods: weeks —4 through —1,
weeks | through 4, and weeks 47 through 51.

RESULTS
General sampling results for the invertebrate community

A total of 189 taxa were identified and their abundance de-
termined (59 zooplankton and 130 macroinvertebrale taxa). in
terms of the numbers of taxa, the most important taxonomic
groups were Insecta (103), Rotatoria (36), Crustacea (22), and
Gastropoda (15).

In the first week after insecticide treatment the number of
arthropod taxa decreased substantially at the two highest treat-
ment levels (Fig. 1A), unlike the number of nonarthropod taxa
(Fig. 1B).

Before treatment, no differences in functional group com-
position or in absolute numbers of macroinvenebrate individuals
sampled were observed between (reatments (Fig. 2A). Com-
pared to the controls, numbers of macroinvertebrates were sig-
nificantly lower at the 0.9-pg/L treatment level and higher (Fig.
2B). At these treatment levels, ratios of the functional groups
had shifted; shares of collector gatherers decreased and shares
of collector filterers increased (Fig. 2B). One year after treat-
ment the relative share of collector gatherers and scrapers was
found 10 have decreased in all trearments (Fig. 2C}. At all wreat-
ment levels except the highest, the share of shredders had in-
creased in the year after treatment (Fig. 2C).

Multivariate and univariate analvsis

Sampling period of weeks —4 through 24. The RDA diagram
(Fig. 3) summarizes the treatment effects in the data set while
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Fig. 2. Relative shares (%) of the macroinvertebrate individuals sampled for the functional feeding groups averaged over three periods. (A)
Before treatment {weeks —4 and —1). (B) Weeks | through 4. (C} Weeks 47 through 51. The absolute numbers of sampled individuals per

treatment are also indicated.

still showing the approximate species composition for all sam-
ples. In the diagram, samples with nearly identical species com-
position lie close together, while samples with very different
species composition lie far apart. If an imaginary line is drawn
through a species point and the origin of the plot, the relative
abundance of this species in all samples can be derived by
perpendicularly projecting the sample point on this imaginary
line. The samples projecting on the *‘species line® far away
from the origin but on the same side of the origin as the species
point contair relatively high numbers of this species. The greater
the distance between the projection of a sample and the origin,
the more abundant this species is in this sample. [f a sample
peint projects on the other side of the origin compared to the
species point, numbers of this species are relative low in this
sample. [n the diagram, the species Cloeon diprerunt is relatively
abundant in all control samples and {almost) absent from the
samples of weeks 1, 2, and 4 for the highest treatment lavel.
To limit the number of taxa shown in the diagram, only the 45
most discriminant taxa in each analysis are presented. The 45
most discriminant taxa are defined as the 45 taxa with the highest
fractions of variance explained by the axes.

The RDA indicated pronounced effects of the insecticide
application on the invertebrates (Fig. 3). The diagram reveals
a dose-effect relationship: the magnitude of the effect of the
treatment decreases in the order 44 > 6 > 0.9 > 0.1 pg/l. =~
contrels. The clustering of all pretreatment samples indicates
minor differences between the mesocosms at the start of the
experiment. The shift of the centrol samples from the left to
the right indicates a time vector in this direction. The line rep-
resenting the 0.1-pg/L treatment level is situated closest to the

control line and most closely resembles its pattern. All week
24 samples of the treated mesocosms are situated close 1o the
correspanding control samples, indicating that differences at 24
weeks postireatment were minor. This suggests recovery of the
invertebrate community in all treated mesocosms. The direction
of the treatment vector is from the upper left quadrant to the
lower right quadrant (Fig. 3). Those taxa affected negatively by
the treatment are situated in the upper left quadrant and above
the line tepresenting the control treatment. Insusceptible and
positively affected taxa are situated below this tine. The treat-
ment resulted in a decrease in the numbers of most arthropods,
especially ephemeropilerans, dipterans, coleopterans, zygopter-
ans, trichopterans, megalopterans, amphipods, cladocerans, co-
pepods, and ostracods. Nonarthropods showing a decreasing
tendency included Ciliata (mainly Halteria sp.}, and the mol-
lusks Sphaeriidae and Armiger crista. The RDA diagram in-
dicates a positive correlation between the numbers of gastropods
{Bithynia tentaculata and Radix peregra), the leech Erpobdella
octoculata, and oligochaetes on the one hand and treatment
levels on the other.

No-observed-effect concentrations are presented for those
taxa that showed a consistent response, i.e., a significant re-
sponse on two or more consecutive sampling weeks (Table 23,
MNegative effects were most pranounced from weeks 0.1 through
4. Mosi taxa recovered within 24 weeks. Caenis horaria and
Gamritarus pulex fatled to recover fully within the first 24 weeks
postireatment. The statistical analysis indicates that Oligochaeta
spp. and Stvlaria lacusiris were significaptly more abundant in
the high treatment levels than in the controls (Table 2}. Cloeon
dipterum showed a decrease in numbers-in the 0.9-, 6-, and 44-
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Fig. 3. Ordination diagram (redundancy analysis [RDA]) indicating effects of a single application of the insecticide chlorpyrifos on zooplankton
and macroinveriebrates. The sampling period covered weeks —4 through 24, Samphng week and treatment level, as well as their interactions,
were taken as explanatory variables, macrophyte biomass was taken as a covariable. The lines represent the course of the treatment levels in
time. Of all variance, 55% can be attributed to the explanatory vanables. Of this explained variance, 37% is displayed in the diagram. Only

those 45 species most discriminant for the diagram are shown,

ng/L reatments compared 1o the controls. The 0.9- and 6-pg/L
treatments returned to control abundance values within 8 weeks
posttreatment; the 44-ug/L treatment, within 15 weeks. In con-
wrast to C. dipterum, C, horaria failed to return to controt abun-
dance values in the - and 44-pg/L treatments within 24 weeks
{Table 2 and Fig. 4).

Sampling period of weeks 42 through 55, The RDA over the
sampling period of weeks 42 through 35 indicates treatment-
related differences in species composition (Fig. 3), with the
effect of the treatment decreasing in the order 44 = 6 =~ (1.9 >
0.1 pg/L == comtrols. The direction cf the treatment vector in
the RDA diagram (Fig. 5) is from the top to the bottom. The
direction of the time vector is from left to right. Taxa less
abundant in the treated mesocosms are situated at the top, and
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the insusceptible and positively affected taxa are situated at the
bottom. Gammarus pulex, C. horaria. and Coenagronidae spp.
occurred in significantly lower numbers at the highest treatment
levels (Table 2). Gammarus pulex was almost absent from the
0.9-pug/L and completely absent from the 6- and 44-pg/L me-
socosms in week 55 (Fig. 6). Taxa that ocewrred in higher den-
sities than in the controls (though no significant differences
could be demonstrated) included the Agrvpnia/DasystegialPhry-
ganea complex and Bithvnia tentaculara (see Fig. 5 and Table
2).

Monte Carlo permutation and NOEC,,,, .- NO significant
differences between the invertebrate communilies could be
demonstrated before treatment (Table 3). After insecticide ap-
plication, the permutation tests showed the treatment to have
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Table 2. Results of the Williams test (p = 0.05) of the discriminant taxa of the redundancy analysis. The no-ohserved-effect concentration
{NQEC) of each taxon is given per sampling week. Only those taxa that showed a significant responss in two consecutive sampling
weeks are presented

Sampling weck®

Ef-
Taxon feetr -4 -1 01 1 2 4 8 12 15 19 24 42 47 51 55
Annelida
Oligochaeta + > > > > > 0% 6 > > > 09 > > > >
Stylaria locustris + > > > > > 69 09 > > > > > > > >
Arthropods
Crustacea
Simocephalis vetulus - = > 09 09 09 0% 6 > > > > > > > >
Daphnia galeaia - np. np. np. > > o1 01 6 6 > > np. np. > >
Ostracoda - np. L!' 8 09 6 [ 09 6 6 6 > np. L! > >
Capepoda (mature stages) - > > > L! 6 > 09 > = > > > > > >
Copepoda (nauplii) - > > 09 09 09 09 6 > np. > np. wp. > > >
Gammarus pulex - np. np. np. np. np. np. 01 L} 6l o1 01 01 01 01 01
Insecta
Caenis horaria - > > -] 09 0% 01 09 6 39 o 09 > 01 L! 09
Caenis luctuosa - np. np 6 np. 0% 01 09 = > np. np. np. np L' L!
Cloeon dipterum - > > 09 01 01 01 6 = > > > > = > >
Coenagrionidae - > > > 6 & 6 = > = > > > = 01l 01
Sialis turaria — np. np. op. np. np. op. 01 np. 01 01 amp. 01 ap L! n.p.
Hygrotus versicolor — np. np. > 09 09 nop 6 09 np. np. np. np. np. np. Np.
Mystacides longicornis and
M. nigra - > > 09 09 L' a1 > 6 6 6 > np. > > n.p.
Ablabesmyia phatta and
A. monilis - > > 6 09 09 09 6 & > 09 np. np. 0L 0% np
Ceratopagonidae - > > > 09 > L! 6 6 > > > np. hp. > n.p.
Chaoborus obscuripes - L! > 01 09 ¢1 09 6 ] 6 > & > > > >
Chirenotnus ~ np  np. np. > np. > > [ 6 > > np. np. np. >

*+ indicates a significant increase in numbers in treated mesocosms relative to controls; — indicates a significant decrease,
*L! indicates an NOEC < 0.1 pg/L; n.p. indicates that the Williams test was not performed because of the absence of the taxon from two or more
controls (this criterion was used only when the effect of the weatment was negative); > indicates an NOEC of 44 pgfL.

a significant effect on the invertebrate community until week
24. After week 42 the effect became significant again. How-
ever, when G. palex was omitted, o significant effects could
be demonstrated after 24 weeks posttreatment. The lowest
NOEC,,maniy found was 0.1 pg/L (Table 3).

DISCUSSION

Overall ecological effects

The application of the higher treatment levels of chlorpyrifos
in our mesecosms Tesulted in a pronounced decrease in the
number of arthropod species (Fig. 1A.B) and in a reduction of
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all arthroped populations abundant at the time of application
(Tabie 2). The RDA diagram (Fig. 3} can be seen as a mean
response pattern of all susceptible arthropod populations, sug-
gesting a concentration-dependent negative effect during the
first week after treatment and (the start of) recovery within 24
weeks. However, caution should be exercised in the interpre-
tation of locations of taxa in the RDA diagram in terms of
susceptibility to chlorpyrifos only. Seasonal aspecis, such as
natural suecession, should atso be taken into account, For ex-
ample, the most susceptible species according to laboratory
tests, (5. pulex [21], was not collected in most mesocosms (in-

E [} 4 8 12 18 20 24
Weeks post-treatrent

Fig. 4. Dynamics of numhers of the ephemeropterans Claeon dipterum (A) and Caenis horaria (B). Shaded areas represent the minimuim and
maximum numters collected in the control mesocosms. The lines represent the average numbers collected per weatment.
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Fig. 5. Ordination diagram (redundancy analysis [RDA]) indicating effects of a single applicaton of the insecticide chlorpyrifos on zooplankton
and macroinvertebrates. The sampling period covered weeks 42 through 55. Sampling week and treatment level, as well as their interactions,
were taken as explanatory variables. The lines represent the course of the reatment levels in time. Of all variance, 49% can be attributed to the
explanatory variables. Of this explained variance, 40% is displayed in the diagram. Oaly those 45 species most discriminant for the diagram are

shown.

cluding controls) at the time of treatment (Table 2). Numbers
increased in the controls and 0.1-pg/L. mesocosms in the course
of the experiment and failed to do so at the two highest treatment
levels (Fig. 6). This is why the position of this species in the
RDA diagram is nct really extreme (in view cof the treatment
level), in contrast to relatively less or equally susceptible spe-
cies, such as C. dipterum and Chaoborus obscuripes [21], that
were abundant at the time of insecticide treatment. Nevertheless,
the significantly lower numbers of G. pulex in the 0.9-, 6-, and
44-pg/L. weatments compared to the controls (Fig. 6 and Table
2) can be explained from its susceptibility to chlorpyrifos (96-
h lethal concentration [LC50] of 0.07 pg/L. [21]}. In general,
the negative effects on arthropod populations observed in our
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study are in accordance with results of single-species toxicity
tests [21] and other aquatic mode) ecosystem studies performed
with chlorpyrifos [12,22-31].

The loss of arthropod populations in the first week post-
treatment (direct effects) did not result in many delectable in-
direct effects on other invertebrate populations. Significant ef-
fects on nonarthrepod populations of zooplankton (Ratatoria,
Ciliata) could not be demonstrated. Of the macroinvertebrales,
only the oligochaete worms {Oligochazta spp.. S. lecustris; Ta-
ble 2) showed significant increases in abundance. A similar
indirect effect of chlorpyrifes on 8. lacustris was observed in
one of our experiments in indoor microcosms and was explained
by the increased supply of food in the form of periphytic algae
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