Benthic macroinvertebrates and
multiple stressors

Quantification of the effects of multiple stressors
in field, laboratory and model settings




Promotor:

Copromotor:

prof dr M. Scheffer
Hoogleraar Aquatische Ecologie en Waterkwaliteitsbeheer,
Wageningen Universiteit

dr A.A, Koelmans

Universitair Hoofddocent,

Leerstoelgroep Aquatische Ecologie en Waterkwaliteitsbeheer,
Wageningen Universiteit

Samenstelling promotiecommissie:

Prof dr W. Admiraal, Universiteit van Amsterdam
Prof dr H.H..T Prins, Wageningen Universiteit

Dr Ir H.H. Tolkamp, Zuiveringschap Limburg

Dr C.J.F. Ter Braak, Alterra

Dr Ir A.). Hendriks, RIZA, Lelystad




Benthic macroinvertebrates and
multiple stressors

Quantification of the effects of multiple stressors
in field, laboratory and model settings

Edwin Theodoor Herman Maria Peeters

Proefschrift

ter verkrijging van de graad van doctor
op gezag van de rector magnificus
van Wageningen Universiteit -
prof dr ir L. Speelman
in het openbaar te verdedigen
op maandag 5 november 2001
des namiddags te half twee in de Aula




E.T.H.M. Peeters

Benthic macroinvertebrates and multiple stressors — Quantification of the effects of
multiple stressors in field, {aboratory and model settings

Thesis Wageningen University, The Netherlands — With summary in Dutch

ISBN 90-5808-510-4




10

11

12

STELLINGEN

De effecten van sediment-gebonden contaminanten op in situ benthische
levensgemeenschappen zijn met behulp van statistische technieken te kwantificeren.
Dit proefschrift.

Verandering van de energiehuishouding van een organisme is een goede maat voor
de stress ondervonden door het organisme, ongeacht de aard van de stressor.
Dit proefschrift.

In het ecotoxicologisch onderzoek zijn de ecologische factoren vaak het
ondergeschoven kindje.
Dit proefschrift.

Een stressfactor komt nooit alleen.
Dit proefschrift.

Wetmatigheden vormen de basis voor een goed ecosysteembeheer hoewel
vitzonderingen de regel lijken.

Door internet en de globalisering vervagen de grenzen tussen oost en west, maar het
blijft thuis best.

Een variabele is geen parameter.

Qak binnen de waterkwaliteitsbeoordeling bestaan succes en falen alleen bij de gratie
van gedefinieerde doelen.

Modellen zijn als Plato's ideeg&n: goed voor. het begrip, gevaartijk om een wereld op te
bouwen.

Het studiehuis in het voortgezet onderwijs noopt universiteiten meer dan voorheen
studenten een kritische, wetenschappelijke houding aan te leren.

Natuur in Nederland is wat mensen ervan maken.

Een leven zonder stress is geen leven.

Stellingen behorende bij het proefschrift:

“Benthic macroinvertebrates and multiple stressors
Quantification of the effects of multiple stressors

in field, laboratory and model settings”

Edwin THM Peeters, Wageningen, 5 november 2001
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CHAPTER 1

GENERAL INTRODUCTION

There are three kinds of intefligence:

one kind understands things for itself.

the other appreciates what others can understand,

the third understands neither for itself nor through others.
The first kind is excellent, the second good,

and the third kind useless.

Machiavelli
The Prince, 71513



CHAPTER 1

Aim of thesis

The structure and the functioning of ecosystems depend on responses to natural and
anthropogenic stressors that influence the physiology and behavior of organisms, ecological
interactions within assemblages, and ecosystermn processes (BREITBURG ET AL. 1998). Natural
fluctuations in the environmental conditions have altered and regulated ecosystems
throughout their evolutionary history. However, nowadays, the impact of human activities
overrules natural fluctuations and has caused major environmental changes (BLfLSMA AND
LOESCHCKE 1997), such as climatic shifts, chemical pollution, destruction and loss of habitats,
and eutrophication. One of the major negative effects of these impacts is the rapid decline in
the world's biodiversity, impairing ecosystem functions such as primary production, carbon
and nutrient conservation and cycling, decomposition, and food webs and resilience of
ecosystemns (e.g. PERRINGS ET AL. 1995, SCHWARTZ ET AL. 2000). Also, as a result of increased
stress an ecosystem may shift in a difficult to reverse way from one alternative stable state
to another (SCHEFFER ET AL, 1993)}.

The impact on ecosystems can be caused by a variety of mechanisms and the list of
potentially dangerous chemical, physical, and biological stressors is still growing (FOLT ET AL.
1999). Usually, the effects and risks of stressors are studied individually (VOUK ET AL, 1987)
by means of field and laboratory studies and models. In nature, however, organisms are
always exposed to several simultaneously operating stressors (SCHINDLER ET AL. 1996, YAN ET
AL. 1996) that may be natural or anthropogenic. Several studies addressing the assessment
of risks associated with contaminated agquatic sediments indicate that the structure of the
biotic community depends on the impact of both contaminants and other environmental
variables (e.g. DEN BESTEN ET AL. 1995, CHAPMAN ET AL. 1997). However, the magnitude of the
effects of contaminants in relation to the contribution of other stressors such as habitat
variables remains usually unclear. Laboratory studies also demonstrated that the impact of a
certain stressor depends on the intensity of other stressors {e.g. FOLT ET AL. 1999),
Therefore, the combined effects of multiple stressors cannot be understood as a simple
product of the individual effects. To understand how multiple stressors affect the
composition and functioning of ecosystems it is necessary to know their quantitative
contributions but also to explore their interactions.

The central theme of this thesis is the quantification of the combined effects of multiple
stressors on benthic aquatic macroinvertebrates and their communities. Although stress can
come to expression at different levels of biological organization, this thesis focuses on the
community and organismal level. The following specific scientific questions are addressed: 1)
I's it possible to quantify the impact of muiltiple stressors on in sitt macroinvertebrate
communities? 2} How do muitiple siressors affect the growth of a single species under
laboratory conditions? 3) Is it possible to explain the effect of multiple stressors on individual
animals from their effects on the energy budget?




GENERAL INTRODUCTION

Definition of stress

There is no consensus about the definition of stress, as shown by reviews of LUGO
(1978), SELYE (1973), Ivanavici AND WIEBE (1981}, and GRIME (1989). According to HOFFMANN
AND PARSONS (1991) one of the difficulties in defining stress is that two components are
involved: on the one hand, the factors that affect organisms, and on the other hand the
responses in biota that occur as a consequence of these factors. The term “stress” is often
used to designate either the environmental factor(s) or the biclogical response(s}).
Furthermore, "stress” is often associated with the intensity of stress. In this view, a factor is
considered to be stressful only if the response it causes exceeds an arbitrary threshold, e.g.
when more than a certain fraction of the population is affected, Others, however, consider
the intensity of stress to be continuous, including zero (BIJLSMA AND LOESCHCKE 1997).

Due to these problems, it is not surprising that many different definitions of stress have
been formulated. According to BIJLSMA AND LOESCHCKE (1997) biological definitions of stress
fall into two classes, The first class of definitions considers stress in a physiological context.
These definitions only focus on the physiological effects in the organism. SELYE (1973) for
example defines stress as a series of physiological responses that affect the well being of
individuals. In this view, a similar physiological response can be caused by various non-
specific, stress causing factors. The second class of definitions focuses on the relationship
between the environmental factors and their specific biclogical responses. For example, SIBLY
AND CaLow {1989) define stress as "an environmental condition that impairs Darwinian
fitness". KOEHN AND BAYNE (1989) define it as "any environmental change that acts to reduce
the fitness of an organism" and GRIME (1989) as "external constraints limiting the rates of
resource acquisition, growth or reproduction of organisms”. These definitions have in
common that they emphasize that the reduction in fitness is caused by an environmental
factor and that there is no implication with respect to the intensity of the biological response.
The effect may vary from zero to complete inhibition and depends on the characteristics of
the subject and the nature, severity and periodicity of the stressor {GRIME 1989). In this
thesis the definition of GRIME {1989) for stress is followed and stressors are all kinds of
factors (natural and anthropogenic, abiotic and biotic) inducing a response.

Type of stressors

Stressors can be classified in several ways. For the purpose of this thesis, stressors will
be classified into three main groups: 1) regular environmental variables; 2) food quantity
arnd quality; and 3} contaminants. The first type includes all regular environmental factors
such as habitat factors (e.g. current flow, dimensions}, and water and sediment variables
(e.g. oxygen concentration}. The second type covers factors that determine the food
resources of the macroinvertebrates (e.g. biochemical composition of organic matter}. The
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third type covers all agents that are in general foreign to the ecosystem (e.g. pesticides,
organic micropollutants) although some of them may also be natural to the system in low
concentrations (e.g. trace metals).

Multiple stressors

Analyses of the response of organisms to stressors typically address a single species in
relation to a single stressor {VOUK ET AL, 1989). Much literature is available that deals with
the effect of a single contaminant on a single species (e.g. CAIRNS ET AL. 19584). Recently,
attempts have been made in laberatory studies to relate whole communities changes to the
impact of a contaminant (BROCK AND BUDDE 1994, BROCK ET AL. 1992a, 1992b, 1993, GiDDINGS
ET AL. 1996, MAXON ET AL. 1997). A single stressor can induce a wide range of responses
(FROST ET AL. 1999) and stressors can vary in the consistency and magnitude of their effects
(BREITBURG ET AL. 1999). Susceptibility to stressors can vary among species {DIAZ AnD
ROSENBERG 1995, WILLIAMSON ET AL. 1899) and may be influenced by the presence or
intensity of ather stressors in the environment (e.g. FOLT ET AL. 1999, LENIHAN ET AL. 1998).
Also, as ODUM (1981) noted, the response of biotic communities to perturbations varies with
the stage in their development, i.e. the stage in their ecological succession.

The combined effect of two simultaneously operating stressors can be quite different
from what would be expected on the basis of effects of the individual stressors. Various
studies, not focussing on macroinvertebrates but on other biological groups, show that the
combined effect of two contaminants may exceed the summed effects of the individual
contaminants (e.g. HANAZATO AND DOBSON 1995) and that the impact of a contaminant
depends on other non-contaminant factors (e.g. LEMLY 1993, ADAMS ET AL. 1998, PRESTON ET
AL. 1999). Comparable results have been obtained in studies that focus on the effect of
combined environmental stressors (e.g. GUZMAN-URIOSTEGU! AND ROBLEDO 1999, PORTER ET AL.
1999, RALPH 1999), on the effect of food in combination with environmental stressors
{PILDICHT AND GRANT 1999), on the effect of parasites and environmental stressors (LAFFERTY
AND KURIS 1999), and on the effect of biological and environmental stressors (DUDGEON
1993). The interaction between stressors can be classified in distinct categories. The effect
of multiple stressors is called "comparative” when the effect in combination is equal to the
effect of the single worst or dominant stressor {BRULAND ET AL. 1991). Additive effects are
called "synergistic” or “antagonistic” when the combined effect of multiple stressors is
greater or less than the sum of effects elicited by individual stressors (HAY ET AL. 1994).

To date, the combined effects of multiple stressors on freshwater macroinvertebrates
have been explored only in a limited number of studies. Table 1 provides an overview of
studies addressing this research area.

10
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Table 1: Studies addressing combined effects of multiple stressors on rmacroinvertebrates.

Stressors Organisms Reference

Flow, substratum Paragnetina media FELTMATE ET AL, 1986

Copper, anoxia, temperature, salinity  Mytifus edulis WEBER ET AL. 1992

Leaf litter, flow Assemblages LANCASTER AND HILDREW 1993

Predation, substratum, flow Assemblages Dunceon 1993

PAH, UV Lumbriculus ANKLEY ET AL. 1995
variegates

Density, predation, metals Assemblages KIFFNEY 1996

Substrate, competition Isopods DEFEC ET AL. 1997

Diet, temperature Pseudochironomus ~ GRESENS 1997
richardsoni

Discharge, predation Assemblages RAKOCINSKI 1997

Salinity, termperature Hydroides elegans Qiu AnND QIAN 1998

Two predators Assembiages STELZER AND LAMBERTI 1999

Oxygen, parasites
Flow, substratum

Hypo-osmotic stress, Cd
Organic matter, toxicants

Cerastoderma edule
Gammarus pulex
Oreodytes sanmarkii
Baetis rhodani
Arenicola marina
Chironornus riparius

WEGEBERG ET AL, 1999
LANCASTER AND MOLE 1999

RASMUSSEN 2000
STUIJFZAND ET AL. 2000

Stress and Scope for Growth

Stress can come to expression at different biological levels, e.g. at the molecular,

physiological, arganismal, poputation and community level (RYKIEL 1985). Cells in organisms
exposed to stressing agents, usually have a rapidly expressed set of metabolic changes,
referred to as the “stress response”. These changes include the activation and elevated

expression of a small set of genes, resulting in the increased synthesis and accumuiation of

stress proteins, and a concomitant reduction in the translation of most species of pre-
existing m-RNAs, and thus a reduction of the normal protein synthesis {SCHLESINGER 1986,
SANDERS 1980). This “stress response” has been reported in a variety of organisms under
different stressors such as temperature (e.g. ASHBURNER AND BONNER 1979), chlorinated
effluent (LAWRENCE AND NICHOLSON 1998), petroleum (NASCIMENTO ET AL, 1998), trace metals
(SANDERS ET AL. 1991, BAUMAN ET AL. 1993, WILLIAMS ET AL. 1996), organic pollutants (SANDERS
1990), and exposure to ultraviolet radiation (NEPPLE AND BACHHOFEN 1997).

The abundance of most organisms shows a unimodal response in relation to

environmental gradients. SHELFORD (1913) already recognized this in his Law of Tolerance.
He stated that the occurrence of an organism is bounded by a minimum and a maximum
value for any environmental variable, representing the limits of its tolerance. Normal

metabolic processes occur within these environmental limits. Scope for growth (SG}, the

11
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difference between energy intake and energy metabolized by an organism, gives an
indication of its metabolic condition, i.e. how much energy is available for growth and
reproduction (WARREN AND DAVIES 1967). A positive SfG indicates that energy is available for
production, while a negative SfG indicates that reserves have to be used to maintain the
individual (MALTBY 1999). Beyond the limits of an organism’s tolerance, metabolism fails
although conditions are not immediately lethal, but they will limit distribution (CALOW AND
SIBLY 1990).

Several studies show that stressors affect elements of the energy budget of organisms
{e.g. KooiJmaN AND BEDAUX 1996, KOoiIMAN 2000). Ecotoxicological studies show that
organisms make direct energy costs to resist contaminants due to the costs of defense and
repair processes, Thus, exposure to chemicals may result in a decrease in feeding and hence
in energy acguisition (MaLTBY 1999). If the concentration of a contaminant exceeds a certain
value, organisms need energy for repair mechanisms and consequently pathological effects
and exhaustion can occur (CALOW 1989). Energy spent to resist effects of contaminants may
thus reduce the energy left for regular processes like growth and reproduction. Although it
may be difficult to construct complete energy budgets (DavIES AND HATCHER 1998), SfG has
been used as an indicator of stress in a number of marine invertebrates and appears to be
sensitive to a wide range of factors (MALTBY ET AL. 1990).

The reproductive capacity of a species depends on the available assimilation energy
(KoolmaN AND METZ, 1883). A shift in the energy allocation as a result of exposure to a
stressor, may thus affect a species’ population fitness, eventually leading to the extinction of
a species. HALL ET AL. {1992) argue that observed distribution and abundance patterns of
organisms within space and time are related directly to species-specific energy costs and
gains in response to the multiple environmental gradients. Thus, a direct relationship is
assumed between stressors and the scope for growth and the distribution and abundance of
a species (Figure 1). Models are proposed to relate physiological responses at the organismal
level to population dynamics responses through functional relationships between those
physiological responses and survivorship, fecundity. and developmental rates (CALOW AND
S1BLY 1990). In the dynamic energy budget (DEB) approach (Kooisman 2000) quantitative
rules are used which describe how organisms acquire and utilize energy and nutrients
together with constraints on metabolic organization and rules for interaction between
individuals.

The field studies in this thesis deal with the biological reponse of macroinvertebrates
and their communities to muitiple environmental gradients. Therefore, the distribution and
abundance of macroinvertebrates are related to the occurrence threshold and range (Figure
1) but in multiple gradients. The laboratory experiments mainly focus on sublethal effects of
stressors and thus can be related to both the occurrence and survival threshold and ranges.
The model in this thesis will address mainly the reproductive threshold and range.

12
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Figure 1: The relationship between abundance (Abu) and scope for growth (SfG) of a
species along an environmental gradient. The horizontal line at zero abundance is
the occurrence threshold (Ot) and the corresponding range is the occurrence
range (Or). The dotted horizontal line represents zero scope for growth (St =
survival threshold) and the correspanding range is the survival range (Sr). In this
situation energy gain is sufficient to compensate for maintenance plus energy to
overcome stress. Below the survival threshold, organisms can exist only by
consuming energy reserves. The broken dotted line indicates the energy intake
necessary to reproduce (Rt = reproductive threshold} and the corresponding range
is reproductive range (Rr). The area above the reproductive threshold is the only
part of the range in which the species can exist in the long term. Modified after
HALL ET AL, (1992).

Outline of thesis

The effects of multiple stressors are explored in this thesis with field data, laboratory
experiments, and an energy budget model (Table 2).

Table 2: Overview of the chapters of the thesis showing the research method and biological
organization level.

Organization level Research method
Field Laboratory  Modeling
observations  experiments
Community level 2,3, 4
Organismal level 5 6.7 8

13
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The thesis can roughly be divided into two parts. The fist part focuses on the community
level and aims at quantifying the effect of multiple stressors in structuring in situ benthic
macroinvertebrate communities. To achieve this, multivariate statistical techniques are
applied to data sets containing information on macroinvertebrates and different types of
stressors. The second part focuses on the organismal level and deals with the effects of
multiple stressors on the performance of single species. Laboratory experiments and a model
focus on the effects of multiple stressors on the energy budget and scope for growth of the
waterlouse Asellus aquaticus, a well studied species, which is widely distributed throughout
Western Europe.

In chapters 2-4, the effect of different types of stressors on the macroinvertebrate
community composition is quantified, using the method of variance partitioning which was
introduced by BORCARD ET At. (1992) to distinguish between environmental and geographical
variation. In chapter 2 field observations on macroinvertebrates mainly from shallow lakes
are related to environmental variables and food. In chapter 3, the benthic macroinvertebrate
community structure patterns in the North Sea Canal are related to ecological factors and
trace metal concentrations. Chapter 4 deals with the distribution patterns of
macroinvertebrates in the Rhine-Meuse Delta in relation to environmental factors and
different types of contaminants (trace metals, PCBs, PAHs). This chapter also addresses the
guestion whether the results of laboratory bioassays better correlate with the in situ
macroinvertebrates than the measurements of concentrations of contaminants. In chapter 5,
the distribution of two common gammarids in the Netherlands is related to environmental
conditions by means of univariate and multiple logistic regressions. Chapters 6 and 7
describe laboratory experiments with the waterlouse Asellus aquaticus. In chapter 6 the
response of Asellus aquaticus to size of organic matter and the PAH benzo(a)pyrene
concentration is analyzed, whereas in chapter 7 the response to two physical factors (current
velocity and size of mineral substratum) is treated. Chapter 8 gives a simple energy budget
model for A. aguaticus, which is used for further analysis of the results of the experiments
described in chapters 6 and 7.
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CHAPTER 2

Abstract

The relative contribution of sediment food (e.g. organic matter, carbohydrates, proteins,
C. N, polyunsaturated fatty acids) and environmental variabies (e.g. oxygen, pH, depth,
sediment grain size, conductivity) in explaining the observed variation in benthic
macroinvertebrate species compaosition is investigated. Soft bottom sediments, water and
benthic macroinvertebrates were sampled in several water systems in The Netherlands. The
method of variance partitioning is used to quantify the relative contribution of food and
environmental variables in structuring the benthic macroinvertebrate community structure.

Approximately 60% of the total variation in the macroinvertebrate community structure
could be explained by the variables included in the analyses. The variation in the
macroinvertebrate species composition between different water types is primarily related to
differences in main environmental variables (e.g. current velocity, dimensions, pH). However,
the variance partitioning method shows that food variables also contributed significantly and
that the effect of food depends on the intensity of other factors.

The results of the study indicate that the method of variance partitioning is an
appropriate tool for analyzing the impact of different groups of variables and thus,
contributes to the understanding of the functioning of complex aquatic ecosystems.

The impact of food variables differed between the macroinvertebrate functional feeding
groups. Detritivores showed significant correlations with food quantity (organic matter
cantent) and quality (polyunsaturated fatty acids, P, and C/N ratio). Higher contents of
organic matter usually go along with lower oxygen concentrations. Therefore, the observed
lower species diversity and not changing macroinvertebrate densities with higher organic
matter contents may be due to changes in either food quantity or oxygen concentration.
Higher amounts of polyunsaturated fatty acids have a positive effect on the total
macroinvertebrate density but not on the total number of taxa. It seems, therefore, that the
productivity of benthic macroinvertebrates depends more on food guality than on food
quantity.

Introduction

The distribution of aquatic macroinvertebrate species and communities is controlled by a
variety of environmental factors such as habitat characteristics (e.g. HYNES 1970, TOLKAMP
1980, PEETERS AND GARDENIERS 1998), water quality (e.g. HELLAWELL 1986}, sediment quality
(e.g. REYNOLDSON ET AL. 1995, Chapman et al. 1997), contaminants (e.g. CLEMENTS AND
KIFFNEY 1993, PHIPPS ET AL. 1995), and biological factors such as competition and predation
(e.g. KOHLER 1992, MACKAY 1992, MACNEIL ET AL. 1999}. Food quantity (organic matter
content) and quality (biochemical composition) are also considered to be important factors
determining aguatic invertebrate population dynamics (SWEENEY 1984). In field studies,
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however, it is difficult to separate the effects of food quality from food guantity, because
they are interrelated.

Recent studies on the pelagic ecosystems of standing waters showed that the
biochemical food composition is responsible for the impact of food on zooplankton (GULAT)
AND DEMOTT 1997) and invertebrates (AHLGREN ET AL, 1997). Among these biochemical
compounds polyunsaturated fatty acids {PUFAs) have been found to be critical for
maintaining high growth, survival, and reproductive rates of a wide variety of marine and
freshwater organisms and thus play a key role in aquatic food webs (BRETT AND MULLER-
NAVARRA 1997). Specific benthic macroinvertebrate species also showed strong correlations
with biochemical food variables under laboratory conditions (e.g. MARSH ET AL. 1989,

D' ABRAMO AND SHEEN 1993, VOs ET AL. 2000). Although some studies on the impact of
biochemicat food compounds on in situ benthic macroinvertebrate communities have been
performed (e.g. GOEDKOOP ET AL. 1988) the magnitude of the impact is not quantified and
thus remains largely unknown. Data on the impact of biochemical food compounds on
freshwater benthic invertebrates are mainly available from lakes. Comparisons of the impact
of biochemical food compounds across and among different water types have not been
made yet.

The objective of the present study is to quantify the contribution of food variables in
structuring the in siti benthic macroinvertebrate community. Soft bettern sediments and the
inhabiting macroinvertebrates were collected from clean sediments in a number of lakes and
some streams across The Netherlands. Simultaneously, environmental variables such as
oxygen, conductivity, and depth were measured. In the laboratory, physical and biochemical
sediment characteristics of the sediment were analyzed and macroinvertebrates were
identified and enumerated. The relative importance of food and environmental variables on
the total macroinvertebrate community as well as on different functional feeding groups was
assessed using the variance partitioning method presented by BORCARD ET AL. (1992). This
method attributes the biological variation in multivariate field data into different sources
using canonical correspondence analysis (CCA). The method has been successfully applied in
partitioning the variation in distribution patterns of subarctic plant species in a spatial and an
environmental component (HEIKKINEN AND BIRKS 1996} and to partition macroinvertebrate
variation into an ecological and an ecotoxicological component (PINEL-ALLOUL ET AL. 1996,
PEETERS ET AL. 2000). Therefore, this method was considered to be a potentially effective
method to compare the impact of food variables on benthic macroinvertebrate communities
with that of environmental variables.

Materials and methods

Data collection
Between April 1998 and October 1998 a set of sediments was sampled across The
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Netherlands. From this data set a number of 28 clean sediments (25 lakes, 3 small streams)
were selected for further analysis because these sediments were classified as clean
according to the Dutch standards. More information on the locations can be found in VO3S
(20071).

At each site water and sediment characteristics were determined as well as some
general characteristics (Table 1). Temperature, oxygen, pH, and conductivity were measured
in the field. Water samples (0.5 L) were taken and brought into the laboratory for further
analyses on other water quality variables. The upper 4 cm of the sediments were sampled
with an adjusted Ekman Bridge grab. Five sediment samples were taken, mixed, and stored
at -20°C within 6 hours after sampling for physical and chemical analyses. Environmental
variables were distinguished from food variables to calculate the relative contribution of both
groups of variables in explaining the cbserved variation in the macroinvertebrate community
data (Table 1). Vos (2001) showed that normalizing biochemical food variables on organic
matter content correlated well with laboratory growth tests with the detritivores species
Chironomus riparius and with the distribution and abundance of in situ benthic detritivores.
Therefore, food variables were normalized on organic matter content.

Three replicate bottom samples of macroinvertebrates were also collected with the
Ekman grab. The samples were rinsed using a sieve of 500 um mesh size (SO testing sieve,
brass, NEN 2560 standard, &J 35 cm). The material retained in the sieve was preserved in
80% ethano!. In the laboratory macroinwertebrates were picked by using a
stereomicroscope, sorted out, counted, and identified. The three replicates were combined
and abundance was expressed as numbers/m?.

Statistical analyses

The relative contribution of environmental and food variables in explaining the observed
biclogical variation was determined by using the method of partial CCA as proposed by
BORCARD ET AL. (1992). Detrended correspondence analysis assesses the length of the
gradient and hence whether a linear or unimadal method should be used. A preliminary
detrended correspondence analysis (HILL 1979) with logarithmic transformed abundance
data and invoking the option 'downweighting of rare species’, showed moderate to long
gradient lengths. Therefore, the unimodal response model (TER BRAAK AND SMILAUER 1998)
was considered appropriate.

The maximum number of variables that can be analyzed with CANOCO should be one
less than the number of sites included in the analyses. Because the number of variables in
the present study exceeds the number of samples the following selection procedure was
followed ta gbtain a reduction in the number of variables. Prior to the analyses the
importance of each variable was assessed using the forward selection procedure together
with the Monte Carlo Permutation test. Only those variables were included in further
analyses that had a significant (P<0.05) contribution. In a next step the Variance Inflation
Factors (VIFs) were inspected. High VIF values (>20) indicate multicollinearity between
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Table 1: Mean, standard deviation, minimum and maximum values for the continuous

variables.
Variable Unit Variable Mean Stdev Min Max
_ type’
General variables
Season' E
Watertype' E
standing/running
Dimension? E
Depth cm E 46 255 10 100
Water
Temperature °C E 163 29 8.7 21.4
Oxygen mg/L E 977 19 6.46 16.70
pH - E 79 11 5.2 9.6
Conductivity pS/em E 789 396 4 14N
Total inorganic carbon mg/L E 1.9 49 1.2 23.0
Total organic carbon mg/L E 149 105 5.4 48.6
NH, mg/L E @18 023 001 1.18
NOz; mg/L E 092 154 0.02 5.93
Ortho P mg/L E 0034 0.037 0.000 0.146
Total P mg/L E 0.072 0.072 0005 0.301
Total N mg/L E 216 158 065 6.23
Sediment
Organic matter mg/g F 29 48 0.3 23.1
Carbohydrates mg/g F 035 1.5 0.01 8.02
P mg/g F 003 004 000 0.14
Pigments Hg/g F 1231 1479 032 6254
Proteins mg/g F 021 03 000 1.81
c my/g F 251 5M 0.15 27.06
Kjeldahl-N mg/g F 019 049 001 2.58
C/N ratio - F 219 150 5.9 69.3
CO; production mmol/g F 10.1 12.5 0.0 66.8
PUFAs® Ho/g F 216 240 000 7.39
Bacterial FAs Hg/g F 459 508 0.00 2026
Total FA 1g/g F 289.7 2879 855 16155
GS* <63pm % E 231 280 0.7 79.0
GS <210pm % E 683 269 120 96.0
Dry weight % E 639 200 3.9 79.4

' nominal variable

2 ordinal variable with 5 classes ranging from small (1) to large (5)
¥ E=environmental variable; F=food variable

* GS=grain size fraction

5 PUFA=polyunsaturated fatty acid

® FA=fatty acid

variables and this should be avoided (TER BRAAK 1986). Hence, the variable with the highest

25



CHAPTER 2

VIF was removed in the next analysis and this procedure was repeated until all VIFs had a
value lower than 20.

Five different CCA runs were performed to calculate the contribution of the two groups
of variables in explaining the variation in the species data (Figure 1): run 1) CCA of species
data and both environmental and food variables as explanatory variables, run 2) CCA of
species data constrained by environmental variables, run 3) CCA of species data constrained
by food variables, run 4) the same as run 2 after removing the effect of food variables, and
run 5) the same as run 3 after removing the effect of environmental variables. The effect of
a set of variables can be removed by defining them as covariables within the program (TER
BRAAK AND SMILAUER 1998).

Biological variation

(Total inertia) _
CCA 2 4 E
Environmental — } Y
factors f |
CCA } + E J/

N i
e Goni (| s UL
N (ceas) | |+ F |+ (€)

: TN TN
| (CCA-Z\I’I'III"IUS‘ CCA &)
L Shared e e

e
CCA 3)minus(CCA 5)

Total inertia minus { CCA ;\) [ Unexplained
Al \
Figure 1: Diagram showing all partial cananical correspondence analyses (CCA) with the data
set included in the analyses and the calculation of the partitioning of the variance.
[ : macroinvenrtebrates, [ : explanatory variables, O: covariables, E :

environmental variables, F : food variables. The number behind the abbreviation
CCA refers to the numbers explained in the text.

The total variation present in the species data is called total inertia and is given by the
sum of all unconstrained eigenvalues (TER BRAAK AND SMILAUER 1998). The proportion of
variance explained by a set of variables is calculated as the sum of all canonical eigenvalues
of a CCA divided by the total inertia. Hence, run 1 provides the overall amount of explained
variation. The variation in the species matrix can further be partitioned as follows: a)
variation explained solely by environmental variables {run 4); b) variation explained solely by
food variables {run 5); ¢) variation shared by food and environmental variables (run 2 minus
run 4 and run 3 minus run 5 respectively); and d) unexplained variation: total variation
minus run 1 {see Figure 1). This approach was applied to different combinations of selected
sites and to data sets containing different functional feeding groups (detritivores, herbivores,
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and carnivares). Table 2 gives an overview of the analyses performed together with the data
sets included in redation to the purpose of the analyses.

Table 2: Overview of the data sets included in the canonical correspondence analyses in
relation to the research question.

Purpose Data set
Impact of food and environmental factors on  Total data set:
benthic communities across water types macroinvertebrates and abiotic data

Impact of food and environmental factors on Lake data set:
benthic communities within in lakes macroinvertebrates and abiotic data

Impact of food and environmental factors on Lake data set:
different functional feeding groups in lakes macroinvertebrates and abiotic data

The statistical significance of the effect of each set of variables was tested by a Monte
Carlo Permutation test with 199 permutations (TER BRAAK AND SMILAUER 1998). All CCAs were
performed using the CANOCQ program (TER BRAAK AND SMILAUER 1998).

Table 3: Number of taxa per taxonomic group, the number of samples and abundance data.

Abundance

Main group No of taxa Occurrence Min Mean Max
Oligochaeta 1 27 0 3435 15292
Hirudinea 3 4 0 5 75
Mollusca 15 22 0 88 700
Hydracarina 1 14 0 35 450
Mysidacea 1 2 0 1 8
Armphipoda 3 15 0 246 2883
Isopoda 3 4 0 6 92
Ephemeroptera 2 10 0 124 1517
Odonata 3 4 0 1 17
Heteroptera 3 6 1] 3 50
Megaloptera 2 2 0 2 44
Coleoptera 7 10 0 10 58
Trichoptera 14 12 0 37 342
Diptera

Chironomini 22 26 0 1540 8908

Orthocladiinae 11 17 0 53 692

Tanypodinae 7 21 0 B9 983

Tanytarsini 7 19 0 2107 25725

other 10 21 0 76 700
Total 115 28 42 7857 36117
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Resuits

Macroinvertebrates

A total of 115 taxa were collected in 28 samples with an average of 14.9 + 7.4 taxa per
sample. Total number of individuals varied between 42 and 36117 per m’. Table 3 shows the
number of taxa per taxonomic order. The diversity was highest in diptera (especially
chironomini and orthocladiinae) followed by molitusca and trichoptera. In general,
oligochaeta, tanytarsini and chironomini were the most dominant taxonomic groups.

Table 4 shows the contribution of different taxonomic groups to the biological variation
in the correspondence analysis. Approximately 80% of the variation is due to insects among
which chironomidae contributed most (48%). Amphipeda and moilusca had the highest
contributions among non-insects.

Table 4: Proportion of the variation (36) in the total data set (n=28) that is due to a certain
taxonomic group.

Taxonomic group Proportion

of variation
Ofigochaeta 22
Mollusca 8.1
Amphipoda 8.6
Isopoda 2.2
Ephemercptera 3.9
Heteroptera 2.4
Coleoptera 5.7
Trichoptera 6.1
Chironomini 22.8
Orthocladiinae 8.0
Tanypodinae 7.1
Tanytarsini 11.0
Other Diptera 74
Other Taxa 4.4

CCA with the total data set

The forward selection procedure resulted in 15 variables that had a significant
contribution. Inspection of the VIF showed that the vaiue was high for bacterial FAs and this
variable was also left out. Finally, 14 variables were included of which & were food variables.
Figure 2 shows the distribution patterns for the samples and the variables for the first two
axes of the ordination with the macroinvertebrates and all variables as explanatory. The
constructed axes are linear combinations of the included variables; hence, the sequences of
the samples on the axes are directly related to the variabtes. Three samples were separated
from the others and positioned in the right hand side of the diagram (Figure 2). These
samples
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Figure 2: The position of samples and variables in the ordination diagram performed on the
total data set. The diagram shows the positions for the first two axes of a partial
CCA in which the species data were constrained by food and environmental
variables. Samples are represented by biocks, variables by an arrow and their
abbreviation: rw= water type: running water, dim=dimensions, dep=depth,
con=conductivity water, NO;;=NO,; water, tot N=total nitrogen water,
OM=organic matter, G5<63u=grain size fraction <63pm, C=sediment carbon,
P=sediment phosphorus, NKj=sediment Kjeldahl nitrogen, PUFA=sediment
polyunsaturated fatty acid, CO,= sediment CO, production, DW=sediment dry
weight. The length of the arrow is a measure of the importance of the variable and
the arrowhead points at the direction of increasing infiuence,

ariginate from small streams as is reflected by the position of the variables 'stream’ and
‘dimension’. These two variables had the highest absolute value for the first axis. Dimension
is pointing to the left, indicating that dimension is increasing from right to the left. Sediment
dry weight had the highest absolute value for the second axis. The food variables were
placed close to each other and do not have an important impact on the sequence of the
samples along the first axis aithough their contribution in the explanation of the total
variation was significant. Approximately 65% of the variation in the species data was
significantly (P<0.05 Monte Carlo Permutation test) explained by all variables (both
environmental and food variables) included in the CCA (Table 5}. Both environmental and
food variables, each as a group, contributed significantly to the explanation of the observed
variation in the species data. The contribution of environmental variables in explaining the
biological variation was a factor 1.5 - 2 higher than the contribution of the food variables.
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Table 5: Partitioning of the macroinvertebrate variance. All analyses were significant (P<
0.05, Monte Carlo permutation test).

Source of variation Total data set® Lake data set”
n=28 n=24°
total inertia = 2.900 total inertia = 1.929
All factors 65.7 58.8
Food variables 21.5 20.9
Environmental variables 338 18.2
Shared 10.4 19.7

a: included variables: General variables water type, dimension, depth; Sediment
variables organic matter, P, C, Kjeldahl N, PUFAs, CO, production; grain size
fraction<63pm, dry weight; Water variables conductivity, NO,;, total N.

b: included variables: General variables dimension, depth; Sediment variables
organic matter, P, C/N ratio, PUFA, CO, production, dry weight; Water variables
conductivity, total N.

c: Lake data set is total set minus samples from 3 streams and 1 fen.

CCA with the fake data set
An initial analysis of the lake data set showed that one sample from a small acid fen

dominated the results of the ordination (not shown) and this sample was left out in further
analyses. The forward selection procedure resulted in 13 variables that had a significant
contribution. Due to high VIFs the foliowing variables were additionally excluded: sediment
grain size fraction < 63 pm, bacterial FAs, and sediment carbon content and thus 10
variables remained in the analyses. Figure 3 shows the position of the samples and variables
for the first two axes of a partial CCA in which the species data were constrained by food
variables after removing the effect of the environmental variables. The sequence of the
samples along the first axis is mainly related to PUFAs, P, and C/N-ratio. C/N-ratio also
contributed to the second axis. The impact of organic matter content is rather low, as can be
derived from the close position of this variable to the center of the diagram.

The partitioning of the variance for the lake data set is given in Table 5. The
environmental and food variables contributed significantly (Monte Carlo Permutation test,
P<0.05) and had a similar contribution in explaining the observed variation. In comparison to
the results of the total data set, the explained variation by all variables dropped 7%. The
contribution of the environmental variables dropped with 15% whereas the contribution of
food variables remained the same and thus the importance of food variables increased.

CCA with functional feeding groups in the lake data set

The variance partitioning for the three main functional feeding groups (carnivores,
detritivores, herbivores) is presented in Table 6. A large proportion of the variation in the
carnivores could be explained by all variables included in the analyses, whereas for
herbivores the explained fraction was rather low. The contribution of the environmental
variables for both carnivores and herbivores was significant, but the proportion of the
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Figure 3: The position of samples and variables in the ordination diagram of the lake data
set. The diagram shows the positions for the first two axes of a CCA in which the
species data were constrained by food variables after removing the effect of the
environmental variables (dimension, depth, conductivity, and total-N). Samples are
represented by blocks, variables by arrows and their abbreviation: OM=organic
matter, CNr=sediment C/N ratio, P=sediment phosphorus, PUFA=polyunsaturated
fatty acid, CO.,=sediment CO, production. The length of the arrow is a measure of
the importance of the variable contaminant and the arrowhead points at the
direction of increasing influence.

Table 6: Partitioning of the macroinvertebrate variance for the functional feeding groups.

Trophic group

Source of variation Carmnivores®  Detritivores® Herbivores®
(h=18"%) (n=40) (n=19)

All factors 7.8 51.3 279
Food variables 15.1™ 29.3 2.8™
Environmental variables 34.0 14.9 18.4
Shared 229 7.1 6.7
Unexplained 28.2 48.7 72.1

™= not significant (Monte Carlo test p>0.05)

A

. included variables: General variables dimension; Sediment variables pigments, C,

Kjeldah! N, CO, production, PUFA, grain size fraction <63pm and <210um, dry

weight; Water variables pH, conductivity.

Water variables conductivity.
: number of taxa

. included variables: General variables dimension; Sediment variables organic
matter, P, C/N ratio, PUFA; Water variables conductivity
. included variables: General variables season, dimension; Sediment variable P;

N
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Figure 4: Position of samples and variables (A) and taxa and variables (B) in the ordination
diagram of the lake data set with detritivore taxa only. The diagram shows the
positions for the first two axes of a CCA in which the species data were
constrained by food variables after removing the effect of the environmental
variables (dimensions and conductivity). Samples are represented by blocks;
variabies by arrows and their abbreviation: O = organic matter, PUFA =
polyunsaturated fatty acid, CNr = sediment C/N ratio; taxa by their abbreviations:
Olchaeta=0ligochaeta, Gammtigr=Garmmarus tigrinus, Caenhora=Caenis horaria,
Mystacsp=Mystacides sp., Chironsp=_Chironomus sp., Ditenerv="Dicrotendipes gr.
nervosus, Einffleu=Einfeidia/Fileuria, Endoalbi=Endochironomus albipennis,
Gltotesp=Glyptotendipes sp., Michirsp=Microtendipes sp., Popebicr="Polypedilum
gr. bicrenatum, Popenube=Polypedilum gr. nubeculosum,

Sttospec= Stictochironomus sp., Conescut=Corynoneura scutellata agg.,
Cricsylv=Cricotopus sylvestris agg., Cladotsp=_Cladotanytarsus sp.,
Mipsecsp=Micropsectra sp., Patanysp="Paratanytarus sp., Tatarssp=Tanytarsus sp.
The length of the arrow is a measure of the importance of the variable
contaminant and the arrowhead points at the direction of increasing influence.

variance explained by food variables was not. Both food and environmental variables had a
significant contribution in explaining the observed variation in detritivores. The contribution
of food variables was two times higher than environmental variables. Figure 4A and B shows
the first two axes of a partial CCA in which the species data were constrained by food
variables after removing the effect of the environmental variables.

Because CA is susceptible to taxa that occurred in low numbers in only one sample,
these were omitted from the analysis. The sequence of the samples and species along the
first axis is mainly related to organic matter content. The ordering along the second axis,
however, is due to differences in food quality. PUFA had a higher score on the second axis
than P and C/N ratio, indicating the greater importance of PUFAs. Oligochaeta spp. and
Chiranomus sp. are mainly associated with high organic matter content. Einfeldia/Fleuria sp..
Glyptotendipes sp.. Stictochironomuis sp., Cladotanytarsus sp., and Polypedilum bicrenatum
show a relationship with elevated food guality.

In Figure 4A, three different groups of samples are distinguished. Group | consists of
samples with higher organic matter content, and group 1l and ll1 differed in food quality.
Non-parametric ANOVA (Mann Whitney U test) showed that there were significant
differences in total number of taxa between group | and group Il (P=0.007), and between
group | and group 111 (P=0.001}). No significant differences were observed between group |1
and group |11. With respect ta the total number of individuals, only group H and group 1l
were significantly different (P=0.043). Elevated organic matter cantent is accompanied with
lower number of taxa but did not affect the total number of individuals whereas increase in
food quality seems to affect the total macroinvertebrate density but not the total number of
taxa.
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Discussion

The communities in the present study were dominated by cligochaeta, chironomini, and
tanytarsini although taxonomical diversity was highest in mollusca, trichoptera, and
chironomidae. The total variation in the species data set was mainly due to chironomidae
larvae. These results are in line with other observations on benthic communities in lakes
(e.g. DOUGHERTY AND MORGAN 1991, PRUS ET AL. 1989). Approximately 60% of the variation in
the macroinvertebrate species composition could be explained by the variables included in
the analyses. This percentage is rather high in comparison to other studies (e.g.
VERDONSCHOT AND TER BRAAK 1994, RODRIGUEZ AND MAGNAN 1995, PINEL-ALLOUL ET AL. 1996,
PEETERS ET AL. 2000). Although a large proportion of the variation was explained in the
present study, another part remains unexplained due to e.g. natural fluctuations and certain
factors or aspects not considered such as predation and competition.

The variance partition method has been applied successfully to partition the variation of
subarctic plant species in a spatial and an environmental component (HEIKINNEN AND BIRKS
1996) and to allocate variation in macroinvertebrates into an ecological and an
ecotoxicological component (PINEL-ALLOUL ET AL. 1996, PEETERS ET AL. 2000). The method as
applied in the present study showed that the impact of food variables differed between the
functional feeding groups (carnivores, detritivores, herbivores). The results of the analyses
with the functional feeding groups showed that significant correlations with food variables
were only obtained for detritivores and not for herbivores and carnivores. This may be
expected because in the present study food quality is determined from the sediment and it is
well known that detritivores use sediments as a food source whereas carnivores and
herbivores use other resources. Therefore, the observed significant correlation between food
variables and detritivores indicates that this method may be useful tool for analyzing the
impact of different groups of variables in natural ecosystems.

This study clearly showed that main environmental variables (e.g. current velocity,
dimension, pH) contributed more to the explanation of the macroinvertebrate variation
between different water types then food variables. This is in line with many publications
concerning the distribution patterns of benthic macroinvertebrates over a wide range of
water types (e.g. VERDONSCHOT 1990). The results also showed that a substantial proportion
of the variation in the macroinvertebrate species composition could not be explained without
including food variables. Analyses of the macroinvertebrate community variation in a more
homogeneous subset of shallow lakes, as in the present study, showed that food and
environmental variables had a similar contribution in explaining the observed variation and
thus food variables became relatively more important. The relative effect of food seems,
therefore, to depend on the variation of other factors. This is in line with the concept that
abiotic factors are determining patterns in the distribution and abundance of species over
broad scaies whereas the relative importance of biotic factors is greater over local scales. For
example, according to JACKSON ET AL, (2001) abiotic factors control fish communities at the
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large scale, whereas competition is of greater importance at small scale. Furthermore, the
model study of PINEL-ALLOUL ET AL. {1995) on zooplankton showed that abiotic variables
explained most of the variability in zooplankton community on the large scale, whereas
biolegical bottom-up and top-dewn control occur at small scales.

Analyses of the lake dataset with only detrivores showed that food quantity (organic
matter content) was of greater importance than food guality (e.g. PUFAs). Especially
oligochaeta and Chironomus sp. were positively related to organic matter content. Both taxa
were collected in all locations, sometimes in high numbers. Organic matter may influence
oxygen levels in sediments through oxygen consumption and by increasing the packing of
the sediment, usually resulting in lower oxygen concentrations in sediments with high
organic matter contents (WATLING 1991). The present study showed that increased organic
matter content resulted in a decrease in biodiversity, but hardly affected total abundance of
macroinvertebrates. It is well known that many oligochaetes and chironomid species are

resistant to low oxygen levels. Therefore, it is unclear whether the observed response is due
to food quantity or oxygen concentrations,

Taxa like Einfeldia/Fleuria, Glyptotendipes sp., Stictochironomus sp., Cladotanytarsus
sp., and Polypedilum bicrenatum were positively related with PUFAs and thus with food
quality. Increase in food quality hardly affected the total number of taxa and had a positive
effect on the total macroinvertebrate densities. Therefore, food quality can be considered as
an important factor determining the production capacity of macroinvertebrates in shallow
lakes. This finding is in line with studies in the marine environment, which showed that biotic
communities were constrained more by changes in the food quality rather than food quantity
(e.g. ALBERTELLI ET AL, 1999, DANOVARO ET aL. 2000).

The present study showed that sediment PUFA was the second most important food
variable. Studies on pelagic invertebrates in relation to food guality showed that PUFAs can
be considered as the main factor determining food quality (BRETT AND MOLLER-NAVARRA 1997,
GULAT! AND DEMOTT 1997, GOULDEN ET AL. 1999). PUFAs are essential components for animals
but animals cannot generate PUFAs or at most to a limited extent (NAPOLITANO 1999). Hence,
they should assimilate PUFAs from their diet. In deep lakes, PUFAs are mainly produced in
the pelagic part of the ecosystem and therefore the composition and functioning of the
benthic macroinvertebrate communities is often linked with the production in the pelagic part
{MOORE 1987, MARSH AND TENORE 1990, GOEDKOOP AND JGHNSON 1996; GOEDKOOP ET AL. 1998).
Such a pelagic-benthic linkage might also be expected in shallow lakes although
macrophytes, periphyton, and benthic diatoms may also contribute to the preduction of
PUFAs.

In conclusion, the variance partitioning method enables to quantify the contribution of
food and environmental variables in explaining the observed variation in the benthic
macroinvertebrate community structure. The relative effect of food variables depends on the
intensity of other factors. Differences in macroinvertebrate composition between
communities of differerit water types are mainly related to environmental variables although
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