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11 Introductio n 

Thee rate of species decline is a major issue in conservation biology. In the past century, 
extinctionn rates of birds and mammals have averaged about one species per year 
(Heywoodd et al. 1994). These rates exceed historical extinction rates as inferred from 
fossill  records by two or three orders of magnitude (May et al. 1995; Pimm et al. 1995). 
Humann impact on the environment is considered one of the main causes of recent 
extinctionss (Caughley 1994; Balmford 1996; Lande 1999). The ongoing growth of the 
humann population has resulted in an increasing demand for natural resources, leading 
too deterioration and loss of natural habitat. Consequently, species decline in 
distributionn area and population numbers and may ultimately go extinct. Many species 
aree currently restricted to small areas of marginal habitat quality. These small 
populationss run a high risk to go extinct due to stochastic events (Shaffer 1981; 
Goodmann 1987; Gilpin & Hanski 1991; Lande 1993). Moreover, with habitat of 
marginall  quality their long-term population growth rate wil l be small, making them 
evenn more vulnerable to stochastic events (this thesis). 

Theoryy on conservation issues mainly deals with questions regarding the risk of 
extinctionn caused by low numbers without taking into account why populations 
becomee small in the first place (Caughley 1994). Conservation theory focuses on the 
impactt of fragmentation (e.g. Gilpin & Hanski 1991; Hanski & Gilpin 1997), 
stochasticityy (demographic and environmental) and genetics (e.g. Soulé & Wilcox 
1980;; Soulé 1987) on the risk of extinction in small populations. The insights achieved 
inn conservation theory are applicable to derive an estimate of the minimum viable 
populationn (MVP) size (Lacy 1993), that is the size below which the population is at 
imminentt risk of extinction. In many areas habitat is not contiguous and spatial 
restorationn of habitat is necessary to arrive at MV P sizes. In discontinuous habitat, 
corridorss can connect habitat patches and integrate them into networks where 
populationss can sustain in metapopulation structures. However, populations wil l 
ultimatelyy go extinct if their long-term population growth rate is negative (Lande 
1993),, which can be expected with habitat of poor quality. Therefore, habitat quality 
needss more emphasis in conservation theory in addition to spatial aspects. 

Inn this thesis the relationship between habitat quality and population 
performancee is explored. In chapter 2 its relative importance is compared to that of 
habitatt size. Chapters 3 and 4 consider how a permanent reduction in habitat quality 
affectss the growth of a population given all further conditions are optimal. Chapter 5 
focusess on the impact of temporal variations in habitat quality on a population that is 
underr density-dependent regulation. Finally, in chapter 6, the impact of a combination 
off  stress factors is explored. 

Thee relations between habitat quality and population performance are explored 
withh population dynamical models. The models have in common that they are 
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structured.. Individuals, the basic units at which environmental factors operate, can 

differr in e.g. age, size or stage. For instance, in chapter 5 barn owls differ in social status 

(breeder,, floater or juvenile). The structured approach makes it possible to formulate 

predictionss on population behaviour that are firmly based on individual biology (e.g. 

individuall  growth, reproduction, and survival). Mathematical models are increasingly 

employedd in ecology, risk assessment, and conservation since recent developments in 

theoreticall  ecology have provided a tool kit of methods to analyse biological systems 

(e.g.. Caswell 1989; Kuznetsov 1995; Tuljapurkar & Caswell 1997; Gurney & Nisbet 

1998).. The models described in this thesis are directed at applied problems in the fields 

off  risk assessment and conservation. Especially, the poor quality and scarcity of 

availablee empirical data limi t the model choice. How the specific questions and the 

ecologicall  data available directed the model choice in the chapters of this thesis is 

illustratedd below. 

Thee importance of habitat quality for the population performance, relative to 

thatt of population size, is the theme of chapter 2. Its objective is to analyse the impact 

off  changes in habitat quality, represented by RQ (the expected number of offspring 

producedd during the lifetime of an individual) and habitat size represented by K (the 

numberr of available territories in the population) on the density of the common shrew 

SorexSorex araneus and its expected extinction time, due to demographic stochasticity in the 

lif ee history processes. Young are born in spring, compete for a limited number of winter 

territoriess in autumn, mature, and reproduce in their second spring, and die before the 

onsett of the next winter. Empirical data indicate that shrews have a large reproductive 

capacity,, and that mortality is increased in the competition phase. To capture the 

discrete-timee nature and demographic stochasticity of the life history processes, a 

probabilisticc model, a Markov chain, is used to describe the population. The model 

trackss the probability distribution of the population size. Given stochasticity in the life 

historyy processes all populations wil l eventually go extinct, and the mean time to the 

extinctt state can be calculated. Population densities can be assessed from the stationary 

populationn state provided extinction is balanced by immigration. These expected 

densitiess are compared with the outcome of a deterministic discrete time model. 

Furthermore,, to examine the generality of the results, in a more abstract manner the 

relationn between changes in IL and A'on the likelihood of extinction in a non-species-

specificc setting is examined. 

Inn chapters 3 and 4, the influence of a permanent reduction in habitat quality, 

resultingg from soil pollution with copper, on the population performance of 

earthwormss is analysed. The ecological data on the life history of earthworms suggest 

thatt maturation is determined by size rather than age. Earthworms treated with 

elevatedd copper concentrations show impaired development and reproduction. 

Toxicantss in sublethal concentrations change the energy allocation in individuals, 

whichh can result in reduced maturation and reproduction. To assess the impact of 

8 8 
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copperr on the individual behaviour an energy budget model (Dynamic Energy Budget 
modell  Kooijman & Metz 1984) was used. The DEB model formulation offers a 
mechanisticc link between physiological processes such as maintenance and food 
consumptionn and individual growth and reproduction. Using the DEB formulation 
experimentall  results, such as reduced individual growth and reproduction induced by 
toxicants,, can be combined if they both result from the same specific mode of action 
byy which the toxicant influences the energy budget of the individual. Given the lack of 
empiricall  information on what regulates earthworm populations a density independent 
model,, a stage-structured matrix model, was formulated to translate the changes in life 
historyy into an impact at population performance. Chapter 3 explores the impact of 
differentt ways in which copper can affect the energy budget of the individual on the 
maximumm population growth rate. The population growth rate in earthworms is 
difficul tt to assess in empirical studies. Therefore, the impact of copper on another 
statisticc that is measurable in the field, the stable stage distribution, i.e. the composition 
off  the population in juveniles, subadults and adults, is assessed. 

Chapterr 4 is an extension of chapter 3. The specific question considered here is 
whichh aspects of individual life history have the largest influence on the population 
growthh rate. As in chapter 3, a DEB model at the individual level is combined with a 
size-structuredd matrix model at the population level. The matrix approach allows for 
estimationn of the sensitivity of the maximum population growth rate to changes in the 
individuall  life history parameters. 

Thee impact of temporal fluctuations in habitat quality on prey viability in a 
predator-preyy system is considered in chapter 5. This chapter describes the relation 
betweenn barn owls and voles, their main prey species. Empirical data indicate that vole 
abundancee determines the survival and breeding success in individual barn owls, and 
thuss can be expected to drive their population dynamics. In accordance with empirical 
data,, the predator-prey relation is described by a set of difference equations in which 
thee predator tracks fluctuations in prey numbers whereas the dynamics of the prey are 
nott influenced by the predator. The impact is assessed of the amplitude, mean, period, 
andd regularity of vole fluctuations on the persistence and density of owl populations. 

Inn chapter 6, the impact of fragmentation, soil pollution and acidification, on 
thee survival of the badger in The Netherlands is discussed. In this country badgers live 
inn highly fragmented habitat of non-optimal quality. Densities are relatively low 
comparedd to other countries and traffic accidents are the most important cause of death 
(Broekhuizenn & Derckx 1996). Conservation initiatives have mainly been directed at 
counteringg the effects of habitat fragmentation. In chapter 6, the combined effects of 
acidificationn and soil pollution by elevated levels of cadmium and copper on the traffic-
inducedd mortality are analysed. These effects are studied in the food chain consisting 
off  earthworms and badgers. Earthworms make up a substantial part of the badger's 
diet.. By feeding on earthworms badgers may suffer from a direct effect of cadmium 
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(intoxication)) and an indirect effect of copper (food shortage). The direct effect is 

quantifiedd with a bioaccumulation calculation. The indirect effect is assessed with a 

DEBB model at the individual level and a continuous time differential equation model 

att the population level. 

Thiss thesis emphasises the importance of habitat quality for conservation 

practice.. So far, habitat quality has received littl e interest in conservation biology 

comparedd to the spatial aspects of habitat (e.g. size and configuration) (MacArthur & 

Wilsonn 1967; Diamond 1975; Hanski & Gilpin 1997). Also in conservation practice, 

habitatt size and fragmentation are often assumed to be of overriding importance on the 

persistencee of endangered species. This resulted in The Netherlands in the construction 

off  the 'National Ecological Network', a plan to connect nature areas into a network by 

corridors.. However, as is illustrated in this thesis, habitat quality has a more important 

impactt on the likelihood of species extinction than habitat size. Therefore, the 

effectivenesss of conservation efforts that ignore the role of habitat quality are 

questionable. . 
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22 Effects of habitat size and quality on equilibriu m 
densityy and extinction time of Sorex araneus 
populations s 

Abstrac t t 

Thee effects of changes in habitat size and quality on the expected population density 
andd the expected time to extinction of Sorex araneus is studied by means of 
mathematicall  models that incorporate demographic stochasticity. Habitat size is 
characterisedd by the number of territories, while habitat quality is represented by the 
expectedd number of offspring produced during the lifetime of an individual. The 
expectedd population density of S. araneus is shown to be mainly influenced by the habitat 
size.. The expected time to extinction of S. araneus populations due to demographic 
stochasticity,, on the other hand, is much more affected by the habitat quality. 

Inn a more general setting it is demonstrated that, irrespective of the actual species 
underr consideration, the likelihood of extinction as a consequence of demographic 
stochasticityy is more effectively countered by increasing the reproductive success and 
survivall  of individuals than by increasing total population size. 

Introductio n n 

Destructionn and degradation of wildlif e habitat can alter the population performance 

andd eventually drive a species to extinction. Compared to species extinction rates based 

onn fossil records, the rate at which recent extinctions propagate exceeds background 

levelss by two or three orders of magnitude (May et al. 1995; Pimm et al. 1995). Habitat 

sizee reduction may be caused by reclamation of nature by man and intensification of 

humann settlement. The ivory-billed woodpecker, a species of the southeastern United 

Statess swamp forests, went extinct resulting from decrease in its habitat size (Ehrlich 

1995).. Habitat quality reduction on the other hand may result from pollution, changes 

inn abiotic conditions (e.g. nutrients), biotic conditions (reduction in prey species), and 

changess in the structure of the habitat (depletion of nesting territories). 

Thee effect of habitat size and fragmentation on the viability of endangered 

speciess has received much attention (MacArthur & Wilson 1967; Diamond 1975; 

Wilsonn & Willi s 1975; SimberlorT & Abele 1976; Shaffer & Samson 1985; Gilpin & 

Souléé 1986). The question of whether a single large or several small reserves of 

equivalentt total area provide the lowest probability of extinction for the population as 

aa whole, has been discussed extensively in conservation literature (Margules et al. 1982; 

Simberlofff  & Abele 1982). This discussion has become known as the 'SLOSS' debate. 
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Thiss focus of conservation strategies on habitat size has resulted in a lesser interest for 
improvementss of the quality of the habitat area. Since it seems plausible that the 
likelihoodd of extinction is determined by habitat quality as well as size, insight in the 
relativee effectiveness improving one or the other, is crucial for successful species 
preservation.. Whereas habitat size can easily be improved, habitat quality depends on 
thee specific requirements of the species, and is thus more difficult to realise (see Gurnell 
&&  Pepper 1993 for an example of conservation of the red squirrel). 

Generall  insight in the relative effectiveness of increasing habitat size vs. quality 
forr conservation purposes is lacking. Management practices in many developed 
countries,, such as The Netherlands, are based on the tacit assumption that the size and 
fragmentationn of natural habitats is the overriding factor threatening species survival. 
Thee objective of the current study is the population performance of the common shrew 
(Sorex(Sorex araneus L.) and especially its sensitivity to relative changes in habitat quality and 
size.. The common shrew has a wide geographical distribution, it occurs in arctic, 
boreal,, and transitional Eurasia from the Atlantic to the Pacific (Croin Michielsen 
1966).. This territorial insectivorous mammal forms an important link in soil and 
abovegroundd food chains. Next to earthworms (its major food source) S. araneus feeds 
onn spiders, beetles, woodlice, bugs, centipedes, insect larva, slugs, and snails 
(Churchfieldd 1982; Churchfield & Brown 1987). Its main predators are owls. Weasels, 
stoats,, foxes, snakes, kestrels, and domestic cats play a minor role (Churchfield 1990). 

Thee insectivorous feeding habits of S. araneus suggest that soil pollution, as one 
specificc form of habitat quality deterioration, wil l severely affect the individual survival 
andd reproduction and consequently the population performance. S. araneus is therefore 
frequentlyy used in studies aiming at secondary poisoning (Quarles II I et al. 1974; Getz 
ett al.1977; Hunter et al. 1989; Ma et al. 1991; Dodds-Smith et al. 1992; Pankakoski 
ett al. 1994). On the other hand, total yearly production of offspring in populations of 
S.S. araneus greatly exceeds the number of available territories. This excess of newborn 
individualss leads to a severe contest competition and induces a high mortality of 
juveniless that were unable to secure a territory. Such a high juvenile mortality might 
camouflagee any effects of soil pollution on individual performance, whereas individuals 
thatt are most affected by secondary poisoning are likely to be unsuccessful in the 
competition.. Moreover, serious declines in population abundance might only be 
observablee when total offspring production has been reduced to very low levels. 

Thee previous considerations about the importance of secondary poisoning for 5. 
araneusaraneus populations make clear that the performance of the species is ultimately 
determinedd by a complicated interaction between both habitat quality and habitat size. 
Thiss paper investigates the contribution of both habitat quality and size to the 
populationn performance of S. araneus. Mathematical models that incorporate the most 
importantt stages and transitions in the life history of S. araneus, are used to show that 
thee population abundance can most effectively be increased by an increase in the total 
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numberr of territories. On the other hand, increases in the expected time to extinction 

off  a population can most effectively be reached by enhancing the reproductive 

opportunitiess and survival of the individuals. It wil l also be demonstrated that these 

findingss are not specific to S. araneus nor do they strongly depend on the details of its 

lif ee history. This paper wil l show that, in general, changes in habitat size have a smaller 

effectt on population extinction than comparable changes in habitat quality. The 

changess in habitat size, however, induce larger changes in the expected population 

abundance. . 

AA life histor y mode l of the commo n shrew 

SorexSorex araneus is an essentially annual species, with a life expectancy of 15-18 months 

(Brambelll  1935). Shrews are born in summer, survive one winter as subadults, mature 

andd reproduce in spring of their second year, and die in autumn. Both sexes of the 

speciess are territorial during the entire period of sexual immaturity. During the mating 

andd breeding season strict territoriality is relaxed, male shrews show increased activity 

andd widely trespass on other territories in search of female shrews (Croin Michielsen 

1966).. S. araneus has a high reproductive capacity. Vogel (1972) reported a mean 

annuall  reproduction number of three litters with a mean litter size of 5.9. At the end 

off  summer juveniles compete for a restricted number of winter territories, resulting in 

aa high mortality of juvenile shrews that were unable to settle into territories (Hawes 

1977). . 

Onn the basis of the above description three major stages can be distinguished in 

thee life history of 5. araneus: a juvenile, subadult, and adult stage. Newborn individuals 

aree classified as juveniles. It is assumed that settlement takes place in a very short period 

inn autumn marking the end of the juvenile and the beginning of the subadult stage. 

Subadultt individuals are those that have successfully occupied a territory. During the 

ensuingg winter, their number may decline due to mortality. At the end of winter all 

survivingg individuals mature and start reproducing. The reproduction and survival of 

adultt individuals is modelled as an instantaneous process. Mortality of adult individuals 

duringg the summer season before they reproduce is low (Croin Michielsen 1966; 

Churchfieldd 1990) but does certainly occur. The probability of adult death during the 

summerr is accounted for in the model by adjusting the average reproductive success of 

ann individual. Hence the average number of offspring produced by a single individual 

thatt survives the winter season is used to capture the population dynamical process 

duringg the summer. The three main life history processes considering the transitions 

fromm juvenile to subadult, from subadult to adult and from adult to juvenile stage 

hencee are settlement, winter survival and reproduction, respectively (see Fig. 2.1). 
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settlementsettlement winter survival 

Figuree 2.1 

Lifee cycle graph of Sorex araneus. 

Settlement t 

Becausee of the competition for territories settlement seems to be the most crucial of 
thesee three major life history processes. Obviously, the number of suitable territories 
fixess the upper level of the population density in winter, and thus also the maximum 
numberr of offspring born in summer of the next year. In contrast with reproduction 
andd winter mortality, the settlement process is not easily investigated and littl e is 
thereforee known about the exact mechanisms by which individuals manage to secure a 
territory.. Two descriptions of the settlement process are studied that do account for the 
numberr of territories, but not for their actual size. Space is not modelled explicitly. The 
twoo variants differ in the degree in which the number of individuals competing for 
territoriess influences the probability that a territory will be occupied. 

Inn the first submodel of the settlement process it is assumed that all juveniles will 
settlee if the number of juvenile shrews at the start of the settlement phase is equal to or 
smallerr than the number of available territories K. Otherwise, exactly K individuals 
willwill  settle (see equation 2.1). The relation between the number of settling (subadult) 
andd competing (juvenile) individuals is hence described by: 

"suhadull"suhadull = " juvenile i f " juvenie - & . (2.1a) 

NN*bod*=*bod*= KK > ^ Nm*nik > K - (2.1b) ) 
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1000 150 

Numberr  of competin g juvenile s 

250 0 

Figuree 2.2 

Characteristicss of the two submodels of the settlement process. Dashed line: the number of 

settling,, subadult shrews under the density-independent settlement. Solid line: the expected 

numberr of settling, subadult shrews under the density-dependent settlement. The number of 

suitablee territories is fixed on 50. 

Sincee the probability of a territory to be discovered and occupied does not depend on 
thee number of juvenile shrews, apart from situations where the number of juveniles is 
smallerr than the number of suitable territories, this variant will  be referred to as 'the 
density-independentt settling process'. Furthermore, all territories are assumed to be 
equallyy accessible. 

Thee second submodel of the settling process will be referred to as 'the density-
dependentt process'. This variant is based on the (more realistic) assumption that the 
chancee of a vacant territory to be discovered by a juvenile individual depends on the 
totall  number of juveniles present. It is assumed that juvenile individuals move 
randomlyy throughout the entire habitat in search of a territory. This assumption 
impliess that the arrival of juveniles at a specific territory follows a Poisson process with 
aa parameter that is proportional to the ratio between the total number of juveniles 
competingg and the number of territories available. It is furthermore assumed that the 
probabilityy that a territory becomes occupied is proportional to the number of juveniles 
arrivingg at the site. 
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Thee probability that a territory will 'not' be discovered by any juvenile individual 

thenn equals the zeroth term of the Poisson distribution with parameter <*[ —-z— , 

wheree a is a proportionality constant. The probability Poccupied that a 

territoryy is discovered by at least one individual and wil l become occupied is hence 

givenn by: 

W * - 1 - « PP l } (2.2) 

Byy default a is taken equal to 1, the consequences of different a values are considered 
inn a later section. Larger values of a represent situations in which the density 
dependencee in settlement is relaxed, such that more territories wil l become occupied 
forr the same number of juveniles competing. 

Iff  it is furthermore assumed that the different territories become occupied 
independentlyy of each other, the expected number of settling shrews is given by: 

',, -Ml 
11 - exp v J 

NsubabdtNsubabdt -K (2.3) ) 

Figuree 2.2 illustrates how the number of settling, subadult individuals relates to the 
numberr of competing juveniles for both variants of the settlement process. It should be 
notedd that the density-independent settling process is entirely deterministic, whereas 
thee density-dependent settling process incorporates a stochastic component. 

Reproductionn and mortalit y 

Itt has been argued that territoriality acts as a regulatory mechanism preventing 
excessivee shrew population densities that overexploit the habitat (Churchfield 1990). 
Hawess (1977) found that juveniles suffered high mortality during the competition for 
territories,, but that nearly all juvenile shrews that acquired a territory survived the 
winterr period. Added to the strict territoriality of the shrews, this high winter survival 
off  settled individuals implies that resource levels within the territories are sufficient to 
ensuree survival of its holders. Intraspecific competition for food is therefore likely to 
havee a negligible effect on the survival of settled individuals during the winter season. 
Reproductionn takes place in spring and summer when food levels are high. In this 
periodd strict territoriality is relaxed, with females remaining in much the same area and 
maless leaving their territories in search of oestrous females. Since food levels are high 
andd females still maintain their territories, the reproductive success of a single 
individuall  female is unlikely to be affected by intraspecific competition for food as well. 
Itt is therefore assumed that both winter survival and reproduction are density-
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independentt processes. Since the observed sex ratio is close to one (Croin Michielsen 

1966)) only female shrews are considered. Whereas the population density of the 

commonn shrew exhibits within year fluctuations because of its concentrated breeding 

activityy (Churchfïeld 1980), the focus is on the changes in abundance from year to 

year.. Hence only the population size right after the settlement process is considered. 

Itt is assumed that an individual shrew, which has successfully settled in autumn, 

survivess the winter season with probability s. Subsequently, all surviving individuals 

aree assumed to reproduce. The number of viable offspring per reproducing female is 

assumedd to follow a probability distribution which is inferred from experimental 

observationss (see the section on parameterisation). More specifically, this distribution 

iss assumed to specify the number of (female) juveniles that survive up to the settlement 

periodd per adult female surviving the winter period. The mean number of viable 

juveniless per individual female is referred to as R . Together, the winter survival 

probabilityy and the mean number of juveniles determine the average lifetime 

reproductivee success of an individual shrew in the absence of density-dependent 

influences.. This quantity is referred to as RQ and given by 

RR00=sl.=sl. (2.4) 

Formulatio nn of population-leve l model s 

Deterministicc and stochastic discrete-time models were formulated to investigate the 
effectss of habitat size and quality on the population dynamics of the common shrew. 
Inn these models habitat size is represented by the parameter K, the number of winter 
territories.. It is assumed that RQ, the average lifetime reproductive success of a female 
shrew,, is positively correlated with the quality of a habitat and can hence be adopted as 
ann indicator for this quality. First it is assumed that K and RQ are not correlated and 
cann hence be varied independently. In a later section the consequences of correlation 
betweenn habitat size and quality for the conclusions are discussed. 

Modelss without demographic stochasticity 

Thee deterministic population models incorporate the life history processes described in 

thee previous section (see Fig. 2.1), while neglecting demographic stochasticity in these 

processes.. Effects of winter mortality and reproduction on the number of shrews are 

subsumedd in RQ. The changes in equilibrium population density with different A" and 

RQRQ values are studied, thus the equilibrium abundance is adopted as an indicative 

statisticc of population performance. 

Adoptingg the density-independent settlement variant, the population dynamic 

18 18 



AA Q U E S T F O R T H E R O L E O F H A B I T A T Q U A L I T Y IN N A T U R E C O N S E R V A T I O N / C H A P T E R 2 

modell  is given by: 

«oN,>K «oN,>K 

otherwise. . 

(2.5a) ) 

(2.5b) ) 

Equationn 2.5 indicates that the number of shrews cannot be larger than the number of 
suitablee territories K If, on the other hand, the number of newborn individuals is less 
thann the number of available territories, all individuals wil l obtain a territory and 
becomee subadult. 

Thee equilibrium properties of the deterministic model with density-indepen-
dentt settling serve mainly as a point of reference. When RQ is larger than 1, the 
equilibriumm density is equal to the number of suitable winter territories. For smaller 
valuess of BQ the equilibrium density equals 0 (see equation 2.6). 

eq eq 

eq eq 

if f 

if f 

(2.6a) ) 

(2.6b) ) 

Obviously,, a value of RQ larger (smaller) than 1 implies that a single female shrew 
producess on average more (less) than a single offspring during her life. Because of the 
density-dependentt limi t set by the number of suitable territories, the population either 
growss to its maximum capacity or becomes extinct. 

Whenn settlement is assumed to follow the density-dependent process, the 
dynamicss of the shrew population is described by the non-linear, recurrent relation: 

NNt+1t+1=K =K 11 - exp K 
(2.7) ) 

V, , 

Forr this case the equilibrium population density cannot be obtained explicitly, but is 

thee solution of the equation: 

N„=K N„=K 11 - exp K (2.8) ) 
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Tablee 2.1 

Probabilityy distribution of female young that survive up to settlement produced by an adult female 

duringg her lifetime. The number of young ranges from 0 to 10. After Brambell 1935. 

0 0 
0.120 0 

1 1 
0.079 9 

2 2 
0.169 9 

3 3 
0.231 1 

4 4 
0.207 7 

5 5 
0.126 6 

6 6 
0.052 2 

7 7 
0.014 4 

8 8 
0.002 2 

9 9 
2.8**  10'4 

10 0 
1.8*10-5 5 

Modelss wit h demographic stochasticity 

Inn the deterministic population models it is assumed that reproduction and survival is 
identicall  for all individuals and that individuals only differ in whether or not they are 
capablee of securing a territory in the settlement process. Demographic stochasticity in 
reproductionn and survival is hence neglected in these models. The effects of changes in 
habitatt size and quality on the population performance were also analysed using models 
inn which demographic stochasticity in the life history processes is accounted for. In 
thesee models, juvenile settlement, winter survival, and adult reproduction, are 
incorporatedd as entirely stochastic processes. In technical terms, the population 
dynamicss of Sorex araneus are described by a Markov chain which captures the discrete-
timee nature and demographic stochasticity of the life history processes (see Feller 1968, 
andd Karlin & Taylor 1975 for extensive introductions). 

Thee state of the modelled S. araneus population in any year is given by the 
numberr of female subadult shrews, since the census of the population is just after 
settlement.. During the winter season all subadult shrews face a probability s to survive. 
Thee survivors become adult in spring. The probability PM (i | j) that a shrew 
populationn existing of j subadult individuals after settling in autumn, will exist of / 
adultss in the following spring is therefore given by: 

PPMM0\J)0\J) = \J. | ( l -s>°W ) j / ' i f i*J>  (2-9a> 
w w 

PuPu 0' I J) = ° otherwise. (2.9b) 

Forr each value of  j , the sum of the probabilities PM (i | j) over all possible values of i 

equalss 1. The maximum number of subadults that can be present in autumn equals the 

numberr of suitable territories K, and possible values of both /' and j hence range from 

00 to K. These bounds correspond to the extinct and the maximum population state, 

respectively.. Thus, in the population models mortality is represented by a matrix MM 

withh K+1 rows by K+1 columns containing the probabilities PM for all possible values 

20 20 



AA Q U E S T F O R T H E R O L E OF H A B I T A T Q U A L I T Y IN N A T U R E C O N S E R V A T I O N / C H A P T E R 2 

off  / and j (where / and j are used throughout to refer to the matrix row and column 
number,, respectively, both starting with index 0). 

Inn spring, each surviving shrew produces up to R^  ̂ offspring. R^  ̂ is the 
maximall  number of female young that an adult female can produce, which is estimated 
att 10 (see Parameterisation section). The probability that a female produces exactly y 

femalee offspring, that survive up to the settlement period, is indicated by Py (values 
specifiedd in Table 2.1). After the reproduction period the population exists exclusively 
off  juveniles, since adults die before the winter season and are assumed to play no role 
inn the settlement process. The probability PR{i  \ j) that the population wil l exist of / 
juveniless in late summer, given that the population exists of j female adults in spring, 
cann be described by a recurrence relation: 

PRWfl^fr^PrPiit-yU-D,PRWfl^fr^PrPiit-yU-D, if J*l, (2.10a) 

/ W ( ' i y )) = l , i f <' = . /= 0, (2.10b) 

PPRR(i\j)(i\j)  = 0, if  I > 1 , 7 = 0. (2.10c) 

Thee reproductive behaviour of the female shrews is assumed to be density-
independent.. Hence j female adults will produce /' juveniles in the event that one of 
themm produces y offspring and the remaining j - 1 individuals produce i-y offspring. 
Thee probabilities of occurrence of such events are summed in the recurrence relation 
(equationn 2.10a) over all possible values of y to obtain the relationship between 
PR(*PR(* \ J) and PR (.\j~ 1) (where the dot denotes all possible values of /). For each value 
ofof j the probabilities PR(i\j)  sum to 1 for all possible values of /. The maximum 
numberr of juveniles born in summer equals the maximum number of adults in spring 
KK multiplied by <#max. Hence the probabilities ^ 01 j) for all possible combinations 
off  /and j constitute a reproduction matrix M R, consisting of ^*^ m a x+l rows and K+\ 

columns.. The first row of the matrix specifies the probabilities that j female adults in 
springg wil l produce zero offspring in autumn. The first column consists of a single value 
off  1 in the first row and zero values everywhere else as an extinct population will not 
producee offspring (equations 2.10b and c). 

Inn autumn juvenile shrews compete to occupy a territory. The probability that a 
juvenilee will secure a territory depends on the specific submodel of the settlement 
processs (see equation 2.1). Assuming the density-independent settlement process 
impliess that if the number of juveniles that compete for a territory is smaller than the 
numberr of suitable winter territories K, all individuals wil l settle, while, if the number 
off  juveniles that compete for a territory is larger than the number of suitable winter 
territories,, exactly ^individuals wil l settle. With this settlement model the probability 
^SDI^SDI (' I ) that the population wil l exist of / subadults, given that j juveniles are 
competingg to occupy a territory is given by: 
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^sD/0'|y)) = l if / = y a n d > <̂  or i = K and j >K , (2.11a) 

PSDIPSDI OID = ° otherwise. (2.11 b) 

Ass the maximum number of settled juveniles is fixed by the number of territories, i 

rangess between 0 and Kwhile j ranges between 0 and K-Rmzx, the maximum number 

off  juveniles present. 

Whenn density-dependent settlement is considered the probability PSDD (/1 j) 

thatt the population wil l exist of i subadults, given that j juveniles are competing, is 

givenn by: 

PSDD(?\J)PSDD(?\J) = 
fKfKyy Jj.) _m 

.. 1(1 -exp ^ ) ' ( exp W)(*- 0 s iKj  ( 2 1 2 a) 

PsBDO\f)PsBDO\f) = l-XPsDD(*\j)> '' = 7, (2.12b) 
i-0 0 

PSDOUPSDOU I j) = 0 , otherwise. (2.12c) 

Heree (1-exp ) is the probability that a territory wil l be occupied following equation 

2.2.. As long asj>K, P^pii | j) in equation 2.12a is the probability that all territories 

wil ll  be occupied given that there are at least A"juveniles competing. If j<K,  the 

maximumm number of occupied territories is obviously restricted by ƒ Equation 2.12b 

reflectss the assumption that if j < K, the number of occupied territories cannot be 

largerr thany', therefore the probability that exactly j territories wil l be occupied is equal 

too one minus the sum of probabilities that less than j territories wil l be occupied. 

Forr each value of j the probabilities PSDt (i \ j) and PSDD {i  \ j) sum to 1 when 

summedd over all possible values of /'. The maximum number of subadult shrews that 

settlee equals the maximum number of territories K, while the maximum number of 

juveniless competing equals the maximum number of offspring produced K 'R^^ 

Hencee the probabilities PSD{ (i | j) and PSDD (i | j) for all possible combinations of i 

andd y constitute two settlement matrices M SDl and M SDD, respectively, consisting of 

K+K+ 11 rows and ^*^ n a x+1 columns. 

Fromm year to year the dynamics of the shrew population are determined by the 

sequencee of survival, reproduction and settlement. These dynamics are hence specified 

byy the matrix product: 

MMSD1SD1-M-MRR-M-MMM (2.13a) 

inn case of a density-independent settlement process. The analogous product with 
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density-dependentt settling is 

MMSDDSDDMMRRMMMM.. (2.13b) 

Iff  v. (t) denotes the probability that the population consists of/' female subadult shrews 
afterr the settling process in the autumn of year t (the shrew population is in state j), 

thee probability distribution of the population state for all possible states (j = 0....K) in 
yearr t can be specified as a column vector of length K+\ denoted by 
v(00 = (vQ(t),vx(t),....vK (/)). The probability distribution of the population state in the 
nextt year is then given by: 

v(// +1) = (Mg» MRMM M O, (2.14a) 

or r 

v(ff  +1) = (MSDD MRMM M O, (2.14b) 

inn the case of density-independent and density-dependent settling, respectively. 
Equationss 2.14a and 2.14b constitute the stochastic, discrete-time models describing 
thee population dynamics of S. araneus. 

Givenn values for RQ and K, the matrix product of MM, MR , and M mi (M ^ ^ 
inn case of density-dependent settlement) can be computed numerically. The zero state, 
correspondingg to an extinct population, is an absorbing state of the stochastic model, 
inn which eventually the model population wil l always end up. The expected time to this 
extinctionn can be calculated by determining numerically the subdominant eigenvalue 
off  the matrix product (see Appendix 2.1). 

Inn addition to expected extinction times, expected population sizes predicted by 
thee stochastic model can be computed if population extinction is assumed to be 
counteredd by immigration. These expected population sizes can be compared with the 
equilibriumm population sizes derived from the models without demographic 
stochasticity.. Immigration was modelled by assuming that an extinct population had a 
1%% probability to be re-colonised by individuals from outside the area with the K 

territoriess (other values for this immigration probability did not yield significantly 
differentt results). More precisely equation 2.11 was modified such that 
PgDfPgDf (010) = 0.99 and PSDl(l\0) = 0.0\. (The same equations hold in case of the 
density-dependentt settlement process.) Because of this small immigration, the 
probabilityy distribution of the population state tends to a stationary distribution. The 
matrixx products (equation 2.13a) and (equation 2.13b), with immigration included in 
thee settlement matrixes M ̂  and A/5DD, are computed numerically for various RQ and 
KK Expected population sizes are calculated by numerically determining the right 
eigenvectorr corresponding to the largest eigenvalue of the matrix obtained. The 
stationaryy population state distribution is specified by this right eigenvector after 
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normalisingg it, such that the sum of the vector elements equals 1. The stationary population 

statee distribution thus equals a vector of length A+l , of which each element (vx) gives the 

probabilityy that the population will exist of x individuals (v ={0,0,0,0,1}) implies that 

thee population has a probability of 1 to consist of four individuals). Multiplying each 

elementt of the stationary population state distribution vector (vx) by its index x and 

summingg over all states gives the expected population size, x : 

__ K 

JC=0 0 

Parameterisation n 

Parameterr estimates for the reproductive output and winter survival of S. araneus are 

basedd on literature data. 

Thee expected number of female young that are produced by a female adult and 

survivee up to settlement depends on the percentage of reproducing females, the mean 

litterr size, the number of litters produced per female, the sex ratio of the young, and 

thee juvenile mortality. Brambell (1935) states that 90% of the adult females become 

pregnantt during the season. The mean litter size ranges from 4 to 5.9 young (Shillito 

1963;; Vogel 1972). The sex ratio of the young is close to one (Croin Michielsen 1966) 

andd both sexes suffer equally from juvenile mortality. The common shrew breeds more 

thann once during the reproductive season, the mean number of litters is expected to lie 

betweenn 1.5 and 3 (Brambell 1935; Shillito 1963; Vogel 1972), a maximum of five 

litterss is reported by Kisielwsk (1963). Juvenile mortality equals 40-50% in the first 

twoo months of life (Churchfield 1980). 

Basedd on these literature data the present study has taken the number of litters 

too be 2.25, and the mean litter size 5 (the median of the reported ranges). It was 

assumedd that juvenile survival was equal to 60%. Thus the average number of young 

thatt survive up to settlement produced per female during her lifetime is assumed to 

equall  6.75. 

Completee probability distributions for the number of juveniles surviving up to 

settlementt are lacking. Brambell (1935) presents a litter size distribution based on the 

numberr of healthy embryos in uteri. Given the lack of literature data and the fact that 

thee average of the litter sizes (6.7) found by Brambell (1935) is close to the estimated 

valuee of 6.75 young per female, it was boldly assumed that the distribution found by 

Brambelll  (1935) was representative for the probability distribution of juveniles per 

femalee surviving up to settlement. These values were adjusted to account for the fact 

thatt only 90% of all females reproduce, and that the sex ratio of the offspring equals 1. 

24 24 



AA Q U E S T F O R T H E R O L E OF H A B I T A T Q U A L I T Y IN N A T U R E C O N S E R V A T I O N / C H A P T E R 2 

Tablee 2.1 represents the probability distribution of female young produced by an adult 
shreww during her lifetime. The mean number of female young that survive up to 
weaningg equals 3.0 (R ; see equation 2.4), and the maximum number of female young 
producedd per female during lifetime is assumed to be 10 (Rmzx ; see equation 2.10a). 

Winterr mortality varies from 14% (Shillito 1960 in Croin Michielsen 1966) up 
too 20% (Churchfield 1980). The data collected by Churchfield are based on mark-
recapturee techniques. During the winter period the activity of shrews is much 
reduced,, therefore mortality data based on mark-recapture techniques give an 
overestimate.. 5= 0.86 is adopted as the default value for the fraction of subadult 
shrewss that survive during winter. Based on these considerations a default value of RQ 

forr S. araneus equals 2.6. 

'a> 'a> 
c c 
d> > 

T3 3 

E E 

o--
uu u 

c c 
<u u 

E E 

.a a 

a-a-
LU U 

40 0 

30 0 

20 0 

10 0 

50 0 

40 0 

30 0 

20 0 

10 0 

n n 

II / I I 
II I 

I I 

" . ! / . . . 

.. i j. 

a a 

c c 

y y 

/ / / 
/J,/J,  . 
--

// , 

// ~^S 

/ / / 

b b 

d d 

---

0.00 0.5 1.0 1.5 2.0 2.5 100 20 30 40 50 

K K 

Figuree 2.3 

Equilibriumm population density as function of R^ (a and c) and K{b and d) for the deterministic 

modell (dashed lines) and the stochastic model with 1% immigration probability (solid lines), (a) and 

(b):: density-independent settlement; (c) and (d): density-dependent settlement. In (a) and (c) is K 

fixedd on 50. In (b) and (d) R^ equals 1.8. 
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Result s s 

Equilibriu mm density 

Figuree 2.3 shows that the deterministic models without demographic stochasticity 

predictt positive population sizes only if RQ is larger than 1, when, on average, an 

individuall  female produces more than a single surviving offspring during her lifetime. 

Iff  settlement follows the density-independent model, this threshold is the only value of 

RQRQ where it influences the equilibrium population size. Above and below it, the 

equilibriumm density is independent of RQ. With density-dependent settlement 

equilibriumm population densities continuously increase with values of RQ larger than 

1.0,, ultimately approaching the total number of available territories. The initial 

increasee is rapid: when RQ =2.0, already 80% of all territories are occupied (Fig. 2.3). 

Thee predicted equilibrium population density in these models is always 

proportionall  to the total number of available territories K (Fig. 2.3b, d). From 

equation.. 2.6a it is clear that with density-independent settlement the ratio N IK 

equalss 1. Equation 2.8 indicates that for density-dependent settlement this ratio only 

dependss on RQ. Hence, irrespective of the settling process, Neq always increases linearly 

withh K. As a consequence, the equilibrium population density in these models is 

generallyy more sensitive to changes in A" than to changes in RQ. Once an individual 

shreww can at least replace itself, population densities can be increased most effectively 

byy increases in the available territories. 

Thee predictions of the stochastic models with a 1% immigration probability per 

yearr are similar to those of the deterministic model (see Fig. 2.3). Only for low values 

off  A'and values of RQ just above 1, the predicted mean densities deviate. In the presence 

off  demographic stochasticity the mean density is lower than expected on the basis of 

thee deterministic model predictions when either the number of available territories K 

(andd hence the number of shrews) is low or when individual shrews can only produce 

slightlyy more than a single offspring during their life (RQ just above 1). Demographic 

stochasticityy thus negatively affects the expected population density. Higher levels of 

demographicc stochasticity induce lower densities. Obviously, the population density 

increasess faster with both RQ and K in case of density-independent settlement (Fig. 

2.3a,, b) than with density-dependent settlement (Fig. 2.3c, d). This is because the 

numberr of settling juveniles in case of the density-independent settlement is always 

largerr than or equal to the number of settlers in the density-dependent process (see Fig. 

2.2).. Moreover, the density-dependent settlement process introduces another source of 

stochasticityy on top of the demographic stochasticity due to reproduction and winter 

survival.. As a result the reductions in equilibrium densities are larger (compare Fig. 

2.3a,, c, and Fig. 2.3b, d). 
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Figuree 2.4 

Expectedd time to extinction, as predicted by the stochastic population models without immigration, 

forr different values of RQ and K. (a): with density-independent settlement and /Tequal to 50 (solid 

line),, 15 (dashed line) and 5 (dot-dashed line) territories, respectively, (b): with density-independent 

settlementt and R^ equal to 1.8 (solid line), 1.5 (dashed line), and 1.08 (dot-dashed line), 

respectively,, (c) and (d): as (a) and (b), respectively, but for density-dependent settlement. 

Expectedd time to extinction 

Thee stochastic population models without immigration predict that all populations 
eventuallyy go extinct. Figure 2.4 shows how the expected extinction time varies with 
changess in RQ and K. This expected extinction time reflects the expected longevity of a 
populationn of Sorex araneus that is at risk of extinction because of demographic 
stochasticityy in reproduction, survival and settlement. The expected extinction time is 
inverselyy proportional to the rate at which populations die out (see Appendix 2.1). 
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Figuree 2.5 

Combinationss of RQ and A'for which the relative sensitivity of the expected extinction time with 

respectt to RQ is between two and three times its sensitivity with respect to iHregion I). The relative 

sensitivityy is computed as the relative change in the extinction time given a relative change in either 

RQRQ or K. Region II: the relative sensitivities differ by a factor between 3 and 4; Region III: likewise, 

byy a factor between 4 and 5; Region IV: the relative sensitivity towards RQ is at least five times as 

largee as the sensitivity towards K. Note: lvalues lower than 2 are not computed (region below 

dashedd line), (a) with the proportionality constant a in the density-dependent settlement process 

equall to 0.5, (b) a = 1.0, and (c) a = 2.0. Note that for a = 0.5 the relative sensitivity with respect 

too RQ is never less than three times the sensitivity with respect to K. 

Increasess in both RQ and A^induce an increase in the expected time to extinction. 
However,, Figure 2.4 indicates that the expected time to extinction changes more 
rapidlyy with changes in RQ than with changes in K. The expected extinction time 
increasess at most exponentially with A'and more than exponentially with RQ. In case of 
density-independentt settlement the number of settling juveniles will always be larger 
thann or equal to the number of settlers in the density-dependent process (see Fig. 2.2). 
Therefore,, the expected time to extinction increases faster with both RQ and Kin the 
density-independentt settlement variant (Fig. 2.4a, b). Furthermore, for a small 
populationn with only five suitable territories (dot-dashed lines in Fig. 2.4a, c) increases 
inn habitat quality still have a significant effect on the expected time to extinction. In 
contrast,, for a population that can only accomplish low positive growth (7^=1.08, dot-
dashedd lines in Fig. 2.4b, d) increases in the number of suitable territories have a much 
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smallerr effect on the expected time to extinction. 

Forr RQ< 1 the stochastic models predict times to extinction above 1, even though 
everyy individual produces, on average, less than a single offspring during its life. The 
deterministicc models predict zero population densities under these conditions. Due to 
demographicc stochasticity single individuals can produce sometimes more than one 
offspring,, such that their lineage survives for more than a single year. Nonetheless, the 
populationn is expected rapidly to go extinct. 

Forr the stochastic population models with density-dependent settlement 
thee expected extinction times are computed for all combinations of RQ and ÜTwith 
RQRQ =0.03, 0.06 ... 3.0 and K =2, 3 ... 100. From these data the sensitivity of the 
expectedd extinction time to changes in both RQ and Kis determined numerically. Next, 
thiss sensitivity was expressed as the relative change in the expected extinction time due 
too a relative change in either RQ or K, i.e. the elasticity (Caswell 1989). As already 
suggestedd in Figure 2.4 the expected extinction time is always more sensitive to changes 
inn RQ. The elasticity of the expected extinction time with respect to RQ turns out to be 
att least twice its elasticity with respect to K In other words, a 10% increase in RQ wil l 
inducee at least twice as large an increase in the expected time to extinction as a similar 
increasee in K This holds for all values of RQ and K Figure 2.5b shows that for most 
combinationss of RQ and K, the elasticity towards RQ is three, four or even five times the 
elasticityy towards K Thus, the lifetime reproductive output of an adult female has a 
considerablyy higher impact on the expected time to extinction than the number of 
suitablee territories. 

Generalisations s 

Thee models that are used above to study the population performance of the common 
shreww in relation to changes in habitat quality and size incorporate only the most 
importantt processes and stages in the life history of the species. These models are 
necessarilyy based on a number of simplifying assumptions. In this section it wil l be 
discussedd how relaxation of these assumptions affects the conclusions derived above. 

Forr examination of the model predictions as a function of both RQ and K the 
proportionalityy constant in the density-dependent settlement process, a, was set to 1. 
Too study the sensitivity of these results with respect to a the elasticity calculations were 
repeatedd for values of a equal to 0.5 and 2.0. Lower values of a indicate an increase in 
thee density dependence of the settlement process, such that for a given number of 
competingg juveniles the probability that a territory wil l become occupied decreases (see 
equationn 2.2). Such increases in density dependence can, for example, be caused by 
non-randomm searching for territories (see below). A decreased density dependence in 
settlement,, corresponding to higher a values, can be expected in cases where juveniles, 
whichh are ousted out of their territories by stronger opponents, are able to search for 
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neww territories or where competing juveniles exhibit avoidance behaviour. As can be 

inferredd from Figure 2.5a, c, the conclusion that population extinction due to 

demographicc stochasticity can be countered more effectively by increasing RQ rather 

thann K holds true for both low and high values of a. If density dependence in 

settlementt is increased (a = 0.5), the expected extinction time becomes more sensitive 

too changes in RQ. Compared to Figure 2.5b, c (a = 1.0, 2.0, respectively), Figure 2.5a 

showss no regions where the relative sensitivity of the expected extinction time with 

respectt to RQ is between two and three times its sensitivity with respect to A" (region I 

inn Fig. 2.5b, c). As can be inferred from Figure 2.5c, with a decrease in density 

dependencee (a = 2.0) the sensitivity of the expected extinction time to changes in RQ 

decreases,, but is always larger than the sensitivity with respect to K{see Fig. 2.5c). 

Off  the important life history processes settlement is the least investigated. 

Insightt into how exactly juveniles manage to secure a territory is lacking. For the sake 

off  simplicity the presented study assumed that juveniles search randomly for vacant 

territories.. It might be biologically more realistic to assume that juveniles select vacant 

territoriess in the neighbourhood of their place of birth. As compared with random 

settlement,, settlement in neighbouring territories is expected to strengthen the 

conclusionn that population extinction due to demographic stochasticity is most 

effectivelyy countered by increases in habitat quality. The expected population density 

wil ll  also be affected to a lesser extent by an increase in habitat size than with random 

settlement.. These conclusions follow from the observation that, in comparison with 

randomm settlement, nearest-neighbour settlement can only lead to a less homogeneous 

distributionn of occupied and unoccupied territories. Due to this clustering of 

individuals,, nearest-neighbour settlement is likely to increase density dependence. As 

shownn above (see Fig. 2.5a), such an increase in density dependence only enhances the 

sensitivityy of the extinction time with respect to RQ. 

Inn the models, the habitat occupied by the species was assumed to consist of a 

collectionn of territories that form a single, contiguous area. If, on the other hand, the 

samee number of territories has a metapopulation structure, juveniles will probably 

searchh for a vacant territory within the patch occupied by their own subpopulation and 

lesss so in other patches. This situation is comparable with the situation where juveniles 

searchh for vacant territories in the neighbourhood of their place of birth: it is expected 

too increase the local density dependence in the settling process and thus increase the 

sensitivityy of the extinction time with respect to RQ (see Fig. 2.5). 

Inn the modelling approach K, the number of suitable territories, is adopted as a 

measuree of habitat size, whereas habitat quality was represented by RQ, the average 

lifetimee reproductive success. Furthermore these parameters RQ and A" were varied 

independently,, and thus implicitly it was assumed that they were not correlated. In 

naturall  situations it is not very likely that this assumption holds. However, as is argued 

beloww the conclusions are only strengthened in the presence of a correlation between 
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RQRQ and K The average lifetime reproductive success RQ in a specific habitat obviously 
dependss on the quality of the habitat. Literature data show that the ratio in summer 
andd winter densities of S. araneus varies from 1.4 to 2.3 in poor habitats like scrub-
grasslandd to 3 to 4 in rich habitats like deciduous woodlands (Churchfield 1990). Rich 
habitatss thus sustain a higher production of offspring than poor habitats. The number 
off  suitable territories (K) in a patch depends on the actual sizes of these territories. 
Winterr territory sizes range from 400 to 600 m2 in deciduous woodlands up to 1000 
too 2000 m2 for scrub-grassland (Churchfield 1990). These literature data show that the 
sizee of a territory wil l decrease with the quality of the habitat. The number of territories 
inn a habitat is therefore expected to increase with an increase in the habitat quality. 
Increasess in habitat quality thus lead to increases in both RQ and K 

InIn contrast, there is less reason to believe that an increase in habitat size wil l 
affectt RQ. An increase in habitat size can only have an indirect positive effect on the 
reproductivee success of an individual, if the individuals expand their territories. 
Territoryy expansion can increase the food availability and hence RQ of the resident 
individual.. However, such an increase would imply that the total habitat would fit a 
lowerr number of territories as compared to the situation that no territory expansion 
takess place. Moreover, to exploit a larger territory, an individual is expected to spend 
moree time on surveying and defending the habitat, which wil l probably negatively 
affectt its RQ. 

Thee present study concludes that increases in habitat quality are most likely to 
increasee both RQ and K, whereas increases in habitat size are likely to increase A'only. 
Thee assumption that RQ and A" are not correlated and represent a measure of habitat 
qualityy and size, respectively, therefore constitutes a conservative approach. Any 
correlationn between these two parameters is only likely to strengthen the conclusions. 

Thee main result, i.e. the relative sensitivity of the expected extinction time with 

respectt to RQ is always larger than its sensitivity to K, can be shown to apply more 

generally.. Consider a population living in a collection of A^ territories that each have a 

yearr to year probability to stay occupied equal to X. The question to resolve from a 

conservationn perspective is whether the extinction probability will be more effectively 

reducedd by increasing the number of territories to N'= N +1 or by an equivalent relative 

increasee in the probability for a single territory to stay occupied to X'= (1 + —)X (note 

thatt this is considered an equivalent relative change because both N'lN and X'IX 

equall  t + —-). The relative increase in the probability for a single territory to stay 

occupiedd is obviously possible only if X'< 1 and hence it is necessarily assumed that 
N N 

00 <X < ——-. Given the increased value of X\ the year to year probability that the 

entiree population in the collection of A^ territories goes extinct equals: 
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t-^^-Hj-vMt-^^-Hj-vM 11  <215) 

Iff  the number of patches is increased from Nto AP = N + l, the corresponding year to 

yearr probability of population extinction equals: 

(11 - X)N+1 = (1 - X)N (l-X). (2.16) 

Thee probability of extinction specified by equation 2.15 is smaller than the extinction 

probabilityy in equation 2.16 if: 

11 — < ( ! - * )) (2.17) 

m-x)) m-x)) 
Inn Appendix 2.2 it is shown that the inequality 2.17 holds for all possible values of N 

andd X. Therefore, increasing the probability to stay occupiedd to X'= (1 + —)X decreases 

thee risk of extinction more than increasing the number of 

territoriess from TV to N*=  N + l, On the basis of this result, it is concluded that in 

generall  the relative sensitivity of the expected extinction time with respect to changes 

inn habitat quality wil l always be larger than its sensitivity with respect to habitat size. 

Discussio n n 

Thiss paper demonstrates that the population abundance of the common shrew Sorex 

araneusaraneus is mainly influenced by the number of suitable territories K Obviously this 

numberr constitutes a maximum bound for the expected population density, which 

turnss out to be proportional to K for all values of RQ> 1. Except for the transition at 

thee threshold RQ=1> which separates the regions of positive and zero equilibrium 

densities,, the lifetime reproductive success of an individual female has littl e effect on 

thee expected population density. The expected time to extinction on the other hand, is 

farr more influenced by RQ than by K, as Figures 2.4 and 2.5 indicate. In this paper it 

hass been argued that RQ can be interpreted as a measure of the quality of the habitat, 

whereass the size is determined by K, the number of suitable territories. Thus, for 

populationn performance in terms of the average population density, the size of the 

habitatt is a key factor and more important than habitat quality. In contrast, when 

populationn performance is expressed in terms of its expected time to extinction, the 

qualityy and not the size is the most important habitat characteristic. These conclusions 

holdd for all values of RQ and K, even when the latter is low and shrew densities are 

correspondinglyy low. Figure 2.5b shows that the expected extinction time is at least 

twicee as sensitive to a change in RQ as to a similar, relative change in K. 

Relaxationn of the model assumptions to include (1) a metapopulation structure; 
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(2)) non-random searching for vacant territories; and (3) correlations between the 
lifetimee reproductive success ^ of an individual and the number of suitable territories 
K,K, tends to only strengthen the conclusion that the expected extinction time due to 
demographicc stochasticity is extended more by increases in habitat quality than by 
analogouss enlargements of habitat size. The computations given in equations 2.15, 
2.16,, and 2.17 corroborate, in an abstract manner, that, irrespective of the species 
underr consideration, demographic stochasticity indeed has an adverse effect on 
populationn performance in terms of its likelihood of extinction. These negative 
influences,, however, are always more effectively countered by increasing the probability 
thatt single individuals successfully reproduce and replace themselves than by increasing 
theirr total number. Hence, the extinction risk of a small population due to 
demographicc stochasticity can best be decreased by increasing the reproductive 
opportunitiess of its individuals, if this is feasible, while increasing the population size 
hass less of an effect. 

Demographicc stochasticity increases in significance in small populations and is 
thuss generally considered to increase the likelihood of extinction. According to Hanski 
(1986)) demographic stochasticity is the main cause of extinction in S. araneus on small 
islandss in Finland. The models analysed here were primarily developed to study the 
influencee of demographic stochasticity. It has been shown that its relation with 
populationn extinction is rather more subtle. Demographic stochasticity indeed reduces 
thee expected population size and increases the likelihood of extinction. However, the 
amountt of demographic stochasticity that is induced by the reproduction, death and 
settlingg of individuals is a function of both the number of individuals present and the 
chancess that they give birth, die and secure a specific territory. The current analysis 
showss that it is not the population size per se that crucially determines the impact of 
demographicc stochasticity. The probabilities of reproduction and death, which together 
determinee the lifetime reproductive success of an individual, make a much larger 
contribution.. As a consequence, these probabilities turn out to have a larger influence 
onn the expected time to extinction than on the maximum population size that can be 
achievedd in a specific habitat. 

Obviously,, small populations are threatened by a variety of factors that endanger 
theirr persistence. Shaffer (1981) recognises four stochastic extinction pressures: namely, 
demographic,, environmental, and genetic stochasticity, and natural catastrophes. Due 
too their low density, small populations could easily be wiped out by catastrophic events, 
suchh as adverse weather conditions or an epidemic of a lethal disease. A virus epidemic 
likee the phocid distemper virus on the harbour seal, which killed ~ 60% of the harbour 
seall  population in the Wadden Sea (Reijnders 1992), can be expected to eradicate small 
populations.. On the other hand, small populations run the risk of rapidly losing 
geneticc variability due to inbreeding (Wright 1977; Falconer 1981) or exhibit rapid 
shiftss in genetic composition in general. These genetic changes can diminish their 
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capacityy to adapt to changing environments (Selander 1983). 

Contaminationn of the environment with toxic substances can be interpreted as 

aa specific form of habitat quality degradation. S. araneus populations situated in 

contaminatedd areas are expected to suffer from secondary poisoning as a result of their 

feedingg habits. On the basis of the current study, it is expected that a decline in habitat 

quality,, as a consequence of pollution, wil l manifest itself in an increased extinction 

probabilityy of the population. However, this might not be reflected in the expected 

populationn density down to the threshold level RQ= 1. The expected population density 

wil ll  only drop to zero in areas where habitat quality decreases to levels where the 

lifetimee reproductive success of an individual female is below 1. This insensitivity of the 

expectedd population density with regard to pollution indicates that a shrew population 

cann be severely affected by pollution without any apparent change in the average 

populationn density. The population density is therefore not a useful statistic to evaluate 

thee population level effects of pollution. The expected time to extinction is, however, 

difficul tt to measure in field situations. Therefore, to gain insight in the population-level 

consequencess of pollution, next to the population density also the expected lifetime 

reproductivee success of an individual RQ should be determined. A survey of the 

performancee of a field population should include estimations of survival, reproduction 

andd density (Van Home 1983). It is expected that for species with life histories similar 

too that of S. araneus, habitat quality degradation, due to contamination of the area with 

toxicc substances, wil l not be revealed by the population density. The combination of a 

highh fecundity and an obligate territoriality in part of the life cycle, is likely to lead to 

aa strong dependence of the population abundance on the number of suitable territories 

A"wit hh less influence of the expected lifetime reproductive success BQ. 

Speciess management (conservation initiatives that aim on preservation of an 

endangeredd species) should be based on insight in the relative importance of habitat 

qualityy and size in the population performance of the species. This insight, in 

combinationn with the ultimate aim of the management policy (high species abundance 

orr sustainable populations), determines the importance of improving habitat quality 

and/orr size. The results of this study reveal the importance of increasing the habitat 

qualityy to reduce the likelihood of population extinction. Even at low population 

densitiess increases in the habitat quality are of more importance than equivalent 

increasess in the size of the habitat. Improvement of habitat quality depends on the 

specificc requirements of the species under consideration and can only be accomplished 

withh thorough ecological knowledge of the species. Therefore, improvement of habitat 

qualityy might not be simple to realise. Obviously, both the habitat quality and the size 

shouldd be improved when endangered populations are small. An increase in the 

maximumm population size wil l lif t the population out of the danger zone caused by 

environmentall  and genetic stochasticity and natural catastrophes, while an increase in 

thee quality of the habitat will ensure positive growth of the population. 
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Appendi xx 2.1 

Expectedd tim e to extinction 

Thee Markov chain that describes the population dynamics of Sorex araneus has one 

absorbingg state: zero females at time t wil l always lead to zero females at time t +1. All 

otherr states have a non-zero probability to end in the absorbing state. In any finite 

Markovv chain, no matter where the process starts, the probability that the process is in 

thee absorbing state after n steps tends to 1 if n tends to infinity (Kemeny & Snell 

1983).. This implies that the probability of extinction for a population of shrews wil l be 

11 as time goes to infinity. The mean time to reach the absorbing state, i.e. the expected 

extinctionn time fi is given by: 

Heree Xsd is the sub-dominant eigenvalue of the transition probability matrix. The 
dominantt eigenvalue of a Markov process is always equal to 1 (eigenvalue of the 
absorbingg state). The rate at which the population ends up in the absorbing state equals 
1-- A*sd. The expected time to extinction ƒ/ is inversely proportional to the rate at which 
thee population becomes extinct. 

Appendi xx 2.2 

Demonstrationn that inequality 2.17 holds for  all values of A and X 

Substitutionn of Y = -—— (n < y < N) . in equation 2.17 yields: 

Thee derivative of the lefthand side of equation 2.A2.1 with respect to N 

equals: : 

iHJiHJ M^-B'<H'-i)my^i 
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-KK'-*BB ^ ^ (2.A2.2) ) 

Thiss derivative can be simplified by defining 

1 1 
a~ a~ B) ) 

YY a-\ 
NN a 

Thiss definition allows for rewriting the second term within brackets in the righthand 

sidee of equation 2.A2.2 as: 

< i -£Kra+M^>) =((a- , )-ha)>0 0 (2.A2.3) ) 

Thee first exponential term in the righthand side of equation 2.A2.2 is always positive. 

Equationn 2.A2.3 shows that the second term is also positive if a > 1. This condition on 

aa corresponds with the condition 
Y Y 

00 < l - _ < 1 
NN ' 

whichh always holds true because / l ies by necessity between 0 and N. So it has been 

shownn that 

d d 
dN dN HI HI >0 0 

thatt is, irrespective of the value of Y, the lefthand side of equation 2.A2.1 is a strictly 

increasingg function of N. It can be shown that equation 2.A2.1 holds for N=l, because 

forr iV=l it can be rewritten as: 

( l - y ) < < 
\\ + Y 

(ii  - rxi + r) < l <=> <=> l-Yl-Y22 <1 

whichh is always true for Y>0. Equation 2.A2.1 can also be shown to hold for N-^>°°, 

since: : 

l i m ^ ^ l - l j ^ e x p t - r ) . . 

Hencee for iV—»<» the inequality can be rewritten as: 
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exp(-r)<JTT 0 exp(7)>l + r . 

Forr Y > 0, this inequality is always true. 

Itt is therefore shown that for all allowable values of F(0 < Y< N) the lefthand side of 
equationn 2.A2.1: 

a-V V 
kk AT 

iss smaller than 1/(1 + 7) for both the lowest possible value of N(N = 1) and the highest 
possiblee value N = «>. Moreover, it is shown that this lefthand side of equation 2.A2.1 
iss a strictly increasing function of TV which, by definition, means that for any value of 
TVV between 1 and °° the value of this lefthand side lies between its values N = I and 
N=N= °°. Therefore, for all allowable values of Y(0 < Y< N) it has been shown that: 

(i-r)<(i-l.) JV<iim^_ >oo(i-l)A '< r i- . . 
NN N \ + Y 

Thus,, inequality 2.A2.1 holds for all possible values of F and N, which implies that 
equationn 2.17 holds for all possible values of Xand N(N> 1, 0< X< N/ (N+\)). 
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33 Population level consequences of toxicological 
influencess on individual growth and 
reproductionn in Lumbricus rubettus 
(Lumbricidae,, Oligochaeta) 

Abstrac t t 

Thee effects of increased environmental concentrations of copper on the population 
dynamicss of Lumbricus rubellus axe. investigated. A size-structured matrix model is used 
too translate sublethal effects on individual growth and reproduction into their 
populationn dynamical consequences. Laboratory data on growth and reproduction 
underr different, sublethal conditions of copper stress are used to parameterise the 
model.. An estimate for the critical threshold concentration of copper (critical in a sense 
thatt the population growth rate at this concentration equals zero), obtained from the 
modell  analysis, agrees well with observations on field populations of L. rubellus. 

Introductio n n 

Thee influence of chemical stress on a population as a whole can be assessed by carrying 
outt toxicity tests on the population itself. Alternatively, these population consequences 
cann be inferred using mathematical models that incorporate information on survival, 
reproductionn and growth during the entire life cycle of an individual organism. Next 
too being a laborious, costly, and time-consuming approach, toxicity tests performed at 
thee population level are sometimes difficult to interpret. For example, Edwards and 
Brownn (1982) studied the effects of pesticides on earthworm populations living in 
grasslandd plots. Following the inflicted mortality, repopulation of the plots in their 
studyy was observed. It was unclear whether this recovery was due to surviving 
earthworms,, hatching cocoons, or re-invasion. Most important of all, however, 
experimentall  studies to assess the toxicity effects on populations in their natural 
environmentt might be ethically not justifiable. 

Inn this paper a mathematical model is employed to assess the consequences of 
increasedd concentrations of toxicants in the natural environment on the population 
dynamicss of Lumbricus rubellus. The focus is on sublethal concentrations of chemical 
compoundss that modify growth, development, and/or reproduction of the individual 
organism.. Experimental studies with individuals of L. rubellus, living under different 
concentrationss of copper in sandy loam soil, clearly reveal inhibition of all life processes 
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duee to the induced copper stress (Ma 1983, 1984; see also Figs. 3.4 and 3.5). The 

importantt ecotoxicological question is how these influences translate into a 

consequencee on the level of a population, given that this population is dynamic and in 

tightt interaction with other biotic and abiotic factors (food resources, predators, etc.) 

ass well. 

Ecologicall  studies on earthworms have primarily focused on the effects of abiotic 

factors,, such as soil humidity and temperature, and less so on the effects of biotic 

factors,, such as the availability of food or predation (Lavelle & Meyer 1983; Reinecke 

&&  Venter 1985; Reinecke et al. 1992). However, only biotic factors can be responsible 

forr the regulation of earthworm populations through density dependence. A model, 

whichh is targeted at investigating changes in population densities due to toxicants, can, 

therefore,, hardly be based on available biological information. As a useful alternative, 

thee maximum population growth rate was adopted as a measure of population 

performancee and investigates how copper stress on individuals of L. rubellus induce 

changess therein. 

Causall  relationships between mechanisms on the individual level and 

populationn level consequences can be investigated using 'structured population' or 

'individual-based'' models that basically adopt the biological individual as the central 

unitt in the modelling process (Caswell 1989; DeAngelis & Gross 1992). Using a 

descriptionn of the behaviour of a single individual (growth, development, reproduction 

andd mortality) under a range of biotic and abiotic environmental conditions, these 

modelss employ bookkeeping-like operations to specify a model for the entire collection 

off  individuals, i.e. the population. Using a size-structured matrix model (Caswell 1989) 

thee observed toxic influences reported by Ma (1983, 1984) were translated into 

changess in the maximum population growth rate in order to estimate the critical 

thresholdd concentration for copper (critical in a sense that the population growth rate 

att this concentration equals zero). The results are compared with observations on 

naturall  situations. To assess where in the range between unstressed and extinction 

conditionss a field population is actually living, the applicability of the population 

structuree (composition in terms of juvenile, subadult and adult individuals) was 

investigated. . 
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Modell formulation 

Individuall  growth, development, and reproduction of Lumbricus rubellus can be 
successfullyy represented with a simple model for the individual energy budget 
introducedd by Kooijman and Metz (1984). The observed changes in individual 
behaviourr due to copper stress are then translated into changes of the parameters of this 
model.. Individual survival was modelled phenomenologically on the basis of 
experimentall  data reported by Lakhani and Satchell (1970) for L. terrestris. To yield an 
estimatee of the maximum population growth rate a matrix model (see Caswell 1989) 
wass formulated that incorporates all information on the life cycle of L. rubellus. The life 
cyclee of an individual was assumed to be subdivided into four distinct developmental 
stages,, i.e. the cocoon, juvenile, subadult and adult stage, based on size criteria, 
followingg the experimental data of Ma (1983). The rate of progression through these 
developmentall  stages was derived from the energy budget model. 

food d 

gut t 

growth growth 

maintenance maintenance 

reproduction reproduction 

V V 
faeces s young g 

Figuree 3.1 

Schematicc representation of the energy channelling in the model of the individual behaviour of 

LL rubellus (after Kooijman & Metz 1984). 
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AA model for  the individua l behaviour  of L. rubellus 

Thee central assumption in the Kooijman and Metz energy budget model is that growth 

andd maintenance are more directly competing for available energy with each other than 

withh reproduction. Assimilated energy is allocated in a fixed proportion Kto growth 

andd maintenance, and a proportion \-Kto reproduction and development (see Fig. 

3.1).. Energy requirements for maintenance always take precedence over growth and 

reproduction.. Food intake is taken to be proportional to surface area and growth and 

maintenancee are proportional to wet weight (W). These assumptions lead to an 

attenuatingg growth curve under constant food conditions. The model furthermore 

assumess that individuals with different sizes have the same allometric relations, so that 

surfacee area is proportional to W11^. Reproduction is assumed to start only after 

reachingg a threshold size, referred to as the adult size. Smaller individuals are assumed 

too spend the energy channelled to reproduction on developing reproductive organs. For 

aa complete derivation see Kooijman & Metz 1984. 

Thee model assumptions imply that under constant food conditions the 

individualss wil l grow according to the von Bertalanffy growth curve: 

Ka)Ka) = lm-(lm-lb)e-ya (3.1) 

wheree 1(a) refers to the individual length, lb equals length at birth, and ƒ equals 
maximumm attainable length, y the growth rate in weight per unit of time, and a is age. 
Althoughh reference is made to the quantity /as length, it should be kept in mind that 
// actually refers to wet weight to the power of one-third. Because of the allometric 
relations,, / is only proportional to the real individual length. 

Givenn the von Bertalanffy growth curve, the assumptions that food intake is 
proportionall  to surface area Z2 and that a constant fraction of the assimilated food is 
channelledd into reproduction imply that the reproduction rate of an individual of age 
aa equals: 

«(«)== rm[l m -(lm -lbye^]2 for 1(a) > l^, (3.2) 

wheree rm equals the maximum reproduction rate per unit surface area, i.e. rml^ equals 

thee reproduction rate of an individual with the maximum length, and / ^ equals the 

sizee of a maturing individual. Individuals with a size smaller than / ^ use the energy 

channelledd to reproduction and development for the formation of reproductive organs 

only,, therefore, their reproduction rate is zero. The assumption that the onset of 

reproductionn is triggered by reaching a threshold size is in close agreement with the 

observationss by Ma (1983). 

Thee relations above, linking the weight and the reproductive rate of an 

individuall  to its age under a specific set of conditions, were fitted to the experimental 

dataa from Ma (1983, 1984). 
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Too complete the description of the individual life history, a model of individual 
survivall  has to be formulated. Although L. rubellus is a well-studied species, it was not 
possiblee to locate any data on individual mortality of L. rubellus in literature. Therefore, 
mortalityy data of L. terrestris were used to derive an estimated survival curve for L. 

rubellus.rubellus. Lakhani and Satchell (1970) proposed the following survival curve for a 
populationn of L. terrestris living under optimal, laboratory conditions: 

W-(J=£jj  (3-3) 

Parameterr values for L. terrestris ate estimated as a = 0.0004, b = 0.0056 and k = 0.369. 
Thee parameter a can be clearly interpreted as the inverse of the maximum life span of 
ann individual L. terrestris. To describe the survival of L. rubellus the same functional 
formm was used as derived by Lakhani and Satchell (1970). The parameters that involved 
thee unit of time (both a and b) were scaled by the ratio of the maximum life span of L. 

terrestristerrestris and L. rubellus, respectively. The maximum life span of L. rubellus is set to 750 
dayss (Ma, pers. comm.). Hence, a = 0.0014, b = 0.02 and k = 0.369 were used as 
reasonablee parameter values for L. rubellus. Figure 3.2 presents the resulting survival 
curvee for L. rubellus that was applied for the population dynamical model, investigated 
inn this paper. 

2000 400 600 

tim ee in days 

800 0 

Figuree 3.2 

Survivall curve for L rubellus, as inferred from Lakhani & Satchell 1970. 
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AA matrix model for the population dynamics of L. rubellus 

Too translate the copper-induced changes in individual behaviour of L. rubellus into 
populationn level consequences, a size-structured matrix model was used that 
incorporatedd all relevant aspects of the life history. In this model the life cycle of an 
individuall  is subdivided into four distinct developmental stages: cocoon, juvenile, 
subadultt and adult. Given the number of individuals in each of these developmental 
stagess at some time t, the population model determines the size and composition of the 
populationn one time step later at time t +l(as basic unit of time a week was adopted). 
Al ll  individuals within each developmental stage are assumed to be identical. Within 
onee time step a single individual can (1) survive and stay in the same developmental 
stagee with probability P., (2) survive and move to the next developmental stage with 
probabilityy G; (provided it was not an adult), and (3), if in the adult stage, produce a 
certainn number of viable cocoons, of which the average number produced per adult 
individuall  per unit time is indicated by the quantity F^. Figure 3.3 summarizes the life 
cyclee of an individual and the relevant population dynamical processes. The values of 
thee transition probabilities are completely determined by the model for the individual 
behaviour,, described above. 

Lett c(t), j(t), s(t) and a(t) be the number of cocoons, juveniles, subadults and 
adultss constituting the population at time t. On the basis of the life cycle graph in 

Figuree 3.3 

Graphh representing the life cycle of an individual L rubellus. 
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Figuree 3.3, it is possible to derive the values of c, j , s and a one time step later by simple 

bookkeeping g 

citcit + l) = PlC(t) + FM» 

j{tj{t  + \) = P2j{t) + G,<tt) 

s(ts(t + l) = P3s(t) + G2j(t) 

a(ta(t + l) = PAa(t) + G3s(t) 

(3.4) ) 

(3.5) ) 

(3.6) ) 

(3.7) ) 

Thesee equations specify that the number of cocoons at time t + l (c(t+l)) is equal to 
thee number of cocoons at time t that survived, but did not hatch during the time 
intervall  f to t+l  {P^c{t))y plus the number of viable cocoons produced by the adults 
presentt at time t during the time interval t to t+l  (F^a( t)). 

Thee number of juveniles at time t+l  (j(t+l))  is equal to the number of juveniles 
att time t that survived and stayed in the juvenile class during the time interval t to t+1 
(Pyji(Pyji t)), plus the number of cocoons that developed into juveniles during the time 
intervall  f to £+1 {G^c{t)). Equations 3.6 and 3.7 can be interpreted analogously. 

Lett n (t) be a vector denoting the number of individuals in the different 
developmentall  stages at time r('the population vector'): 

* 00 = 
7(0 0 
*(0 0 (3.8) ) 

Usingg the population vector, n(t), equations 3.4, 3.5, 3.6, and 3.7 can be rewritten in 

matrixx notation as: 

n(tn(t + l) = Mn(t) (3.9) ) 

inn which 

MM = 

fa fa 
<h <h 
0 0 

o o 

0 0 

Pi Pi 
GG2 2 

0 0 

0 0 
0 0 

3 3 
o, o, 

F<] ] 
0 0 
0 0 

h\ h\ 

(3.10) ) 

Thee matrix M is usually referred to as the population projection matrix and can be 
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interpretedd as a mathematical representation of the life cycle graph. Caswell (1989) 
providess an extensive introduction to the theory of matrix models, including their 
formulation,, analysis, and application. Of special relevance for the current study is the 
factt that the long-term behaviour of n(t) depends on the eigenvalues of the population 
projectionn matrix. If the environment remains stable, the population will grow with a 
ratee equal to the largest eigenvalue of M. The largest eigenvalue of M is directly related 
too the maximum population growth rate: ^m=f-, where r equals the maximum 
populationn growth rate, and \m the largest eigenvalue. 

Formulass for individual growth, reproduction and survival (equations 3.1, 3.2, 
andd 3.3) described in the previous section were used to derive expressions for the life 
cyclee parameters P, G, and F. The relations between the model of the individual 
behaviourr and the life cycle parameters of L. rubellus are derived in Appendix 3.1. 

^ ^ ^ 
.c c 
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Figuree 3.4 

Effectt of copper on the growth and development of L. rubellus in sandy loam soil (after Ma 1983). 

Openn arrows indicate the mean age and size at which individuals entered the subadult stage 

(definedd as individuals that show the first signs of a clitellum), filled arrows indicate the mean age 

andd size at which individuals become adult (that is, reproductively active). 

 control, o Cu 60 mg kg4, T Cu 145 mg kg'1, and V Cu 362 mg kg1. 
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Experimentall data and parameterisation 

Experimentall  data from Ma (1983, 1984) clearly indicate sublethal effects of copper on 
thee individual behaviour of Lumbricus rubellus raised in the laboratory under otherwise 
optimall  conditions. Figures 3.4 and 3.5 summarize these toxic effects on individual 
growthh and reproduction, respectively. Figure 3.4 indicates that the growth rate and 
maximumm size of an individual L. rubellus decrease in the presence of increased copper 
concentrations.. The data indicate that individuals reach the subadult and adult stage at 
fixedd weights of 500 mg (open arrow) and 780 mg (solid arrow), respectively. These 
weightt thresholds are equivalent with a length at reaching subadulthood and adulthood 
off  l=7.9ingr * and /^=9.2mg1'3(M a 1983). These threshold values are not influenced 
byy the increased copper concentration. 

Thee energy budget model offers a mechanistic link between physiological 
processes,, such as maintenance and food consumption, and individual growth and 
reproduction.. The term 'scenario' is used to indicate the specific mode of action of a 
toxicc substance on one or more of the physiological processes that are accounted for in 
thee energy budget model. 
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Figuree 3.5 

Effectt of copper on the reproduction of L. rubellus in sandy loam soil (Ma 1984). 
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Onn the basis of the data reported by Ma (1983, 1984), three possible scenarios 

off  toxic influence were identified. The reductions in individual growth in the presence 

off  increased copper concentrations (see Fig. 3.4) could possibly be caused by (1) a 

decreasee in the assimilation of energy or (2) increased maintenance requirements for 

detoxification.. These possibilities constitute the first two scenarios. In the energy 

budgett model the first scenario also directly causes a reduction of the reproductive 

output,, for which a fixed fraction l-A"of the assimilated energy is invariably used. The 

secondd scenario, increased maintenance requirements, directly leads to a decrease in 

growthh (maintenance and growth compete for the fraction K, see Fig. 3.1), but only 

indirectlyy to a reduction of the reproductive output, because individuals wil l reach 

smallerr maximum sizes (reproduction is a function of size, see equation 3.2). In the 

publicationn of Ma (1984) reductions in reproductive output are larger than can be 

explainedd on the basis of the two scenarios described above. Since the individuals in 

thesee experiments have not been stressed with the enhanced copper concentration 

throughoutt their entire life, these reproduction data are not entirely compatible with 

thee individual growth data and do not reflect the long-term consequences of copper 

stress. . 

Too cover the range of possible influences of the enhanced copper concentration, 

analysiss was made of the first two scenarios to obtain a conservative estimate of the 

toxicityy of copper. In addition, a third scenario was analysed, in which it was assumed 

thatt the enhanced copper concentration induced an increase in maintenance 

requirementss for detoxification and an increase in the energy requirements to produce 

aa single cocoon. This last scenario yields the best fit  to the experimental observations 

onn both individual growth and reproduction (Ma 1983, 1984). In the opinion of the 

authors,, it therefore constitutes a stricter estimate of the copper toxicity. 

Thee energy budget model of Kooijman and Metz (1984) has been succinctly 

summarisedd in this paper by two functions relating the individual length and 

reproductionn to its age (equations 3.1 and 3.2). The changes in the individual growth 

curvee and reproduction due to copper toxicity (Figs. 3.4 and 3.5) lead to different 

estimatess of the parameters / , y, and rm in these two functions. The parameters /w, y, 

andd rm are actually composite parameters, made up by lower level quantities that refer 

too characteristics of the underlying energetic processes (for instance, the maintenance 

requirementss per unit biomass) that were used in the original formulation of the energy 

budgett model (Kooijman & Metz 1984). The composite nature of the parameters lm, 

y,y, and rm leads to interrelations between them that must be taken into account during 

thee parameter estimation procedure. More details on this estimation are given in 

Appendixx 3.2. The estimation results are presented in Table 3.1. 
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Figuree 3.6 

Effectt of copper on the population growth rate per day. Dark bar: assimilation scenario, light grey 

bar:: maintenance scenario, dark grey bar: best fit scenario. 

Tablee 3.1 

Valuess of the estimated energy budget parameters for L rubellus under the assumption of three 

scenarioss of toxic influence on individual performance. Indicated copper concentrations are 

expressedd in mg Cu per kilogram sandy loam soil. Within brackets the relative change in the 

estimatedd parameter, as compared to the control situation, is given. 

Energyy budget parameters I [mg1/3] Ttday1] ] rmm Kmgi/^day-1] 

Control l 

Cuu 13 

Assimilationn scenario 

Cuu 60 

Cuu 145 

C u 3 62 2 

Maintenancee scenario 

Cuu 60 

Cuu 145 

C u 3 62 2 

Bestt fit  scenario 

Cuu 60 

Cuu 145 

C u 3 62 2 

12.31 1 0.014 4 0.0010 0 

11.888 (- 3.5%) 
10.544 (-14.4%) 
8.522 (-30.8%) 

11.722 (- 4.8%) 
9.988 (-19.0%) 
7.666 (-37.8%) 

11.722 {- 4.8%) 
9.988 (-19.0%) 
7.666 (-37.8%) 

0.014 4 
0.014 4 
0.014 4 

0.0155 (+ 4.8%) 
0.0177 (+19.0%) 
0.0233 (+37.8%) 

0.0155 (+ 4.8%) 
0.0177 (+19.0%) 
0.0233 (+37.8%) 

0.000977 (- 3.5%) 
0.000866 (-14.4%) 
0.000699 (-30.8%) 

0.0010 0 
0.0010 0 
0.0010 0 

0.00066 (-40%) 
0.00044 (-60%) 
0.000033 (-97%) 
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Copperr stress and population growth reduction in L rubellus 

Thee maximum population growth rate can be determined from the matrix model 

followingg the methods discussed extensively in Caswell 1989. Figure 3.6 indicates the 

effectt of increased environmental copper concentrations on the population growth rate 

inn the three toxicity scenarios investigated in this paper. With a background copper 

concentrationn (13 mg copper per kg soil) a population of L. rubellus can attain a 

maximumm growth rate of 0.012 per day. Obviously the absolute value of this estimate 

heavilyy depends on the precise experimental data that were used to formulate the 

populationn dynamical model. Relative comparisons between the different copper stress 

conditionss are, however, more robust. From Figure 3.6 it can be concluded that the 

lowerr copper concentrations (Cu 60 and Cu 145), in the first and the second scenario, 

leadd to similar population consequences. In all scenarios the model predicts that 

populationss treated with 362 mg copper per kg soil achieve negative growth rates and 

wil ll  hence die out. This extinction of a population living at a copper concentration of 

3622 mg per kg of soil is the result of the severe reduction in individual growth under 

thesee conditions. The maximum attainable length lm (Table 3.1) at such high copper 

concentrationss is smaller than the size at maturation l^. Hence individuals never 

maturee and are incapable of reproduction. Whenever the toxic stress reduces the 

maximumm attainable length to less than 75% of its normal, unstressed value, lm is 

smallerr than the size at maturation / ^. The critical threshold concentration for copper 

(criticall  in a sense that the population growth rate equals zero) can be obtained by 

plottingg the relative decrease in I (Table 3.1) against the ambient copper 

concentrationn and interpolating between the observations. In case of the assimilation 

scenarioo the critical threshold concentration equals approximately 300 mg copper per 

kgg sandy loam soil. Both other scenarios yield estimates of zero population growth rates 

att copper concentrations of around 200 mg. 

Apartt from the copper stress, it was considered that the earthworms live under 

optimall  conditions, i.e. in abundance of food and absence of predation. Under field 

conditionss L. rubellus wil l face a combination of stress factors. Hence it was expected 

thatt the estimate for the critical threshold concentration of 200 to 300 mg copper per 

kgg of sandy loam soil would be too high. Field studies reported by Ma (1988) showed 

aa steep decline in the size of field populations when copper concentrations increased to 

2000 mg CuSÔ  kg"1 of soil. These studies were carried out on grassland plots which 

weree annually treated with copper sulphate. Five regimes of copper application were 

used,, the highest of which, leading to around 200 mg kg"1 copper sulphate in the upper 

33 cm, had a drastic effect on the density of L. rubellus (three years after application the 

populationn density of the treated plots was less than 20% of the density of the non-

treatedd plots). Although colonisation has not been excluded in these studies, the low 

densitiess of L, rubellus occurring at a copper concentration of around 200 mg kg 
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Figuree 3.7 

Changess in the stable stage distribution due to increased maintenance requirements. Dotted line: 

percentagee of adults; dashed line: percentage of subadults; solid line: percentage of juveniles. The 

relativee increase in maintenance requirements is inversely proportional to the relative decrease in 

thee maximum attainable length / „ . 

sandyy soil, show that these populations are close to extinction. 
Sincee the maximum population growth rate will  scarcely be observable under 

naturall  conditions, other statistics on the population of interest should be exploited to 
assesss where in the range between unstressed and extinction conditions the population 
iss currently living. One of the possible candidates for this assessment is the relative 
compositionn of the population in terms of juvenile, subadult, and adult individuals. 
Thee stable stage distribution of the matrix population model corresponds to the relative 
compositionn that the population in the long run would attain. (Mathematically, this 
stablee stage distribution is given by the right eigenvector pertaining to the largest 
eigenvaluee of the matrix M; see Caswell 1989 for details.) 

Figuree 3.7 presents the stable stage distribution of the population as a function 
off  maintenance requirements (scenario 2). For this scenario, plots of the relative 
changess in the energy budget parameters (Table 3.1) versus the applied copper 
concentrationn (not provided) suggest that increases in the environmental copper 
concentrationn lead to approximately proportional increases in the maintenance 
requirements.. As Figure 3.7 reveals, substantial changes in the stage distribution only 
takee place near to the point where the population achieved a negative growth rate (i.e. 
increasee in maintenance requirements more than 25%). This result seems to suggest 
thatt for these earthworm populations the stable stage distribution is not a useful 
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statisticc to deduct information on the toxicity of the environment. Figure 3.7 also 

indicatess that near to the point of extinction, individuals get trapped in the subaduk 

stage.. Here the effect of copper stress on individual growth is so severe that the 

individualss wil l not reach the adult size and thus are incapable of reproduction. This 

observationn strengthens the conclusion made by Klok et al. (1997) that the major 

dangerr for extinction of L. rubellus populations living under stress of sublethal toxicant 

concentrationss resides in the fact that the individuals fail to reach the adult size within 

theirr life span. 

Discussio n n 

Thiss paper exemplifies the application of structured population models to address 

ecotoxicologicall  problems. The structured approach makes it possible to formulate 

predictionss about the population behaviour, which are firmly based on individual 

biology.. As demonstrated in this paper, these links between the individual and 

populationn level are not always straightforward and sometimes counterintuitive. 

Thee practice of environmental risk assessment for toxic substances in The 

Netherlandss is based on single species tests. Acceptable toxicant levels for ecosystems 

aree estimated by applying safety factors to 'No Observed Effect Concentration' 

(NOECs)) of toxicants, which are determined in laboratory experiments (Van Leeuwen 

1990).. NOECs result from either acute or chronic exposure tests, in which ecologically 

relevantt parameters like survival, reproduction, and growth are monitored. Tests in 

whichh the individual is exposed during its entire life are, however, rare. Toxicity tests 

onn L. rubellus are directed toward assessing the effects on reproduction. Compared to 

growthh and mortality, reproduction, in most cases, is indeed the most sensitive effect 

parameterr on the individual level. The individual level toxicity data analysed in this 

paperr (Ma 1983, 1984), also reveal a larger effect of copper on reproduction than on 

growthh (Figs. 3.4 and 3.5). However, the population model indicates that the large 

reductionn in individual reproduction by far does not have the same impact on the 

populationn growth rate as the 'relatively' small reduction in growth. Therefore, if 

toxicityy effects at the population level are of interest, tests on individual reproduction 

doo not seem to be the appropriate measure. Given a size-dependent development and 

aa maximum life span, it seems that tests on the duration of the preadult stages, i.e. 

growthh through the juvenile stage, wil l be a better indicator of the population level 

consequences. . 

InIn the model it was unavoidable to make quite drastic assumptions especially 

aboutt individual survival, because of the virtual absence of experimental observations. 

Thee maximum life span of L. rubellus was set to 750 days, which may be an 

underestimate.. To consider the possible effects of a longer maximum and mean life 
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spann on the results presented in this paper, a maximum life span of 2500 days was also 
investigatedd (this is the maximum life span for L. terrestris estimated by Lakhani and 
Satchelll  (1970)). The maximum population growth rate derived from the model 
increasess as a result of a rise in the maximum life span. With a longer mean life, the 
totall  lifetime reproductive output of each individual wil l increase, which leads to an 
increasee in maximum population growth rate of up to 20%. In contrast, the critical 
thresholdd concentration for copper does not change. This threshold is triggered by the 
factt that copper reduces growth to a level where the maturation size will not be reached. 
Thee individuals are assumed to grow according to the von Bertalanffy growth curve, an 
attenuatingg curve, which implies that when the maximum reachable size is smaller than 
thee maturation size, the individuals wil l never reproduce, independent of their life 
span. . 

Thee matrix model used in this paper must be seen as a tool to consistently 
translatee toxicological influences on the level of the individual into their population 
levell  consequences. As a consequence, the reliability of the model predictions is directly 
relatedd to the amount and nature of the experimental data on which they are based. 
Parameterisationn of the model is one of the major bottlenecks in population dynamical 
modell  studies. For L. rubellus it was not possible to find a consistent data set in 
literature,, with which reference is made to a set of data that completely documents all 
relevantt aspects of individual biology (growth, reproduction, and survival) for the same 
cohortt of organisms under a controlled set of environmental conditions. The authors 
emphasizee that they see here an interesting field of interplay between experimental and 
theoreticall  biologists, which will have a considerable payoff to both. If hierarchical 
levelss of biological organisation must be spanned, as is done to understand the effects 
off  stress on the population, knowing the stress acts primarily on the individual level, 
thiss interplay is without doubt a necessity. 

Conclusion s s 

Thiss model study indicates that the major danger for extinction of L. rubellus 

populations,, under stress of sublethal toxicant concentrations, resides in the fact that 

thee individuals fail to reach adulthood within their life span. The critical threshold 

concentrationn for copper for populations of L. rubellus living in sandy loam soil, 

derivedd from the model, is in the range of 200 to 300 mg copper per kg of soil, which 

iss in reasonable agreement with data from field studies. Furthermore, the population 

structuree reveals no substantial changes up to copper concentrations only slightly below 

thee critical level, which makes it virtually impossible to detect copper stress in 

observationss of the population structure (that is its composition in terms of juvenile, 

subadultt and adult individuals). 
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Appendi xx 3.1 

Derivationn of lif e cycle parameters 

Iff  the environmental conditions (e.g., food, temperature, and humidity) that the 
individualss experience were constant, the distribution of individual states in the 
population,, such as age, would stabilize while the numbers grow exponentially 
(Kooijmann & Metz 1984). This rate of exponential growth or intrinsic rate of 
populationn growth wil l be denoted by r. To derive formulas for the entries P, G, and 
Pinn the population projection matrix M, it is assumed that the population has attained 
suchh a stable age distribution. 

Thee stable age distribution of the exponentially growing population can be 
obtainedd from the continuous-time version of the Euler-Lotka equation: 

ll  = ]m(a)F(a)e-rada (A3.1.1) 
o o 

wheree F equals the survival curve, i.e. F (a) the probability for an individual to survive 
upp to age a; m(a) represents the reproduction rate of an individual of age a; and r 
equalss intrinsic rate of population growth per time unit. 

Thee stable age distribution of the exponentially growing population is given by 
thee function F (a) e ~ra. For computational reasons approximation is made of the 
survivall  curve of Lakhani and Satchell (1970), which was introduced in the main text 
withh an exponential function F{d)e~Pa within each individual life stage of L. rubellus. 

Thiss assumption implies that all individuals in a single life stage experience the same, 
constantt mortality rate while in that stage, indicated by the parameter /i. The choice of 
thee exponential function for F (a) allows to obtain explicit expressions for the matrix 
entriess P, G, and F below. The individual death rate \i for each single life stage 
(juvenile,, subadult, and adult) is chosen such that the probability of an individual to 
survivee up to the end of the lif e stage is equal to the value given by the survival curve 
off  Lakhani and Satchell which describes the survival of hatched individuals. This is 
equivalentt to computing an average, constant mortality rate for every life stage, which 
iss subsequently used in the exponential survival function. The same functional form 
wass used to describe the cocoon survival. The percentage of viable cocoons equals 94% 
(Ma,, pers. comm.), leading to F(a)e~Va for the cocoon stage. 

Usingg the stable age distribution we can derive the matrix entries Pi, Gi, and 
F^.F^. P-, the proportion of individuals that survive and remain in the same stage /during 
aa time step A, can be described by: 
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AA22 -A 

ƒƒ e-
{r+ftyada 

PPii== ~T~T22 *" M (A3.1.2) 
ƒƒ e-{r+M)ada 

Thee numerator in equation A3.1.2 is proportional to the number of individuals that 
stayy in stage / during a time step, while the denominator is proportional to the total 
numberr in stage / at time t - A with identical proportionality constants. Multiplying 
thiss fraction with the probability to survive during the time step (e ~^) yields the 
completee expression for P-. 

GpGp the proportion of individuals that survive and move to the next stage during 
aa time step A, can be described by 

f f 
GGii== lhlh e (A3.1.3) 

[e<[e<rr^^ aada da 
4 4 

Thee numerator in equation A3.1.3 is proportional to the number of individuals that 

movee to stage / +1 during a time step, while the denominator is proportional to the 

totall  number in stage / at time t - A with identical proportionality constants. 

Multiplyin gg this fraction with the probability to survive during the time step (e~^) 

yieldss the complete expression for <J;. The reproductive output of the adults per time 

stepp A, represented by the matrix entry F  ̂wil l be equal to the product of the average 

adultt reproductive rate (that is the total reproductive output of all adults in the 

populationn divided by the total number of adults present) and the time step: 

ƒƒ e-<r+fi)am(d)da 

FFAA = _ A (A3.1.4) 

ƒƒ é+'+fda 

Inn the expressions for ƒ*  and Gp A  ̂ and A2 correspond to the boundary sizes which 

mustt be reached to move to the next stage. In case of the cocoon stage, the stage 

durationn is set to a period of six weeks (Ma, pers. comm.). In case of the juvenile, 

subadult,, and adult stages, the corresponding sizes can be obtained using the weight-

agee relation, given by the von Bertalanffy growth curve. 

Accordingg to the energy budget model, L. rubellus grows following a von 

Bertalanffyy growth curve after leaving the cocoon stage: 
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W(af>W(af> =wjn -{Wjn -JF,1'V° (A3.1.5) 

wheree W refers to the individual weight, W  ̂ the maximum attainable weight, Wy the 

weightt at birth, y the growth rate in weight per unit of time, and a age. Equation 

A3.1.55 can be written more compactly if the symbol W1'3 is substituted by /: 

'(* )) = /*  - ( / . - / * > - ' " (A3.1.6) 

wheree V^d) refers to the individual length, lm to the maximum attainable length, and ly 

equalss length at birth. 

Thiss relation between weight, or rather length, and age wil l be used to calculate 
fromm the size thresholds l$ and /^/the corresponding ages at which an individual reaches 
subadulthoodd and adulthood, respectively. 

Inn equation A3.1.4 A  ̂equals the age at which an individual reaches the adult 
lengthh l^> and A the maximum individual age. The function m(a) is defined in the 
discussionn of the energy budget model in the main text and represents the individual 
reproductionn rate at age a. 

Thee stage duration of stage i (for example the subadult stage) wil l be equal to 
thee time it takes individuals of /j (ls) to grow to ^ ( / ^ ). 

Thee expressions for P  ̂ Git and F  ̂relate the entries in the population projection 
matrixx M to the functions and parameters in the energy budget model that were 
adoptedd for the basic individual description. With the parameter estimates discussed 
below,, the matrix elements are specified up to the value of the intrinsic rate of 
populationn growth. As stated in the main text, this intrinsic rate of growth is directly 
relatedd to the largest eigenvalue of the matrix itself. An iterative procedure, as is 
discussedd by Caswell (1989), was used to find the final value of the intrinsic population 
growthh rate. 

Appendi xx 3.2 

Estimationn of the energy budget parameters 

Thee parameter values of the energy budget model were estimated by fitting the von 

Bertalanffyy growth curve (equation 3.1) to the experimental growth data (Ma 1983) 

andd the function relating the individual reproduction rate to the individual size 

(equationn 3.2) to the experimental reproduction data (Ma 1984) using non-linear 

regression. . 

First,, the energy budget parameters of individual L. rubellus growing under 

optimall  conditions with a background concentration of copper (13 mg per kg of soil, 
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indicatedd by Cu 13) were estimated. The maximum reproduction rate per unit surface 

areaa rm was calculated by dividing the number of cocoons produced per day per 

individuall  by the square of the mean length of the reproducing individuals at the start 

off  the experiment. From the data (Ma 1984) this individual length was estimated to 

equall  11.58 mg1 /3 in the experiments. 

Thee manner in which the different copper concentrations effectuate in the 

energyy budget parameters depends on the scenario chosen and hence the estimation 

proceduress differ for the three scenarios. 

Thee first scenario assumes that an increased copper concentration leads to a 

reducedd assimilation rate of food. This would decrease one of the underlying 

parameterss in the energy budget model, e.g. the maximum energy intake per unit of 

surfacee area (for details see Kooijman & Metz 1984). The composite parameters / and 

rrmm that were used in the model description are both proportional to this maximum 

energyy intake per unit of surface area and hence it is possible to estimate a 

multiplicativee factor for both parameters from the experimental data under copper 

stress.. The estimation of lm
Cu and rm

Cu (the values / and rm under copper stress) is 

donee by fitting the von Bertalanffy curve with a fixed y (equal to its unstressed value) 

too the experimental observations of individual growth under copper stress (Ma 1983). 

Thiss yields a value for lm
Cu that is a factor m smaller than the / of the control 

individuals.. The rm value of the control is subsequently divided by this same factor m 

too give the r of the stressed population: 

/ m
C t t= i L a n d rm

c " = ^ LL  {A32A) 

m m m 

Thee second scenario assumes that the toxic influence induces a higher maintenance 
requirementt for detoxification purposes. The basic formulation of the energy budget 
modell  (Kooijman & Metz 1984) uses a parameter £ which represents the maintenance 
requirementss per unit of individual weight. In the second scenario this underlying 
parameterr would be increased due to copper stress. The composite parameter / that is 
usedd here is inversely proportional to £, while the growth rate y is proportional to it. 
Thee value of r wil l not be affected in this scenario. The estimation of lj^u and yCu 

underr copper stress is done by fitting the von Bertalanffy curve to the experimental 
data,, assuming a multiplicative factor n in y , which turns up inversely in / : 

,,CuCu==ll-2-and-2-and rCu=yn (A3.2.2) ) 

Figuree 3.8 provides the resulting von Bertalanffy growth curves fitted to the 

experimentall  weight data of L. rubellus living under a copper stress of 145 mg kg"1 soil. 

Inn the third scenario it is assumed that in addition to an increased maintenance, 
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thee energy requirements to produce a single cocoon also increase. This results in 
reproductionn and growth to be not correlated. The values for l^" and y are hence 
equall  to the estimated values of the second scenario. In addition, r^" ls estimated 
fromm the experimental observations under copper stress (Ma 1984) using the expression 
relatingg the reproduction rate to individual size (that is, the individual reproduction 
ratee which equals rm

Cul(a)2). The individual size 1(a) here equals the mean length of 
thee reproducing individuals at the start of the experiment. 

1200 0 

E E 

~~ 600 
O) ) 

1 1 

100 0 

timee in days 

200 0 

Figuree 3.8 

Thee von Bertalanffy growth curves fitted to the experimental weight data of L rubellus living under 

aa copper stress of 145 mg kg'1 (Ma 1983). : experimental observations; thick solid line: 

maintenancee scenario; thin solid line: assimilation scenario. 
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44 Assessing the effects of abiotic environmental 
stresss on population growth in Lutnbricus 
rubellusrubellus (Lumbricidae, Oligochaeta) 

Abstrac t t 

AA matrix model for the population dynamics of Lutnbricus rubellus was formulated to 

assesss the effects of abiotic environmental disturbances on the viability of the 

population.. The population dynamic model is based on a description of individual 

growth,, reproduction and mortality, which is partly derived from a simple model for 

thee energy budget of an individual. The use of the energy budget model allows for 

establishmentt of causal relations between physiological influences of abiotic 

environmentall  stress and population performance. 

Dataa on individual growth and reproduction (Ma 1983, 1984) are used to 

parameterisee the model. The analysis shows that the length of the adult life span, and 

consequentlyy the growth rate from birth to adulthood, is of overriding importance for 

thee performance of the population. 

Introductio n n 

Thee dynamics of earthworm populations under different environmental conditions 

havee been a major focus of interest in earthworm ecology over the last decades (S. 

Rundgrenn unpub. Ph.D. thesis University of Lund 1976; Edwards & Lofty 1977; 

Rozenn 1988; Marinissen 1992). In population dynamic studies much attention has 

beenn paid to the influence of abiotic factors on the performance of earthworm 

populations.. A major pattern arising from these studies is that soil humidity and soil 

temperaturee have dramatic effects on earthworm population densities (Lee 1985; 

Reineckee & Venter 1985; Reinecke et al. 1992). Unfortunately, relatively few studies 

havee focused on the importance of processes at the individual level such as growth, 

reproductionn and development. In particular, the dependence of population dynamics 

onn food availability is poorly understood. However, interest in a more mechanistic and 

quantitativee understanding of these processes on the level of a single individual is 

increasingg (Daniel 1991). 

Abioticc environmental stress factors potentially influence growth and 

reproductionn of individual earthworms. The problem then, is how these influences 

subsequentlyy induce changes at the population level, given that a population is 

dynamicc and in tight interaction with other biotic factors, such as food resources and 

predators.. Over the last decade a number of developments in mathematical population 
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dynamicss and theoretical ecology have taken place that constitute a promising route to 
investigatee such causal relations that span hierarchical levels of biological organisation 
(individuall  and population levels, respectively). These developments concern a broad 
classs of models, usually termed 'structured population models' or 'individual-based 
models',, that basically adopt the biological individual as the central unit in the 
modellingg process. Using a description of the behaviour of a single individual (growth, 
development,, reproduction and mortality) under a range of biotic and abiotic 
environmentall  conditions, these models employ bookkeeping-like operations to specify 
aa model for an entire collection of individuals, i.e. a population. No further 
assumptionss are made on the level of the population, the dynamics of which are 
thereforee firmly based on the individual behaviour. Moreover, in these models 
individualss are allowed to differ from each other in age, size or other physiological 
traits.. For a general introduction to these models see DeAngelis & Gross 1992. 

Inn this paper a size-structured matrix population model was analysed to 
determinee those aspects of individual life history with the largest influence on the 
matrixx population growth rate of Lumbricus rubellus. In addition, the most likely 
reasonss for population decline in the presence of environmental stress indicated by 
elevatedd copper concentrations were assessed. 

Method s s 

Growth,, development and reproduction of Lumbricus rubellus were modelled using a 
veryy simple model for the individual energy budget introduced by Kooijman and Metz 
(1984).. The energy budget model allows us to link changes in energy allocation due to 
detoxification,, to changes in the age-size relation of the individuals, and in turn, to 
populationn dynamical changes. The choice of the Kooijman and Metz energy budget 
modell  was inspired by practical reasons, since not enough information on individual 
growth,, development and reproduction is available to unambiguously formulate a 
completee set of rules for the use of the energy assimilated by an individual. Parameter 
estimatess for the energy budget model were derived from laboratory data on the 
growth,, development and reproduction of L. rubellus, living under optimal conditions 
inn sandy loam soil (Ma 1983, 1984). Individual survival was modelled phenomenolo-
gicallyy on the basis of experimental data reported by Lakhani and Satchell (1970) for 
L.L. terrestris living in culture under optimal conditions. 

Thee life cycle of an individual L. rubellus was subdivided into four distinct 
developmentall  stages: cocoon, juvenile, subadult, and adult. Data on individual growth 
andd reproduction reported by Ma (1983) indicate that maturation is correlated with 
reachingg a specific weight. Therefore, the developmental stages were assumed to 
correspondd with particular size classes. The rate of progression through the different 
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developmentall  stages was derived from the energy budget model. Using a matrix model 
approachh (Caswell 1989 and the short introduction below) all available information on 
thee life cycle of L. rubellus was assembled to yield an estimate of the maximum 
populationn growth rate. The matrix approach was preferred because it allowed for 
estimationn of the sensitivity of the maximum population growth rate to changes in the 
individuall  life history. In this way it is possible to associate the presence of an abiotic 
environmentall  stress factor with specific changes in individual life history and 
thereforee with changes in population growth rate. 

Ass one type of abiotic stress, sublethal effects of copper were analysed. The 
modell  was used to derive an estimate for the critical threshold concentration for 
copper. . 

AA model for the individua l behaviour  of L. rubellus 

Inn the energy budget model developed by Kooijman and Metz (1984) assimilated 
energyy is allocated in a fixed proportion \-K to growth and maintenance, and a 
proportionn to reproduction (Fig. 4.1). The central assumption in the Kooijman and 
Metzz model is that growth and maintenance are competing more directly with each 
otherr for available energy than with reproduction. Energy requirements for 
maintenancee always take precedence over growth and reproduction. Food intake is 

food d 

gut t 

growth growth 

maintenance maintenance 

reproduction reproduction 

faeces s young g 
Figuree 4.1 

Schematicc representation of the energy channeling in the model of the individual behaviour of 

LL rubellus (after Kooijman & Metz 1984). 
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assumedd to be proportional to surface area, and processes like growth and maintenance 
aree proportional to wet weight. This leads to an attenuating growth curve under 
constantt food conditions. The model further more assumes that individuals with 
differentt sizes have the same allometric relations, so that surface area is proportional to 
wett weight to the power of two thirds. Reproduction is assumed to start only after 
reachingg a threshold size: the adult size. Individuals smaller than the adult size are 
assumedd to spend the energy channelled to reproduction on the development of 
reproductivee organs. For a complete derivation see Kooijman & Metz 1984. 

Thesee assumptions imply that under constant food conditions the individuals 
wil ll  grow according to the von Bertalanfry growth curve: 

wheree iy equals the length of an individual at birth and / the maximum attainable 
length,, Y the growth rate in weight per unit of time, and a age. Although reference is 
madee to the quantity /as 'length', it should be kept in mind that /actually refers to wet 
weightt to the power of one third. Because of the allometric relations / is only 
proportionall  to the real individual length. Given the von Bertalanfly growth curve, the 
assumptionss that food intake is proportional to surface area I2 and that a constant 
fractionn 1-/Tof the assimilated energy is channelled into reproduction, imply that the 
reproductionn rate of an individual of age a equals: 

m(a)m(a) = rm[l m-(lm-lb)e-n2 for 1*1* (4.2) 

wheree rm equals the maximum reproduction rate per unit surface area, i.e. r / equals 
thee reproduction rate of an individual with maximum length, and / ^ the size of a 
maturingg individual. The assumption that the onset of reproduction is triggered by 
reachingg a threshold size is supported by experimental observation (Ma 1983). 

Althoughh Lumbricus rubellus is a well studied species, data on individual 
mortalityy of L. rubellus were virtually absent in literature. Therefore, mortality data of 
aa species in the same genus, L. terrestris, were used to derive an estimated survival curve 
forr L. rubellus. Lakhani and Satchell (1970) proposed the following survival curve for 
L.L. terrestris-. 

5(00 = 
' 1 - * * * 

U+*J J 
(4.3) ) 

Theyy estimated the parameter values in this equation, valid for L. terrestris to be 

<z=0.0004,, £=0.0056 and ^=0.369. The parameter a has a clear interpretation as the 

inversee of the maximum life span of an individual L. terrestris. 
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Figuree 4.2 

Survivall curve for L. rubellus, as inferred from Lakhani & Satchell 1970. 

Too describe the survival of L. rubellus the same functional form as derived by 
Lakhanii  and Satchell (1970) was used and the parameters that involve the unit of time 
(bothh a and b) were scaled by the ratio of the maximum life span of L. terrestris and L. 

rubellus,rubellus, respectively. The maximum life span of L. rubellus is set to 710 days (Ma, pers. 
comm.).. Hence, d=0.00l4, £=0.02 and ^0 .369 were adopted as reasonable parameter 
valuesvalues for L. rubellus. Figure 4.2 shows the resulting survival curve for L. rubellus 

adoptedd for the population model. Cocoons are assumed to develop in 42 days into 
juveniless (Ma, pers. comm.). The survival of the cocoons is determined by the 
percentagee of viable cocoons which is set to 94% (Ma, pers. comm.). 

AA matrix model for the population dynamics of L. rubellus 

AA matrix model was used to show how changes in individual behaviour of Lumbricus 

rubellusrubellus affect population growth rate. The structure of the matrix model is based on 
thee life history of L. rubellus. The life cycle of an individual can be subdivided into four 
distinctt developmental stages: cocoon, juvenile, subadult, and adult (Fig. 4.3). Given 
thee number of individuals in each of these developmental stages in a population at 
somee time t, the model determines the size and composition of the population one 
timee step later at time t +1. As a basic unit of time one week was adopted. All 
individualss within each developmental stage are assumed to be identical and hence have 
thee same probabilities to reproduce, to die or to move to the next stage. Within one 
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Figuree 4.3 

Graphh representing the life cycle of an individual L. rubellus. 

timee step a single individual can (1) survive and stay in the same developmental stage 
withh probability P-, (2) survive and move to the next developmental stage with 
probabilityy G- (provided it was not an adult), or (3) if in the adult stage, produce a 
certainn number of viable cocoons, of which the average number produced per adult 
individuall  per unit time is indicated by the quantity FA (Fig. 4.3). The values of these 
transitionn probabilities are determined by the model for the individual behaviour, as 
definedd in the previous section. 

Lett c{t), j(t), s(i), and a(i) be the number of cocoons, juveniles, subadults, and 
adultss constituting the population at time t. On the basis of the life cycle graph the 
valuess of c, j , s, and a one time step later can be derived by simple bookkeeping: 

c(tc(t + l) = Pxc(t) + F4a(t) 

j{tj{t  + \) = P2m + GlC(t) 

s(ts(t + l) = Pis(t) + G2j(t) 

a(t+l)a(t+l)  = P4a(t) + G3s(t) 

(4A) (4A) 

Thesee equations specify that the number of cocoons at time t + \ (c{t + l)) is equal to 
thee number of cocoons at time t that survived, but did not hatch during the time 
intervall  t to t + 1 (P^c(t)), plus the number of viable cocoons produced by the adults 
presentt at time t during the time interval t to t + 1 (F^a(t)). 

Thee number of juveniles at time t+1 (j (t+1)) is equal to the number of 
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juveniless at time t that survived and stayed in the juvenile class during the time 

intervall  t to t+l  (T^,/(*))> plus the number of cocoons that developed into juveniles 

duringg the time interval t to t +1 (Gx c(t)). 

Thee equations for s(t+\) and a{t+\) can be interpreted analogously. Let n(t) be 

aa vector denoting the number of individuals in the different developmental stages at 

timee t ('the population vector'): 

Mt)Mt)  = 
J(t) J(t) 
s(t) s(t) 

wo ; ; 
(4.5) ) 

Usingg the population vector, n(t) , the equations shown above can be reformulated, in 

matrixx notation as: 

n(t+l)=Mn(t) n(t+l)=Mn(t) (4.6) ) 

with h 

MM = 
o o 
o o 

0 0 

Pi Pi 

0 0 

0 0 

0 0 
p* p* 

G, G, 

0 0 

0 0 

PA) PA) 

(4.7) ) 

Thee matrix M is usually referred to as the population projection matrix and can be 

interpretedd as a mathematical representation of the life cycle graph. 

Caswelll  (1989) provides an extensive introduction to the theory of matrix 

models,, including their formulation, analysis and application. Here only some basic 

propertiess of matrix models are briefly sketched. 

Thee long-term behaviour of n(t) depends on the eigenvalues of the population 

projectionn matrix. If the environment remains constant, the population wil l finally 

groww with a rate equal to the largest eigenvalue of M. The largest eigenvalue of M is 

directlyy related to the maximum population growth rate: ^w=^r> where r equals the 

maximumm population growth rate, and Xm the largest eigenvalue. The sensitivity of this 

largestt eigenvalue with respect to changes in the life cycle parameters can be calculated. 

Forr example, it is possible to determine the relative contribution of the entries of the 

matrixx M to the largest eigenvalue. If stress factors that influence the individual 

behaviourr are considered and hence the entries of A/, a sensitivity analysis can be used 

too determine that specific developmental stage or process, which would cause the 

largestt change in the maximum population growth rate. In other words, it is possible 

too determine which developmental stage or process is most vulnerable to abiotic 
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environmentall  stress when judged from the perspective of the population. 
Ass mentioned before, the size-age relations were used for individual growth and 

reproductionn and the age relation for survival described in the previous section to 
derivee expressions for the life cycle parameters P, G, and F. 

Forr a detailed derivation of these relations between the model of the individual 
behaviourr and the life cycle parameters of L. rubellus, reference is made to Klok & De 
Rooss 1996. 

Modell  parameterisation 

Experimentall  data from Ma (1983, 1984) were used to parameterise the energy budget 
model.. Figure 4.4 shows that the growth rate and maximum size of an individual 
LumbricusLumbricus rubellus decreases in the presence of increased copper concentrations. The 
figurefigure indicates that individuals reach the subadult and adult stages at identical weights 
off  500 mg and 780 mg, respectively. These weight thresholds are equivalent with a 
lengthh at reaching subadulthood and adulthood of /f=7.9mg1/3 and / |^=9.2mg1'3, 
respectively.. These threshold values do not change when the individual experiences an 
increasedd copper concentration in its environment. 

1400 0 

00 20 40 60 80 100 120 140 160 

tim ee in days 

Figuree 4.4 

Effectt of copper on the growth and development of L rubellus in sandy loam soil (after Ma 1983). 

Openn arrows indicate the mean age and size at which individuals entered the subadult stage 

(definedd as individuals that show the first signs of a clitellum), filled arrows indicate the mean age 

andd size at which individuals become adult (that is, reproductively active). 

 control, o Cu 60 mg kg"1,  Cu 145 mg kg-1, and V Cu 362 mg kg1. 
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Tablee 4.1 

Thee estimated values of the life cycle parameters in the population projection matrix, based on data 

fromm Ma 1983,1984 and Lakhani & Satchell 1970, and their relative contribution (in %, in brackets) 

too the population growth rate. 

Lifee cycle parameters Cocoon Juvenile Subadult Adult 

P,P, 0.83 (16.4) 0.87 (21.4) 0.70 (9.1) 0.97 (36) 
G-G- 0.16 (4.3) 0.10 (4.3) 0.27 (4.3) 0 (0) 
FF{{  0 (0) 0 (0) 0 (0) 0.99 (4.3) 

Sincee data on individual survival of L. rubellus could not be found, increased 
copperr concentrations were assumed only to cause sublethal effects and individual 
survivall  is hence always optimal. The estimated values of the life cycle parameters are 
givenn in Table 4.1. 

Result ss  and discussio n 

Thee population projection matrix M, parameterised for a Lumbricus rubellus 

populationn living under unstressed conditions, was used to calculate the maximum 

populationn growth rate, which equals 0.012 day"1. Obviously the absolute value of the 

maximumm population growth rate depends heavily on the precise experimental data 

thatt were used for the parameterisation. Comparisons between the population growth 

ratess for unstressed and stressed situations are, however, more robust. Following the 

proceduress of Caswell (1989), the sensitivity of the maximum population growth rate 

(calculatedd from the control population) was determined to changes in the life cycle 

parameters. . 

Thee results of the sensitivity analysis can be summarised by the relative 

contributionn of every single entry in the matrix M to the realised maximum population 

growthh rate (Table 4.1). The results indicate that the probability of survival as an adult 

contributess most to the population growth rate (36%). Consequently, the maximum 

populationn growth rate wil l be most sensitive to changes in this parameter (P  ̂ ). (P2), 

thee probability to survive and remain in the juvenile stages is the next most important 

factor.. Changes in the reproductive output (F ) and the probability to survive and grow 

too the next stage (G) are of less importance to the population growth rate. 

Thee life cycle parameters (P) and (G) are functions of both survival and growth 

throughh the stages. This makes a precise interpretation of the outcome of the sensitivity 
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Figuree 4.5 

Effectt of copper on the calculated population growth rate per day. 

analysiss on (P) and (G) difficult. To overcome this problem a more detailed sensitivity 
analysiss on the underlying parameters, survival probability and growth probability, was 
carriedd out. The results of this analysis, which are not reported in detail, again indicate 
thatt the survival probability during the adult period is of major importance to the 
populationn growth rate. 

Duee to the fact that the size which an individual has to reach to become 
reproductivee is set to a specific value, and the individuals have a fixed life span, the 
valuee of the entry (P4 ) in the matrix is primarily determined by the duration of the 
adultt period. This means that if an individual reaches the adult stage at a late age the 
valuee of (P4) wil l be low, as will the maximum population growth rate. 

Inn this study data on reduction in individual growth due to copper stress (Ma 
1983)) were analysed. The formalism of the energy budget model was used to interpret 
thee reduction in individual growth as being due to increased maintenance requirements 
forr detoxification. Basically, the changes in the individual growth curve due to copper 
stresss (Fig. 4.4) lead to different estimates of the parameters lm, yand rm in the growth 
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andd reproduction functions. These changes in the energy budget parameters lead to 

changess in the life cycle parameters which result in a changed population growth rate. 

Thee parameters lmi y and rm are actually composite parameters, made up by quantities 

thatt refer to characteristics of the underlying energetic processes. The composite nature 

off  the energy budget parameters leads to interrelation between them which has to be 

takenn into account during the parameter estimation. For details on the energy budget 

parameterr estimation see Klok & De Roos 1996. 

Figuree 4.5 shows the effect of increased copper concentrations on the population 

growthh rate. Extrapolating the decline in the population growth rate of lower 

concentrationss of copper (65 and 145 mg, respectively) a population growth rate equal 

too zero is attained at a concentration of around 300 mg Cu kg"1 sandy loam soil. This 

impliess that in the experiments of Ma (1983, 1984) the population treated with 362 

mgg copper wil l die out. The extinction is the result of the severe reduction in individual 

growthh under these conditions. The maximum attainable length / at such high copper 

concentrationss is smaller than the maturation length /^. Hence individuals never 

maturee and are incapable of reproduction. 

Thee Critical Threshold Concentration (CTC) for copper as estimated from the 

modell  (300 mg kg"1 soil) is a conservative estimate, because only the effects on 

individuall  growth due to copper are taken into account. The estimate holds for 

earthwormss living under otherwise optimal conditions, i.e. food is abundant and 

mortalityy is low (predation is not a factor). L. rubellus living under field conditions wil l 

probablyy face a combination of additional stress factors. Therefore it is expected that 

thee estimation of the CTC for copper wil l be an overestimate. Field studies done by Ma 

(1988)) show a steep decline in the size of field populations when copper concentrations 

risee to 200 mg kg"1. Comparing the results of Ma (1988) it is concluded that the model 

givess a prediction of the CTC for copper that is in reasonable agreement with the 

empiricall  data. 

Thee energy budget model provides a way to assess how effects on the individual 

levell  translate into population level consequences. One can circumvent the necessity of 

translationn by doing experiments at the population level itself. However, this is a costly 

approachh which presents problems in the interpretation of effects. Besides there is a 

substantiall  risk of not detecting effects because of the erratic behaviour of populations. 

Moreover,, experiments with toxicants on populations in their natural environment 

mightt not be ethically justifiable. Parameterisation is one of the bottlenecks in 

populationn dynamic model studies. It is hard to find consistent data sets in literature. 

Thee results of the model study indicate that the major danger for L. rubellus 

populationss under abiotic environmental stress is that individuals fail to reach the adult 

sizee within their life span. If the stress on individual behaviour in growth and 

reproductionn is not extreme, i.e. when the individuals do reach the adult size, then the 

lengthh of the lifetime spent as an adult individual is of most importance to the 
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populationn growth rate- This primarily implies that individuals have to grow quickly 

throughh the preadult stages. The rate of reproduction when judged from the 

perspectivee of the populat ion is of much less importance. Future studies, aimed to 

increasee the understanding of the impact of environmental stress on the population 

dynamicss of L. rubellus, should take into account the implications of the stress factors 

forr growth and development during the preadult stages. 
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55 How birds of prey cope with fluctuating prey: 
conservationn of the barn owl Tyto alba 

Abstrac t t 

Manyy predator species feed on prey that fluctuate in abundance from year to year. Birds 
off  prey face large fluctuations in food abundance i.e. small mammals, especially voles. 
Thesee annual changes in prey abundance strongly affect the reproductive success and 
mortalityy of the individual predators and thus can be expected to influence their 
populationn dynamics and persistence. Therefore, conservation directed at preservation 
off  endangered predator populations should consider the impact of fluctuations in food 
abundance. . 

Thee barn owl, as a cosmopolite example, shows large fluctuations in breeding 
successs that correlate with the dynamics in voles, their main prey species. Analysis of 
thee impact of fluctuations in vole abundance (the mean, amplitude, period and 
regularity)) on the barn owl indicates that its population persistence is especially 
influencedd by years with low vole abundance. Although peak vole densities increase the 
numberr of owls in the population, the lows bring their numbers down to such levels 
thatt the population cannot benefit from the ensuing peak vole years. These results are 
alsoo relevant for the conservation of other birds of prey. 

Introductio n n 

Manyy species suffer from decreases in population densities as is exemplified by the long 
listss of endangered species in Red Data Books. Conservation actions to abate this 
declinee should be guided by insight in which factors have the largest impact on 
improvingg population performance. Apart from overkill, impact of introduced species 
andd chains of extinction, reductions in habitat quality and size are the main factors that 
endangerr populations (Diamond 1989). These reductions are most apparent in small 
populationss due to demographic stochasticity (Shaffer 1981; Lande 1993). Model 
studiess have revealed that the impact of demographic stochasticity on the likelihood of 
extinctionn is countered more effectively by improvement of habitat quality than by that 
off  habitat size (Klok & De Roos 1998). Improvement of habitat quality, however, is 
nott easy to realise since it depends on the specific requirements of the species under 
considerationn and thus needs thorough ecological knowledge (e.g. conservation of the 
spottedd owl; Carey et al. 1990; Solis & Gutierrez 1990; Miller et al. 1997). 

Off  all habitat quality factors, food abundance is likely to be of overruling 
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importancee on the population dynamics. With low food abundance effects of other 

habitatt quality aspects can become more important, e.g. effects of xenobiotics under 

loww food abundance (Kooijman 2000). 

Foodd shortage is suggested an important cause of the decline of the barn owl 

TytoTyto alba, one of the most extensively studied bird of prey species. The densities of this 

cosmopolitee species have declined in parts of its distribution area. The species shows 

distinctt fluctuations in the number of breeding pairs and these are correlated with 

changess in the density of voles, its major prey species (Schönfeld & Girbig 1975; Kaus 

1977;; De Bruijn 1994; Taylor 1994). In this paper the impact of fluctuations in vole 

abundancee (the mean, amplitude, period and regularity) on the persistence and 

populationn density of the barn owl are analysed. 

Thee barn owl 

Thee barn owl Tyto alba is widely distributed on most continents (Cramp 1985; Snow 

&&  Perrins 1998; Del Hoyo et al. 1999). The species seems restricted to areas where the 

meann temperature in January is above 0 °C (Del Hoyo et al. 1999). Western Europe is 

inhabitedd by the subspecies Tyto alba alba, and Tyto alba guttata (alba in Great Britain 

andd southern Europe, guttata in central Europe) whereas North America is inhabited 

byy Tyto alba pratincola. The barn owl is a resident of lowland agricultural habitats. The 

speciess prefers open habitat with hedgerows and woodland edges (Glutz von Blotzheim 

&&  Bauer 1980; Cramp 1985; De Bruijn 1994; Del Hoyo et al. 1999). 

Inn the sixties the barn owl showed a rapid decline in range and numbers in 

westernn Europe and North America (Glutz von Blotzheim & Bauer 1980; Cramp 

1985;; Del Hoyo et al. 1999). This decline was attributed to intensification of 

agriculturee and urbanisation leading to loss of habitat, nesting facilities, and food 

supply.. In addition, severe winters, pesticide use, persecution, and road traffic kill s 

reducedd barn owl populations (Sharrock & Sharrock 1976; Cramp 1985; Cayford 

1990;; De Bruijn 1994; Snow & Perrins 1998). To abate the decline conservation 

continuess to increase the number of nesting sites and to protect and re-establish 

foragingg habitat (Taylor et al. 1992; De Bruijn 1994; Taylor 1994; Del Hoyo et al. 

1999).. This has resulted in an increase in the number of barn owls in both Great 

Britainn and The Netherlands. However, population densities are still lower than at the 

startt of the last century (De Bruijn 1994; Shawyer 1997). Nowadays especially food 

scarcityy is claimed to keep owl densities at low levels (De Bruijn 1994; Taylor 1994). 
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Foodd relations 

Barnn owls mainly prey on small mammals, their most important prey species are voles, 
rats,, shrews, and mice. Birds, amphibians, fish, and insects have a minor share in the 
diett (Schönfeld & Girbig 1975; Marti 1988; De Bruijn 1994; Taylor 1994; Del Hoyo 
ett al. 1999). Pellet analyses have indicated that vole species, Microtus agrestis in Great 
Britain,, Microtus arvalis in continental Europe, and Microtus montanus and 
pennsylvanicusmpennsylvanicusm North America, make up large quantities of the diet (Marti 1988; De 
Bruijnn 1994; Taylor 1994). Vole densities can fluctuate profoundly from year to year. 
Withinn the range of the barn owl most fluctuations have a periodicity of three to four 
yearss (Krebs & Myers 1974; Hansson & Henttonen 1988; Mackin-Rogalska & 
Nabagloo 1990; Jedrzejewski & Jedrzejewska 1996). 

Lif ee history of the barn owl 

Thee barn owl has a large reproductive capacity, female barn owls can produce up to 
sevenn fledglings per year (Schönfeld & Girbig 1975). Juveniles mature in their first year 
andd are capable of breeding in their second year of life. Mortality rates in the barn owl 
aree high. The mean life span of barn owls equals about 1.5 years (Stewart 1952; 
Schifferlii  1957; De Bruijn 1994; Del Hoyo et al. 1999). Maximum ages of 18 to 21 
yearss can be reached (Henny 1969; Del Hoyo et al. 1999) but are very uncommon. 

Breedingg barn owls are territorial. Floaters, adult birds that do not occupy a 
breedingg territory, have home ranges that may overlap with those of breeders (Taylor 

reproduction reproduction 

// settlement \ 

juvenilee ) ( breeder ) ( floater 

reproductionreproduction V_^/ settlement 

Figuree 5.1 

Thee life cycle graph of the barn owl. 
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1994).. The life history of the barn owl can be divided into three distinct stages; 

juveniles,, breeders and floaters. Juveniles are young that survived up to fledglings, 

breederss are adult birds that occupy a breeding territory, and floaters are non-territorial 

adults.. Figure 5.1 shows a flow diagram of the barn owl life cycle. Survival is implicit 

inn the diagram. Individuals in the juvenile stage, that survive their first winter, become 

breederss if they settle into breeding territories. If they fail to settle, they become 

floaters.floaters. Breeders that survived the winter and retain their breeding territories, stay in 

thee breeder stage. If they lose their territory, they become floaters. Individuals in the 

floaterfloater stage can remain in that stage the subsequent year, or move to the breeder stage 

whenn they succeed in occupying a breeding territory. 

Survival,, settlement and reproduction seem to be linked with vole abundance. 

Survivall  is depressed in winter resulting from low densities and or low availability 

(snoww cover) of voles (De Bruijn 1994; Marti 1994; Taylor 1994). Mortality in 

juveniless is higher than in adults; juveniles have a probability of 47-54% to reach their 

secondd year of life whereas adults have a survival of 65-79% (Schönfeld 1974; Glutz 

vonn Blotzheim & Bauer 1980; De Bruijn 1994). The number of breeders and thus the 

numberr of breeding territories vary with vole abundance (Schönfeld & Girbig 1975; 

Kauss 1977; De Bruijn 1994; Taylor 1994). Therefore, settlement is likely to depend on 

volee abundance as well. The breeding season starts around April , May (Snow & Perrins 

1998;; Del Hoyo et al. 1999). Depending on vole abundance one to two broods are 

raisedd each year (Snow & Perrins 1998). Two broods are very uncommon in northern 

regionss (Marti 1994; Taylor 1994) but prevalent in more southern areas. In central 

Europee up to 64% of the pairs raise a second brood in years of high vole abundance 

(Schönfeldd & Girbig 1975). 

Modell  formulatio n 

Predator-preyy relation 

Thee numerical effect of barn owl predation on voles seems negligible. In Great Britain, 

predationn by barn owls is only 1 % of the total predation on the field vole, Microtus 

agrestisagrestis (Dyczkowski & Yalden 1998). Because of this small effect of predation by barn 

owlsowls the vole dynamics are described by an autonomous function, independent of owl 

density. . 

Figuree 5.2 displays three empirical vole time series, based on spring density 

estimates.. The general pattern emerging from these data is a year where the vole 

abundancee peaks followed by a sequence of years with low vole densities. This pattern 

iss captured by the mean and amplitude of the vole abundance: 
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Figuree 5.2 

Fluctuatingg vole abundance (index) in western Europe based on spring census. Solid line: vole index 

inn southern Finland (61' NL) over period 1977-1995 (Brommer et al. 1998), dashed line: vole index 

inn Scotland (54* NL) over period 1979-1988 (Taylor 1994) and dotted line: vole index in Sweden 

(52'' NL) over period 1973-1983 (Lindström 1994). 

,, , , . peak (n-\)low 
mean(peak,mean(peak, low, n) = 1 (5.1a) ) 

amplitude{peak,low,amplitude{peak,low, n) = peak - low (5.1b) ) 

wheree — equals the frequency of peak years. Equation 5.1 is used to analyse both 

periodicc and non-periodic vole fluctuations. 

Th ee barn owl population model 

AA discrete-time model with a time step of one year is used to describe the barn owl 
populationn dynamics. The number of barn owls is assessed each year in spring, just 
beforee the onset of breeding, just as in the field census on voles. At that time of the year, 
thee owl population consists only of breeders and floaters, since juveniles born the 
precedingg year have already matured. Only female barn owls are modelled, assuming a 
1:11 sex ratio and mortality to be independent of sex. The population model is based on 
Figuree 5.1. The life history processes are strongly dependent on vole abundance and are 
thereforee modelled as functions of the vole density. It is assumed that (1) all vacant 
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breedingg territories will become occupied if the number of adult birds in the 

populationn is equal to or larger than the number of breeding territories, and that (2) 

thee number of breeding territories is only limited by vole abundance and not by other 

factorss such as shortage of nesting sites, and that (3) the barn owl population is closed 

(immigrationn and emigration do not play a role). The year-to-year dynamics of the 

totall  number of adult female birds (Ut) is given by equation 5.2. 

UUt+t+ i=S(vi=S(vtt){B(v){B(vtt)) + z[ut-B(yt) + F(yt)B(vt)§ i f Ut>B(yt) (5.2a) 

VVt+t+ \\ = S(vt)  Ut {l + z  F(yt)}  otherwise (5.2b) 

wheree vf equals the vole abundance in year t, B{vt) the number of available breeding 
territories,, F{ vt) the number of female fledglings produced per breeding female and S{vt) 

thee survival of breeders. The factor z models the increased mortality risk for juveniles 
andd floaters. 

Parameterisationn of lif e history processes 

Thee population dynamics of the barn owl are closely related to those of the voles 
(Schönfeldd & Girbig 1975; Kaus 1977; De Bruijn 1994; Taylor 1994; Snow & Perrins 
1998).. However, quantitative literature data relating survival and reproduction in the 
barnn owl to vole density are scarce with the exception of a study on an isolated barn 
owll  population in Scotland (Taylor 1994). The number of nesting sites (natural sites 
andd nest boxes) in this population exceeds the number of owl pairs in all years of the 
study,, implying that nesting facilities are not limiting. 

Thee life history functions S( vt), B{vt), F{ vf) (see equation 5.2) are parameterised 
withh data given in Taylor 1994. The empirical data on mortality are fitted with an 
exponentiall  function (Fig. 5.3a). The exponential function in Figure 5.3a indicates that 
att high vole densities owl survival is approximately 70%, which is in agreement with 
empiricall  data (see section Life history of the barn owl). Data on the number of 
breedingg pairs are fitted by a saturating response curve (Fig. 5.3b). This relationship 
impliess that the total number of breeding pairs cannot increase perpetually. Although 
thee size of the breeding territories changes with vole density (Cramp 1985) there must 
bee a minimum size for a territory to be suitable for breeding. Therefore, the actual size 
off  the area, occupied by the barn owl population, restricts the number of breeding 
territories.. Data on the number of fledglings produced are also fitted by a saturating 
responsee curve (Fig. 5.3c). 
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S(v)=1-0.465*exp(-0.055*v)+0.2422 B(v)=(55*v)/(10.28+v) F(v)=(2.8*v)/(9.14+v) ) 
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Figuree 5.3 

Breederr survival (a), available breeding territories (b) and reproduction (c) in the barn owl as 

functionn of vole density. Symbols in figures: empirical data from Taylor 1994. Solid lines in (a): 

exponentiall curve, (b) and (c): saturating response curve. S(v), B(v) and F(v): equations of curves 

fittedd to breeder survival, available breeding territories and reproduction data, respectively. 

Results s 

Periodicc three-year  vole fluctuations, wit h equal survival in all stages 

Figuree 5.4 depicts simulation results of two owl populations in response to three-year 
volee cycles. Both simulated populations start with 20 adult females and live at the same 
meann vole abundance of 10. They differ in the amplitude of vole abundance (difference 
betweenn peaks and lows) which equals 6 in the left panels and 18 in the right ones. 
Figuress 5.4a and b show the total number of adult owls and the vole abundance index. 
Withh the same average vole abundance, dependent on the amplitude of the 
fluctuations,, the barn owl population increases (Fig. 5.4a) or declines in number (Fig. 
5.4b).. A growing population (Fig. 5.4a) will reach a maximum since the number of 
availablee breeding territories is limited (see Fig. 5.3b). The declining barn owl 
populationn shown in Figure 5.4b becomes extinct within 110 years (not shown). 
Figuress 5.4a and b indicate that owl density peaks with a time delay of one year 
comparedd with voles. The composition of the owl populations in breeders and floaters 
iss given in Figures 5.4c and d. In the surviving population (Fig. 5.4c), the number of 
breederss peaks in vole peak years and floaters respond with a time delay of one year. In 
thee declining population (Fig. 5.4d), breeders peak with a time delay of one year and 
floatersfloaters are absent from year 5 onwards. Why floaters disappear in vole peak years in 
Figuree 5.4c and are absent from the population in Figure 5.4d is explained by Figures 
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Figuree 5.4 

Totall number of barn owls (solid line) and vole abundance (dotted line) (a, b), the number of floaters 

(solidd line) and breeders (dotted line) (c, d), and the number of available breeding territories (solid 

line)) and breeders (dotted line) (e, f) as a function of a three-year vole cycle. Survival in all stages 

equivalentt (z=l). The population starts at year one with 20 barn owls. Left panels (a, c, e) vole 

cycle:: mean=10, low=8, and peak=14, right panels (b, d, f) mean=10, low=4, and peak=22, 

respectively. . 

5.4ee and f with breeders and the number of available breeding territories in the 
survivingg and declining population, respectively. The number of available breeding 
territoriess fluctuates in synchrony with voles (see equation 5.3b). Figure 5.4e indicates 
thatt in the low vole years all available breeding territories are occupied whereas in good 
yearss some remain vacant. In the declining population (Fig. 5.4f) there are less owls in 
thee population than breeding territories in all years of the cycle with the exception of 
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thee first three years after a peak in vole abundance (years 1, 4 and 7). Under the vole 
abundancee regime given in the left panels of Figure 5.4, the owl population reaches its 
maximumm density in the years after voles peak, resulting from the high number of owls 
bornn the previous year. In these years floaters peak since there are more owls than 
availablee breeding territories (see Fig. 5.4e). In the subsequent bad vole years of the 
cycle,, the total number of owls decreases resulting from low reproduction and survival, 
andd reaches a minimum in the peak vole year. In the peak vole years the available 
breedingg territories outnumber the owls (see Fig. 5.4e) leading to settlement by all owls 
andd therefore floaters are absent in those years. The owl population living under the 
volee abundance regime given in the right panels of Figure 5.4 also reaches its minimum 
inn a good year and its maximum in the ensuing bad year. However, under this vole 
abundancee regime, the number of owls decreases and is lower than the number of 
availablee breeding territories in all years of the cycle (Fig. 5.4f) so that floaters are 
absent.. As in the case of a persisting barn owl population (left panels Fig. 5.4), also for 
aa declining population (right panels Fig. 5.4) the good vole years are important to 
increasee the number of birds in the population. However, in the declining population 
thee bad years decrease the number of barn owls to such levels where production of 
juveniless in the good years cannot compensate for the loss. 

Too analyse the role of the peaks and lows of the vole cycle in the density and 
persistencee of the barn owl population an equilibrium analysis has been carried out 
usingg Content (Kuznetsov 1995), a numerical software package for dynamical system 
analysis.. First the influence of the bad years on the equilibrium owl density is analysed 
givenn a constant peak vole abundance. Figure 5.5 shows the equilibrium barn owl 
densityy (total number of owls) as a function of the vole index in low years. Every point 
onn the curve in Figure 5.5 represents the equilibrium barn owl density of a population 
livingg at a peak vole abundance of 14 and a low indicated by the value on the x-axis. 
Thee equilibrium owl density is computed in a peak vole year after the population has 
becomee independent of the initial condition. The curve in Figure 5.5 indicates that the 
equilibriumm barn owl density increases approximately linearly with the vole index in 
loww years. For this index smaller than 5.25, the equilibrium owl density drops to zero. 
Forr values of the index above this threshold owl populations can persist (they have a 
positivee equilibrium). 

Figuree 5.6a depicts the influence of both the lows (x-axis) and peaks (y-axis) in 
volee abundance on the population persistence of the barn owl. The solid line borders 
thee parameter space where the population goes extinct. The dotted line indicates the 
absencee of fluctuations (equal vole densities in peak and low years). Figure 5.6a shows 
thatt with constant vole density the owl population survives given a vole density of at 
leastt 7.3. The graph also indicates that the persistence of the population is more 
sensitivee to changes in the low years than to changes in the peaks. Whereas increasing 
thee value of the vole index in low years can bring the population from extinction to 
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Figuree 5.5 

Equilibriumm barn owl density (total number of owls) as function of vole abundance in the low years. 

Peakk vole abundance fixed at 14, periodic fluctuations in vole abundance with a period of three 

years,, survival in all stages equivalent (z=l). 

persistencee irrespective of the peak vole index, increase in the good years does have that 
effectt only for a small range of values. Moreover, below certain values of the bad years 
thee barn owl population cannot survive irrespective of the values of the peaks. This is 
depictedd in Figure 5.6a for values of lows smaller than 3.5. With values of the vole 
indexx in the low years smaller than 3.5 increased survival and reproduction in good 
yearss cannot compensate for the decrease in number of owls in low vole years. The 
effectt of the vole abundance in low and peak years on the barn owl densities is 
illustratedd in Figure 5.6b. Owl densities are sampled in a peak vole year after their 
transientt dynamics have been discarded. The contours in the plot indicate equivalent 
owll  densities. As in Figure 5.6a, Figure 5.6b shows that the increase in vole abundance 
inn bad years has a high impact on the population density whereas the increase in good 
yearss has virtually no effect. 

Periodicc three-year vole fluctuations, reduced survival of 

juveniless and floaters 

Givenn the lack of data, it is assumed in the above analyses that survival of juveniles and 

floaterss is equivalent to survival in breeders. However, since juveniles and floaters can 
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Figuree 5.6a 

Parameterss space of combinations of low (x-axis) and peak (y-axis) vole abundance indicating the 

regionn where the owl population persists. Periodic fluctuations in vole abundance with a period of 

threee years, survival in all stages equivalent (z=l). Dotted line: constant vole abundance. Solid line: 

combinationss of low and peak vole abundance where the owl population can just maintain itself. 
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Figuree 5.6b 

Contourr graph showing barn owl population densities in peak vole year after transient dynamics 

havee been discarded. Periodic fluctuations in vole abundance with a period of three years, survival 

off all stages equivalent (z=l). Dotted line: constant vole abundance. Contours connect equivalent 

owll densities as indicated by the figures in the graph. 
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Figuree 5.7a 

Parameterr space of combinations of low and peak vole abundance indicating regions where the owl 

populationn persists. Periodic fluctuations in vole abundance with a period of three years. Solid line: 

survivall of all stages equivalent (z=l). Dashed line: survival of juveniles and floaters reduced by 

25%% compared to breeders (z=0.75). Dash-dotted line: survival of juveniles and floaters reduced by 

50%% compared to breeders (z=0.5). Dotted line: constant vole abundance. 

havee less reliable food resources than breeders, the effect of decreases in their survival 
onn the persistence and density of the owl population is studied. Figure 5.7a represents 
thee region where the population persists as a function of the vole index in low (x-axis) 
andd peak (y-axis) years for a three-year cycle when z (the ratio of juvenile/floater to 
breederr survival, see equation 5.2) is equal to 1, 0.75, and 0.5, respectively. As in Figure 
5.6a,, also with z<\ population persistence is more sensitive to changes in vole 
abundancee in low years than in peak years. Figure 5.7a indicates that with a constant 
volee abundance and decreased juvenile and floater survival (2^0.75 and 0.5) owl 
populationss can persist if the vole abundance increases from >7.3 to >9.6, and >13.9, 
respectively.. With periodic fluctuating vole abundance and z<\ the region where the 
populationn can attain positive equilibrium densities moves to the right (Fig. 5.7a), 
whichh implies that with decreased survival in juveniles and floaters the owl population 
needss higher vole abundance to maintain itself. The effect of the vole abundance in bad 
andd good years on barn owl density is given in Figure 5.7b where survival of juveniles 
andd floaters is reduced by 50% compared to breeders (z=0.5). The owl densities are 
sampledd in a peak vole year after their transient dynamics have been discarded. The 
contourss in the plot indicate equivalent owl densities. The contour plot (Fig. 5.7b) 
indicatess that with z=0.5 the number of owls in the population decreases drastically; 
comparedd with Figure 5.6b this number declines by more than 50%. 
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Figuree 5.7b 

Contourr graph showing barn owl population densities in peak vole years after transient dynamics 

havee been discarded as function of low and peak vole densities. Periodic fluctuations in vole 

abundancee with a period of three years, survival of juveniles and floaters reduced by 50% compared 

too breeders (z=0.5). Dotted line: constant vole abundance. Contours connect equivalent owl 

densitiess as indicated by the figures in the graph. 
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Figuree 5.8 

Parameterr space of combinations of low and peak vole abundance where the barn owl population 

cann persist. Survival of juveniles and floaters reduced by 25% compared to breeders (z=0.75). 

Solidd line: three-, dashed: four-, and dash-dotted five-year vole cycle, respectively. Curves in graph 

separatee extinction from persistence region, (a): not scaled, (b): scaled for mean vole abundance. 
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Variatio nn in cycle period 

Too assess the influence of the vole cycle period on the owl persistence four- and five-
yearr vole cycles are analysed. The cycles consist of a single peak year followed by a 
sequencee of three or four years with low vole abundance. Figure 5.8a presents the 
regionn where barn owls can persist as a function of the vole index in low and peak years 
forr a three-, four-, and five-year cycle with survival in juveniles and floaters reduced by 
25%% (z=0.75). Similar to Figures 5.6a and 5.7a, Figure 5.8a indicates that, also with 
increasedd cycle length, the persistence of the owl population is more sensitive to 
changess in the value of the vole index in bad years than in good ones. Moreover, Figure 
5.8aa shows that with longer cycle periods the region where barn owls can persist 
shrinks,, implying that population survival becomes even more sensitive to the bad 
years.. However, the comparison of the three cycles given in Figure 5.8a poses some 
methodologicall  difficulties since the peak and low vole values lead, for different cycle 
lengths,, to unequal mean vole densities (see equation 5.1a). To achieve a more precise 
comparisonn of the cycles, the mean and low vole abundance were fixed whereas the 
peakss were varied as is shown in Figure 5.8b. This figure depicts the regions where the 
populationn can persist for the different vole cycles where the low and mean vole 
densitiess are comparable for all cycles. Figure 5.8b indicates that also in terms of scaled 
meann vole densities the region where the population can persist decreases when the 
cyclee length increases. Moreover, Figure 5.8b confirms the large influence of the low 
volee years. 

Non-periodicc vole fluctuation s 

Thee main result of the analyses with periodic fluctuating voles is that especially vole 

abundancee in low years has a drastic effect on the population persistence and density 

inn the barn owl. However, in the distribution area of the barn owl both periodic and 

non-periodicc vole fluctuations occur. According to Hansson & Henttonen (1988) most 

volee populations in northwestern Europe, with the exception of northern populations, 

aree non-periodic. Other authors, however, document cycles with a period of three to 

fourr years in Europe (Mackin-Rogalska & Nabaglo 1990; Jedrzejewski & Jedrzejewska 

1996).. In North America both periodic and non-periodic vole populations are 

commonn (Taitt & Krebs 1985). To assess the influence of non-periodic vole 

fluctuationss the model was re-analysed with random fluctuations in vole abundance. 

Figuree 5.9 shows the regions where barn owl populations become extinct or persist as 

aa function of the vole index in low (x-axis) and peak (y-axis) years with random vole 

fluctuationss and owl survival equal in all stages. For each combination of low and peak 

volee abundance the number of simulated owl populations out of 100 that persist for a 

periodd of 100 years is calculated. In these simulations the sequence of vole peaks and 
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Figuree 5.9 

Contourr graph depicting combinations of low and peak vole abundance where the barn owl 

populationn can persist. The sequence in vole peak and low years is random and the frequency of 

peakss 0.33. Survival in all stages equivalent. Dotted line: constant vole abundance. Contours 

indicatee the number of barn owls populations out of one 100 that persist for a period of 100 years. 

lowss is chosen randomly and peak vole years are encountered with a probability of one 
third.. The contours in Figure 5.9 connect low and peak vole values where an equivalent 
numberr of simulated owl populations persisted over 100 years. Figure 5.9 indicates that 
againn low vole years have a high impact on the survival of the owl population. As in 
casee of periodic vole fluctuations (Figure 5.6a) the persistence of the owl population 
turnss out to be especially sensitive to changes in years with bad food conditions whereas 
changess in years with peak vole numbers have virtually no effect. 
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Discussio n n 

Thiss paper demonstrates that the density and persistence in barn owl populations that 

preyy on fluctuating voles are more sensitive to the abundance of voles in low years than 

inn peak years. Although years with peak vole abundance are important to increase the 

numberr of owls in the population (Fig. 5.4), the level of the vole abundance in bad 

yearss determines whether the owl population can benefit from the years that voles peak. 

Therefore,, vole abundance in low years have a higher impact on the population survival 

andd density than peak abundance (see Fig. 5.6a, b). This result is irrespective of 

periodicityy or randomness of the dynamics in vole abundance (see Fig. 5.9). Analysis 

off  the model with lower values of survival in juveniles and floaters shows that the owl 

populationn can only persist when vole levels increase (Fig. 5.7a). Whereas with a longer 

cyclee length of the prey, population persistence becomes more sensitive to the low vole 

yearss (Fig. 5.8). 

Thee impact of fluctuations in prey abundance on owl persistence is analysed 

withh a deterministic model. However, stochastic events, e.g. a sequence of years with 

noo reproduction, can bring populations to extinction, especially in small populations 

(Shafferr 1981; Lande 1993). The low vole years reduce the number of barn owls in the 

populationn to levels where stochastic events may cause extinction. Inclusion of 

stochasticc events therefore is expected to make the population even more sensitive to 

thee bad years. 

Onee of the assumptions made is that the number of breeding sites is only limited 

byy vole abundance. Even if other factors, such as depletion of nesting sites, restrict the 

numberr of breeding territories the general conclusion is expected to hold. Depletion of 

nestingg sites wil l in particular become apparent in peak vole years, when the demand 

forr nesting sites is high. Therefore, depletion of nesting sites is expected not to affect 

thee sensitivity to the vole abundance in low-density years. 

Sincee data on survival of juveniles and floaters related to vole abundance were 

virtuallyy absent in literature, it is assumed that survival in these stages is proportional 

too that of breeders and hence wil l increase with vole abundance (see Fig. 5.3a). The 

effectt of lower survival of juveniles and floaters is explored (Fig. 5.7), assuming that 

non-territoriall  birds have a higher mortality than territorial birds. In addition, 

literaturee data show that peak vole years are often followed by massive dispersal of 

mainlyy juveniles in autumn, which leads to extreme mortality in winter (Sauter 1956). 

Andd data on the Ural owl Strix uralensis (Brommer et al. 1998), Tengmalms owl 

AegoliusAegolius Junereus (Korpimaki 1988), Eurasian kestrel Falco tinnunculus (Korpimaki & 

Ritaa 1996) and great horned owl Strix nebulosa (Rohner & Hunter 1996) show that 

recruitmentt in the breeding population from hatchlings born in peak prey years is far 

lowerr than that of birds born in low prey years. Together these data suggest that the 

mortalityy of juveniles is higher in winters following prey peak years than in those 
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followingfollowing lows. If the survival of juveniles has indeed decreased in years with high prey-
levels,, recruitment will decrease and thus the benefit of peak vole years. This enhances 
thee sensitivity to the years of low vole density. 

Ass argued before the functions describing the relations between the number of 
fledglingsfledglings produced F{vt)>  in other words the number of available breeding territories 
andd vole density B{vf) are fitted by saturating response curves. To SLSSCSS the influence 
off  these non-linear relations on the main result, these life history processes were also 
fittedfitted with linear relations: B(v)=0.794  vt+  11.27, R2=0J2, and F(vt)=0.039> ^+0.91, 
/?2=0.60.. With linear relations the owl population can increase infinitely but its 
persistencee remains more sensitive to the low than the peak vole years (results not 
shown). . 

Thee results (Figs. 5.6-9) indicate that in a closed population due to low 
reproductionn and survival under bad food conditions, the number of owls can decrease 
too levels too small to exploit vole abundance in the ensuing peak years. If the 
populationn is not closed, immigrants could fill  up vacant breeding territories in peak 
yearss and hence increase in this way the exploitation of food. This wil l make population 
survivall  and density less sensitive to the lows. However, voles can fluctuate in 
synchronyy over extensive geographical ranges (Mackin-Rogalska & Nabaglo 1990; 
Norrdahll  & Korpimald 1996; Korpimaki & Krebs 1996) which may lead to synchrony 
inn barn owl populations over large areas. This seems to be illustrated by literature data 
showingg that in western Europe years of high vole abundance are often followed by 
massivee emigration of barn owls over large areas (Sauter 1956; Honer 1963). These 
literaturee data do indicate such synchrony. Therefore, it is expected that even for open 
populationss the general result holds. 

Thee model is parameterised with data from a barn owl population at the edge of 
thee species geographical range (Shawyer 1987). More in the centre of its range the 
numberr of fledglings produced is usually higher, resulting from second broods 
(Schönfeldd & Girbig 1975; Cramp 1985). Also in North America survival is higher in 
southernn populations than in northern ones (Marti 1997). However, it is not clear 
whetherr this higher reproductive output and survival result from elevated vole densities 
orr from other factors since data on these life history processes are not collected together 
withh data on vole densities. If the conservative assumption is made that in the centre 
off  the species range barn owls have a higher reproductive output and survival for given 
volee densities, it can be assumed that owl densities in both peak and low vole years wil l 
increase.. Thus, compared to the edge of the species range, in the centre barn owl 
populationss can be expected to sustain at lower vole abundance in both peak and low 
years.. This implies that the curves in Figures 5.6a and 5.9 move in the direction of the 
origin.. However, the shape of the curves wil l not change and so the main result wil l 
holdd that especially the low vole years have a major impact on the persistence of the 
barnn owl population. 
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Implication ss for  conservation of the barn owl 

Conservationn of the barn owl in The Netherlands and Great Britain has been directed 

att increasing the number of nesting sites, and decreasing its mortality by putting a ban 

onn persecution. Further actions are directed at protecting and restoring the preferred 

habitatt of the barn owl, that is mosaic-like landscapes with rough grasslands and hedges 

(Dell  Hoyo et al. 1999). The actions to improve barn owl habitat have the ultimate aim 

too increase the prey abundance. In this chapter it is indicated that in regions where barn 

owlsowls depend on fluctuating voles, the prey abundance in the low prey years restricts the 

persistencee of the barn owl populations. Therefore, conservation actions should aim to 

increasee the prey abundance in such a way that especially in low vole years the number 

off  voles is increased. This can be achieved by improvement of prey habitat. When this 

iss not feasible, supplementary feeding in low prey years may be an option. 

Implication ss for  conservation of predators showing a numerical 

responsee to fluctuatin g prey 

Predatorss that depend on fluctuating prey are faced with the problem how to track 

changess in their food abundance. This study shows that if the level of the main prey 

speciess in some years is too low, the decreased survival and reproduction lead to such a 

declinee in the number of resident predators that the population cannot benefit from 

thee good years and ultimately cannot maintain itself. Therefore, the food level in the 

badd compared with the good years has a much higher inpact on the persistence of the 

population.. This result holds for the barn owl, a resident species that responds 

numericallyy to changes in vole density with a time delay of one year, since individuals 

maturee within the year of birth. It is expected that population persistence in other 

residentt predator species showing a numerical response to their main prey, is also more 

sensitivee to the low food years than to the peaks. Examples are the hen harrier Circus 

cyaneus,cyaneus, buzzard Buteo buto, and the kestrel Falco tinnunculus in western Europe 

(Crampp 1985; Del Hoyo et al. 1994, 1999). Therefore, conservation of these species 

wil ll  also benefit from improvement of habitat in such a way that the years with low vole 

densityy are avoided. 

Whereass resident predators have to track changes in food abundance in time, 

nomadicc species are expected not to depend strongly on the abundance of one specific 

locall  prey species. However, nomadic species such as the short-eared owl Asioflammeus 

andd the long-eared owl Asio otus, respond numerically on voles, since their reproductive 

outputt is strongly correlated with vole density (Korpimaki & Norrdahl 1991). If voles 

doo fluctuate in synchrony over extensive regions, it can be expected that the population 

densityy of these nomadic species also depends more on the low prey years than on the 

peaks.. Therefore, improvement of vole habitat, with the aim to increase the vole 
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abundancee in the low vole years, in general can be considered a conservation strategy 

thatt wil l improve the persistence of not only the barn owl but also other resident and 

nomadicc predators that depend on voles or numerically respond to their abundance. 
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66 Effects of heavy metals on the badger 
MelesMeles meles; interaction between habitat quality 
andd fragmentation 

Abstrac t t 

Manyy wildlif e species are threatened with extinction caused by destruction and 
degradationn of their habitat. Habitat size reduction results from reclamation of nature 
byy man, whereas habitat quality reduction on the other hand results from pollution, 
changess in abiotic conditions such as nutrients, biotic conditions like reduction in prey 
species,, and changes in the structure of the habitat (e.g. depletion of nesting territories). 
Reductionn in habitat quality by pollutants like heavy metals can decrease the survival 
andd reproduction of individuals, and in this way increase the extinction probability of 
populations.. However, it is unclear to what extent reduction in habitat quality caused 
byy pollution reveals itself at the population or community level. 

Duringg the last century the badger has shown a strong decline in The 
Netherlands.. Conservation of the species has been mainly directed at reducing traffic 
accidents,, the major cause of death for badgers in The Netherlands. This high 
mortality,, up to 20% a year, has been interpreted as primarily resulting from habitat 
fragmentation.. However, deterioration in habitat quality may also be contributing to 
thee traffic mortality. 

Inn this paper the effect of a decline in habitat quality resulting from cadmium 
(Cd)) and or copper (Cu) pollution of the soil is considered. Earthworms, the major 
foodd source of badgers, readily accumulate Cd from the soil without adverse effects at 
Cdd levels occurring in Dutch soils. On the other hand, population growth in 
earthwormss is retarded in soils polluted with Cu although Cu accumulation is 
minimal.. By eating earthworms badgers may thus suffer from kidney lesion, a direct 
effectt of Cd, or experience food scarcity, an indirect effect of Cu. These risks for badgers 
inn The Netherlands were studied. The probability of kidney lesion was assessed by a 
bioaccumulationn calculation and a population dynamics model was used to study the 
probabilityy of food scarcity. The results show that both habitat fragmentation and 
reducedd habitat quality can play a role in the high traffic mortality. 
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Introductio n n 

Inn densely populated areas like The Netherlands the natural environment is reduced to 
smalll  areas, surrounded by cultivated land and cities, and segregated into patches by 
infrastructure.. These patches may be too small to sustain viable wildlif e populations. In 
particularr if these patches are isolated from each other the survival probability of 
populationss can be low, since especially small isolated populations run a high risk of 
extinctionn due to demographic and environmental stochasticity (Goodman 1987; 
Gilpinn & Hanski 1991). 

Inn The Netherlands, a political initiative has been put forward to counter the 
highh extinction risk of small isolated populations. This 'National Ecological Network' 
integratess patches of natural habitat into a large network by connecting them with 
corridors.. Furthermore, the amount of natural habitat is increased by reclamation of 
cultivatedd lands. In this way, local extinction can be countered by colonisation, the so-
calledd rescue effect. However, it is not evident whether these improvements in habitat 
size,, by increase in the amount of habitat and its connectivity, are sufficient to ensure 
sustainablee populations. It seems plausible that both habitat size and quality determine 
thee survival probability of populations. Habitat quality may play an even more 
importantt role than habitat size since an increase in habitat quality has a larger impact 
onn the survival probability of a population that runs the risk to go extinct due to 
demographicc stochasticity than a comparable increase in habitat size (Klok & De Roos 
1998). . 

Pollutantss like heavy metals reduce habitat quality. These substances can 
decreasee the survival of populations both directly and indirectly. Direct effects result 
fromm intoxication of the species. An example of a direct effect is the decline in the 
Americann robin Turdus migratorius resulting from secondary poisoning with DDT 
(Wallacee et al. 1961). Indirect effects on the other hand result, for example, when a 
pollutantt decreases the survival of prey populations. The decline in the grey partridge 
PerdixPerdix perdix has been interpreted as an indirect effect of herbicide use (Potts 1986; 
Pottss & Aebischer 1995). This decline mainly followed from the low survival of young 
partridges,, which in turn resulted from a lack of insect food. Due to herbicide spraying 
weedd plants relevant for these insects were virtually absent, leading to low insect levels 
inn cereal fields. 

Thee badger Meles meles is an example of a mammal species that has shown a 
strongg decline in number and distribution in The Netherlands over the last century 
(Fig.. 6.1). The decline was extreme in the period 1960-1983 when densities dropped 
withh 36% (Wiertz 1993). The cause of the decline has been attributed to hunting and 
poisoning,, destruction of badger habitat and nesting sites (setts), and traffic mortality 
(Vann Wijngaarden & Van de Peppel 1964; Wiertz & Vink 1986). Since 1947 Dutch 
laww prohibits hunting of badgers in The Netherlands, and the badger is fully protected 
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Figuree 6.1 

Distributionn of the badger in The Netherlands. 

a)) 1900, b) 1995. Based on occupied badger setts (after Wiertz & Vink 1992). 

underr the Nature Conservancy Act since 1993. Recent conservation actions intended 
too increase the population survival of badgers have been directed to reduce the traffic 
mortality.. This mortality has been attributed to the high density of infrastructure 
throughoutt the range of the badger (Van der Zee et al. 1992). Therefore, effects of 
habitatt fragmentation have received much interest (Lankester et al. 1991). The 
conservationn actions mentioned above have increased the number of badgers over the 
lastt decades (Wiertz 1993; Van Moll 1997). However, in the range of badger densities 
foundd in western Europe (Table 6.1) densities in The Netherlands are still relatively 
low.. A possible explanation is that in The Netherlands badger densities may be limited 
byy habitat quality. Pollution can have a negative impact on habitat quality. Effects of 
habitatt quality reductions due to pollution on badgers have received littl e attention in 
literaturee (but see Ma & Broekhuizen 1989). 

Inn this paper the effects of cadmium and copper on the badger were investigated. 
Cdd has a direct effect on the badger resulting from secondary poisoning and Cu inflicts 
ann indirect effect on the badger through food shortage. The risk of secondary poisoning 

98 98 



** Q U E S T F O R T H E R O L E OF H A B I T A T Q U A L I T Y IN N A T U R E C O N S E R V A T I O N / C H A P T E R 6 

Tablee 6.1 

Badgerr densities in western Europe, after Mitchell-Jones et al. 1999. 

numberr km2 

0.1-0.6 6 
0.7 7 
1.0 0 
0.5-1.6 6 
2.4-3.2 2 
2.0-4.0 0 
1.1-6.2 2 
4.7-19.7 7 

Tablee 6.2 

Earthwormss in 

region n 

Czechoslovakia a 
Poland d 
Thee Netherlands 
France e 
Sweden n 
Eastt Germany 
Scotland d 
England d 

thee diet of badgers. 

volumee percentage 

30 0 
16 6 
50 0 
31 1 
47 7 

19 9 

region n 

Greatt Britain 
Greatt Britain (Essex) 
Greatt Britain (Scotland) 
Switzerland d 
Thee Netherlands 
(Northwestt Utrecht) 
Denmark k 

source e 

Creswelll  & Harrisl988 
Skinnerr & Skinner 1988 
Kruukk & Parish 1982 
Stocker&Lüpss 1984 
Wansinkk 1995 

Andersenn 1954 

wass assessed by calculating the bioaccumulation of Cd, whereas a population dynamics 

modell  has been used to estimate the level of food shortage. 

Effect ss of cadmiu m and coppe r on the badger 

Thee badger is an omnivore feeding on earthworms, insects, snails, rabbits, grasses, 

maize,, nuts and seeds (Wiertz 1976; Neal 1986). As is indicated in Table 6.2 

earthwormss can make up a substantial proportion of the diet. Especially Lumbricus 

terrestristerrestris and L. rubellus are frequently consumed. Earthworms entail a high risk on 

secondaryy poisoning for badgers. By feeding on earthworms in areas polluted with 

heavyy metals badgers can take up large quantities of heavy metals since earthworms 

accumulatee them to a great extent. Cd for example can be concentrated in earthworms 

upp from 20 to a 100 times the soil concentration (Ma 1983a). In contrast to Cd, Cu 

iss virtually not accumulated by earthworms (Ma 1983a), and so does not lead to 
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Tablee 6.3 

Cdd and Cu soil levels in their effects on earthworms. 

concentrationn in mg kg-1 

minn levels in Dutch soils 
maxx levels in Dutch soils 
95%% of Dutch soils 
sublethall  to L.rubellus 

livingg in sandy soil 
lethall  to L.rubellus 

livingg in sandy soil 

Cd d 

0.1 1 
5.7 7 

<1.0 0 
>60 0 

>150 0 

Cu u 

1.0 0 
133 3 
<25 5 
>60 0 

>150 0 

source e 

Tiktakk et al. 1999a 
Tiktakk et al. 1999a 
Tiktakk et al. 1999a 
Maa 1983b; 1988 

Maa 1983b;1988 

secondaryy poisoning. Apart from badgers earthworms themselves may suffer from 
intoxicationn by heavy metals. Laboratory bioassays indicate that Cu is lethal to 
earthwormss living in sandy soils if the soil concentration is above 150 mg kg"1 soil, 
whereass sublethal effects occur when Cd or Cu levels are above 60 mg kg"1 soil (Ma 
1983b,, 1988; see Table 6.3). Sublethal effects in earthworms, like retarded individual 
growthh and decreased cocoon production, lead to a decrease in population growth rate 
(Klokk & De Roos 1996; Klok et al. 1997) and expected population density (Baveco & 
Dee Roos 1996). Badgers living in areas with a high Cd or Cu load may therefore be 
confrontedd with decreased availability of earthworms. 

Tablee 6.3 shows the range of Cd and Cu levels detected in Dutch soils. Given the 
rangee of Cd concentrations (0.1 - 5.7 mg kg"1 with 95% below 1.0 mg kg"1), the capacity 
off  earthworms to concentrate Cd to a great extent, and the importance of earthworms in 
thee diet of badgers, Cd may lead to secondary poisoning in badgers. On the other hand 
foodd shortage is not expected since in this range of Cd levels adverse effects on 
earthwormss are not very likely. Literature data indicate that sublethal effects in 
earthwormss are expected for Cd concentrations above 60 mg kg"1 soil (Table 6.3). 
Contraryy to cadmium, copper levels in Dutch soils (1.0-133 mg kg'1 with 95% below 
255 mg kg"1) may in some areas lead to low earthworm densities, because adverse effects 
onn earthworms are expected for Cu soil concentrations above 60 mg kg" soil (Table 6.3). 

Kidneyy lesion as a direct effect of Cd on the badger 

Kidneyy lesion is one of the first symptoms of Cd intoxication in mammals and birds 

(Scheuhammerr 1987). The age at which badgers may suffer from kidney lesion wil l 

dependd on the daily intake of Cd, the proportion of the ingested Cd in the gut taken 

upp into the bloodstream, and the distribution of Cd over the internal organs. 

Thee daily intake of Cd depends on the diet composition, the Cd contents of the 
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foodd items and die quantity of these food items eaten. This paper concentrates on the 
riskk of secondary poisoning resulting from feeding on earthworms because earthworms 
accumulatee Cd to a much greater extent than other food items consumed by badgers, 
andd furthermore earthworms make up a high proportion of the diet (Table 6.2). The 
accumulationn of Cd by earthworms is, next to the Cd concentration in the soil, very 
sensitivee to the pH of the soil (Ma et al. 2000). Equation 6.1 relates the Cd 
concentrationn in earthworms and soil, as has been found by Ma et al. (2000) on the 
basiss of literature data referring to field studies with earthworm species, Cd 
concentrations,, and pH values relevant for Dutch soils. 

»°gg ™\Cd\eanhu,orm =2.60+0.49'log 1 0 [ G / ]w r 0 . 2 0 ^ // (6.1) 

Adultt badgers with a live weight of around 10 kg consume about 1 kg food per day 
(Kruukk 1978). The proportion of earthworms in this daily food intake can be fixed at 
30%% (roughly the mean in Table 6.2). 

Whichh part of the ingested Cd in badgers is transported to the bloodstream is 
unknown.. Bird and mammal studies reveal that the largest part of the ingested Cd 
passess the gut. Only a small proportion is taken up into the bloodstream, for mammals 
thiss proportion amounts to 0.5% (Engström & Nordberg 1979; Lehman & Klaasen 
1986).. The Cd is distributed mainly over the kidneys and liver, in depence of the Cd 
dose.. At low doses (< 0.5 mg kg"1 wet-weight day'*) the kidneys accumulate two to 
threee times as much Cd as the liver (Scheuhammer 1987). Furthermore, kidney lesion 
inn mammals is expected if the kidneys contain more than 200 fig Cd g kidney tissue 
inn dry-weight (Nicholson et al. 1983; Ma & Broekhuizen 1989). At higher Cd 
concentrationss the efficiency of the filtration function of the kidneys decreases, and Cd 
iss found in urine (Goyer et al. 1984). This leads to a change in the Cd distribution over 
kidneyss and liver. Based on the results of studies in birds and mammals referred to 
above,, it is assumed that until the critical Cd load is reached (200 |Xg Cd g"1) Cd is 
distributedd in a ratio 2:1 over kidneys and liver. Furthermore, the assumption is made 
thatt below this critical load neither active nor passive elimination of Cd takes place. 

Givenn a daily Cd intake equal to DIQJ |ig per day, of which a fraction UB is 
absorbedd in the bloodstream the time t (in years) it takes badgers to reach the critical 
Cdd kidney concentration CL is given by: 

C £ - ( O r + —) ) 
t -- 2 (6.2) 

DIDI cdcdUUBB 365 

wheree 0% and 0L are the organ mass of kidneys and liver, respectively. 
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Inn the calculations the mean kidney weight of adult badgers 0K is fixed at 32.5 
gg (range 20-45 g) and the mean liver weight 0L at 355 g (range 270-630 g; Miiskens 
&&  Broekhuizen unpublished results). DI^J equals the product of the amount of 
earthwormss consumed and the Cd concentration in these worms (equation 6.1). 

Figuree 6.2a presents the time it takes to reach the state of kidney lesion for 
badgerss feeding on earthworms that live in soils with Cd concentrations in the range 
off  0.1 to 5.7 mg kg"1 and pH values of 3.5, 6, and 7.2, respectively. Figure 6.2a 
indicatess that badgers run the risk to suffer from kidney lesion within two to six years 
whenn they forage in areas with acid soils (dotted line in Fig. 6.2a). On the other hand 
badgerss living in areas with a high pH are not expected to run a risk on kidney lesion 
(solidd line in Fig. 6.2a). Figure 6.2b shows the time it takes badgers to reach kidney 
lesionn within their actual distribution in The Netherlands. The grid cells in Figure 6.2b 
representt 5x5 km blocks. The time it takes to reach kidney lesion in these grid cells is 
basedd on the mean Cd and pH values of the lx l km blocks underlying the grid cell 
wheree one or more inhabited badger setts are situated. Although badgers can reach 
maximall  ages of 10 to 15 years (Kruuk & Parish 1987; Cheeseman et al. 1987; Graf & 
Wandelerr 1989) the largest part of the Dutch badger population does not seem to reach 
agess above six years (Miiskens & Broekhuizen unpublished results). But even if badgers 
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Figuree 6.2a 

Expectedd time in years until the critical level of kidney lesion (200 ug Cd g'1 dry weight) is reached 

inn badgers as a function of Cd soil concentrations with a diet composition of 30% earthworms. 

Solidd line: pH 7.2, dashed line: pH 6 and dotted line: pH 3.5. 
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doo not reach ages above six years they still run a risk to suffer from kidney lesion in 
manyy parts of their range (Fig. 6.2b). Especially near the Kempen (known for its metal 
smelters)) and in the Veluwe areas badgers run a high risk to suffer from kidney lesion. 
Thee results (Figs. 6.2a, b) are supported by Cd levels detected in kidneys of badgers 
killedd by traffic on the Veluwe and near the river Meuse (Ma & Broekhuizen 1989). A 
highh percentage of these road victims, all less than six years old, had reached the critical 
Cdd level of 200 ug Cd g"1 (Ma & Broekhuizen 1989). Moreover, badgers found near 
thee Meuse riverbanks had reached the critical kidney level at the age of two to five years 
ass indicated by Figure 6.2b. In contrast, the results of Figure 6.2b in the Veluwe area 
aree not supported by Ma & Broekhuizen 1989. Figure 6.2b indicates that in the 
Veluwee the critical level for Cd by badgers is reached within two to four years, but 
analysess of kidney Cd contents of traffic victims show that in this area the critical Cd 
levell  is not reached (Ma & Broekhuizen 1989). The risk to suffer from kidney lesion 
inn the Veluwe area is seemingly lower than assessed by the bioaccumulation calculation 
(equationn 6.2). This difference in calculated and actual risk possibly results from the 
factt that in poor sandy soils, like the Veluwe, earthworms are scarce and so the diet 
compositionn of badgers in these areas consists of less than 30% earthworms. This 
argumentt is confirmed by analyses of the stomach contents of badgers killed by traffic 
inn the Veluwe area (Müskens & Broekhuizen unpublished results). 

Foodd shortage as an indirect effect of Cu on the badger 

Badgerss that forage on soils with a high Cu concentration may be confronted with a 
shortagee of earthworms. Many earthworm species are sensitive to Cu leading to low 
densitiess in soils polluted with Cu (Edwards & Lofty 1975). In orchards where Cu is 
frequentlyy applied densities of the earthworm species L. rubellus and L. terrestris were 
foundd to be very low (Van Rhee 1967). These low densities result from effects of Cu 
onn the individual earthworms. As indicated by laboratory studies (Ma 1983b, 1988) 
Cuu reduces the individual growth and cocoon production in earthworms. The impact 
off  Cu on the population level can be assessed with population dynamic models that 
trackk the growth, reproduction and mortality of all the individuals in the population 
andd integrate the individual effects into effects on the population growth rate (Klok & 
Dee Roos 1996; Klok et al. 1997) or the expected population density (Baveco & De 
Rooss 1996). 

Too zs&ess the impact of Cu on food abundance for badgers, that is the population 
densityy of earthworms, a physiological structured population model (De Roos 1997) 
wass used. Maturation in earthworms depends more on size than on age (Cluzeau & 
Fayollee 1989; Ma 1984, 1988); therefore the size of the individuals has been taken as 
thee main structuring variable in the model. The Dynamic Energy Budget (DEB) 
formulationn (Kooijman & Metz 1984) was used to describe the growth in size and 
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Figuree 6.2b 

Expectedd time in years until the critical level of kidney lesion (200 ug Cd g 1 dry weight) is reached 

inn badgers, for the distribution of 1995. 
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reproductionn of the individual earthworms. The DEB model relates food intake, 
maintenance,, growth, and reproduction of the individuals in a straightforward manner. 
Foodd intake is assumed to be proportional to surface area / whereas maintenance and 
growthh are proportional to body mass / . Here and below, / is interpreted as the cubic 
roott of individual weight, which is assumed to be proportional to length (Kooijman & 
Metzz 1984). The ingested energy is distributed in a fixed proportion Kto maintenance 
andd growth and (l-K) to reproduction. Hence reproduction is proportional to food 
intake,, which scales with surface area I2. Maintenance always takes precedence over 
growth.. This leads, under abundant food conditions, to an attenuating growth curve. 
Growthh stops when individuals reach the size where the ingested energy is just enough 
too fulfi l the maintenance needs. Reproduction starts if the individuals have attained a 
certainn size / ^ . Furthermore, individuals of different sizes are assumed to have the same 
allometricc relations. 

Thee size of the individuals at age a is given by: 

Ka)Ka) = lm-(lm-lb)e-*a (6.3) 

wheree lm equals the maximal attainable size, lb the size at birth, and y the individual 

growthh rate. 

Thee reproductive rate at the age a is a function of the individual size, and is given 

by: : 

m(a)) = rM-/(a)2 if /(*)>/«*  (6.4) 

wheree r equals the maximum attainable reproductive rate per unit of surface area. 

Experimentall  data show that under Cu treatment both growth and reproduction 
off  individual earthworms decrease (Ma 1983a, 1983b). Depending on how the toxic 
agentt influences the energy budget of the individual (decrease in assimilation due to 
e.g.. impairment of digestion, increase in maintenance resulting from detoxification etc. 
seee Kooijman & Metz 1984) the parameters lm, y, and rm in equations 6.3 and 6.4 wil l 
change.. It is assumed that the effects of Cu on the individual growth and reproduction 
assessedd in bioassays by Ma (1983a, b) mainly result from increased maintenance costs. 
Thiss leads to an increase in y and a decrease in im since the individual growth rate y is 
proportionall  to the maintenance requirements per weight unit, whereas the maximal 
attainablee size lm is inversely proportional to this factor. Equation 6.4 indicates that 
withh a decrease in individual growth (equation 6.3) the reproductive rate wil l decrease 
ass well. However, the reductions in reproductive output given by Ma (1983b) are larger 
thann can be explained on the basis of this assumption about increased maintenance 
requirements.. Therefore, it was furthermore assumed that Cu increases the energy 
requirementt to produce a single cocoon which leads to a reduction in rm, the maximum 
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attainablee reproductive rate (see Appendix 6.1 for the estimation procedure of / and 

Y,, and rj. 

Thee survival of earthworms living under optimal conditions only depends on 

agee and can be approximated by a constant mortality rate u.Q equal to 0.001 day"1 

(Lakhanii  & Satchell 1970). Under field conditions earthworms have an increased 

mortalityy resulting from predation. In this paper it was assumed that earthworm 

populationss are regulated by predation to a density of 100 individuals m"2 when Cu is 

att the background level. The survival of earthworms can be described by: 

S(d)S(d) = e-(>"> +*N)a (6.5) 

weree fll equals the predation pressure, and Af the earthworm population density. 

Givenn an equilibrium earthworm density of 100 individuals m"2 when Cu is 
att the background level the predation pressure JUJ can be calculated using the following 
equations,, which represent the equilibrium conditions for the structured population 
modell  (De Roos 1997): 

\m(a)S(a)da\m(a)S(a)da = \rm Kaf .***+"  N)a =1 (6.6) 
aa a 

wheree a equals the duration of the juvenile period (the time it takes the individuals to 

groww from /̂  to / ^ ) , P the maximal age, and N the equilibrium earthworm density. 

Thee equilibrium density attained by earthworms in Cu polluted soils will 

decreasee with the Cu level, whereas Cu stress reduces individual growth and 

reproductionn in earthworms. These reductions, which are assumed to result from 

increasee in maintenance costs and energy requirement to produce a single cocoon (see 

above),, lead to increase in the juvenile period ( a) and the parameter y, and to decrease 

inn the parameters lm and rm. With predation pressure | i j , corresponding to the 

equilibriumm population density of 100 individuals m"2 when Cu is at a background 

level,, the equilibrium density under Cu stress can be assessed using equation 6.6. In the 

calculationss the environmental conditions (food, temperature etc.), apart from Cu 

stress,, are assumed to be constant and equivalent to those given by Ma (1983a, b). A 

moree detailed description of a similar model can be found in Baveco & De Roos 1996. 

Thee population dynamical model was used to calculate the population density 

andd biomass of earthworms under Cu levels in the range of Dutch Cu soil 

concentrations,, given sublethal effects of Cu based on laboratory bioassays in sandy soil 

(Tablee 6.3). Not all sizes of earthworms are available to badgers. Analyses of stomach 

contentss indicate that badgers only consume earthworms with sizes larger than 5 cm 

correspondingg to a weight of around 600 mg (Müskens & Broekhuizen unpublished 
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data).. In the model it therefore is assumed that badgers only prey upon earthworms 
thatt have a size of / = 8.5 mg 1 /3 or more. 

Figuree 6.3a presents the biomass production of earthworms available to badgers 
(basedd on earthworms with sizes larger than 8.5 mg 1/3) as a function of Cu soil 
contents.. At the background Cu soil concentration (13 mg kg"1) the earthworm 
populationn exists of 100 individuals per square meter. At this Cu level the biomass 
productionn of individuals sized larger than 8.5 mg 1 /3 equals 480 mg per square meter 
(seee Fig. 6.3a). The figure furthermore indicates that the biomass production of 
earthwormss is reduced by 50% if the Cu concentration is increased to a level of 100 
mgg kg"1. Figure 6.3b shows how these results translate into decreases in biomass 
productionn of earthworms available to badgers within their actual distribution. Each 
gridd cell indicates an area of 5x5 km. The decrease in these grid cells is equal to the 
highestt decrease in one of the 25 underlying lx l km cells. Only those lx l km cells are 
includedd with at least one inhabited badger sett situated in the cell. Especially at the 
fringess of their range, the Gooi area in the west, the Reestdal area in the north and the 
Kempenn area in the south, badgers are expected to suffer from food shortage resulting 
fromm decreased earthworm densities. Unfortunately, these results cannot be confronted 
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200 40 60 80 100 

Cuu soil concentration (mg kg"1) 

Figuree 6.3a 

Earthwormm biomass production, available to the badger, as a function of Cu concentration in soil. 
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Figuree 6.3b 

Reductionn in earthworm biomass production, induced by Cu, in areas occupied by badgers in 1995. 
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withh field data because population densities of earthworms in the three areas 

mentioned,, and most regions in The Netherlands, are unknown. But if the results of 

Vann Rhee (1967) and Ma (1988) which both show that Cu does have a negative effect 

onn the density of earthworms are considered, it can be expected that badgers suffer 

fromm decreased food availability in some parts of their range. 

Discussio n n 

Effectss on individual s 

Thee results indicate that, given the soil concentrations of Cd and Cu in The 
Netherlands,, effects of these heavy metals on the badger can be substantial. In some 
partss of their range badgers run the risk to achieve kidney lesion within two to four 
yearss (direct effect Cd; Fig. 6.2b), and food shortage (indirect effect of Cu; Fig. 6.3b). 

Thee bioaccumulation calculation predicts kidney lesion as a result of Cd 
intoxication.. These results are conservative in the way that they only refer to Cd uptake 
byy badgers resulting from consumption of earthworms. The addition of Cd reaching 
thee badger by other means wil l only increase the risk to achieve kidney lesion. 

Kidneyy lesion often has been put forward as one of the first serious effects of Cd 
intoxicationn in mammals and birds (Scheuhammer 1987). However, to what extent 
kidneyy lesion reduces the vital rates (growth, reproduction, and survival) in badgers is 
unclear.. It may be expected that necrosis of kidney tissue, which leads to a decrease in 
thee filter capacity of the kidney (Nicholson et al. 1983; Goyer et al. 1984; 
Scheuhammerr 1987), also leads, next to passive leaking of Cd, to loss of nutritional and 
essentiall  elements. This loss involves a decline in growth, reproduction, and survival of 
thee individual. If the individual compensates for the loss by increase of food intake, the 
animall  wil l spend more time in search of food, and roam larger areas. In a country like 
Thee Netherlands with its dense infrastructure this can lead to an increase in traffic 
mortality. . 

Ass with kidney lesion also the impact of food scarcity on the vital rates is difficult 
too quantify. When earthworm density is low, badgers may change their diet 
composition,, or spend more time in searching for earthworms, and thus roam larger 
areas.. Changing the diet composition will lead to a decrease in body weight (Kruuk & 
Parishh 1983), whereas increasing the time spent and the area searched for earthworms 
enhancess the risk of traffic mortality. Therefore, both these alternatives have a negative 
effectt on the vital rates of the badger. 
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Effectss on the population 

Howw effects of Cd and Cu wil l reveal at the population level depends on the impact of 

thesee effects on the growth, reproduction, and survival of the individuals that make up 

thee population. Decrease in these vital rates reduces the growth rate and the survival 

probabilityy of a population. Whether decrease in the vital rates wil l also become 

manifestt in a measurable population parameter like density depends on the dynamic 

interactionn of the species with its (biotic and abiotic) environment. Model studies on 

thee effect of toxic substances on the shrew Sorex araneus demonstrated that a decrease 

inn the vital rates had a negligible effect on the expected population density whereas the 

populationn survival time decreased drastically (Klok & De Roos 1998). In Sorex the 

highh mortality caused by the contest competition for territories in autumn conceals any 

effectt of other stress factors on the vital rates as long as the lifetime reproductive success 

off  the individuals is larger than 1 (individuals can replace themselves). So the effects of 

toxicantss will not show up in the population density until individuals can no longer 

replacee themselves, leading to a sudden, drastic decline in the population density. Also 

inn the badger, effects of toxicants may not become apparent in the population density. 

Badgerss live in hierarchical social groups, where only one female puts effort in 

reproductionn (Kruuk & Parish 1983; Broekhuizen et al. 1994). If this female dies, one 

off  the other adult females of the social group will take her position. Therefore, the 

reproductivee output of a badger group will remain more or less constant over time. 

Multipl ee stress 

Acidificationn of the soil in combination with Cd pollution is an example of multiple 

stresss for the badger. On the one hand a decrease in pH will lead to lower densities of 

earthwormss (Edwards & Lofty 1975) and thus food shortage for badgers. On the other 

handd with low pH levels Cd is more mobile in the soil and the uptake of Cd by 

earthwormss is increased (Ma et al. 2000) with a greater risk of poisoning for badgers. 

Figuree 6.2a indicates the importance of soil pH for the risk of kidney lesion in badgers. 

Inn 95% of the Dutch soils the Cd concentration is below 1.0 mg kg"1 (Tiktak et al. 

1999a,, b). With a Cd soil concentration of 1.0 mg kg"1 badgers wil l reach the critical 

levell  of kidney lesion before the age of six (Fig. 6.2a). For soils with Cd concentrations 

beloww 1.0 mg kg"1 badgers are not expected to suffer from kidney lesion within the life 

spann of six years. But with acidification of the soil kidney lesion may even be expected 

inn areas with Cd soil concentrations below 1.0 mg kg"1. 

Alsoo the combination of Cu enrichment of the soil and habitat fragmentation is 

ann example of multiple stress for the badger. When badgers counter the indirect effect 

off  Cu (food shortage) by putting more effort into foraging, they increase the 

probabilityy of getting killed by traffic. Traffic mortality in The Netherlands is high, 
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yearlyy around 20% of the badger population falls victim to traffic (Broekhuizen & 
Derckxx 1996). This high mortality has been attributed to the fragmentation of the 
badgerr habitat. Whether this high traffic mortality is caused by fragmentation alone or 
inn combination with other factors deteriorating the habitat quality, such as poisoning 
andd acidification, cannot be deduced from the mortality itself. 

Althoughh it is difficult to indicate to what extent the quality of the habitat plays 
aa role in the traffic mortality, it seems reasonable to assume that increase in the quality 
off  the habitat will decrease the risk of traffic mortality for the individuals. In The 
Netherlandss with its high density of infrastructure, next to countering fragmentation 
byy connecting habitat patches, also increasing the quality of these patches seems to be 
aa good option to enhance the survival probability of badger populations. 

Conclusion s s 

Apartt from restrictions on hunting and poisoning, conservation actions in The 
Netherlandss intended to increase the survival probability of badger populations have 
beenn directed mainly towards decreasing the traffic mortality. Up to 1996 more than 
2000 badger tunnels were constructed under roads (Broekhuizen & Derckx 1996). The 
highh traffic mortality has been attributed to the fragmentation of badger habitat. To 
whatt extent habitat quality promotes traffic mortality is unknown. 

Thiss paper shows that within the distribution area of the badger, Cd and Cu soil 
concentrationss are expected to give rise to negative effects. Figure 6.2b indicates that 
badgerss in a large part of their range are threatened to suffer from kidney lesion, 
whereass badgers may experience food shortage in some parts of their distribution area 
(seee Fig. 6.3b). To what extent these effects reveal themselves at the population level 
cannott be easily inferred from field data. Ecological interactions at the population level 
mayy conceal effects of decreased habitat quality. 

Reference s s 

Andersen,, J. 1954. The food of the Danish badger (Meles meles danicus Degerbol) with 

speciall  reference to the summer months. Danish Review of Game Biolology 3: 1-75. 

Baveco,, J.M. & A.M de Roos 1996. Assessing the impact of pesticides on lumbricid popula-
tions,, an individual based modelling approach. Journal of Applied Ecology 33: 1451-
1468. . 

Broekhuizen,, S., G. Miiskens & K. Sandifort 1994. Invloed van sterfte door verkeer op de 
voortplantingg van dassen. IBN-rapport 055. Instituut voor Bos-en Natuuronderzoek, 

111 111 



AA Q U E S T F O R T H E R O L E OF H A B I T A T Q U A L I T Y IN N A T U R E C O N S E R V A T I O N / C H A P T E R 6 

Wageningen.. 39 p. 

Broekhuizen,, S. & H. Derckx 1996. Durchlasse fur Dachse und ihre Effektivitat. Zeitschrift 

furr Jagdwissenschaft 42: 134-142. 

Cheeseman,, C.L., J.W. Wilesmith, J. Ryan & P.J. Mallison 1987. Badger population dyna-

micss in a high-density area. In: S. Harris (ed.), Mammal population studies. Symposia 

off  the Zoological Society London 58: 279-294. 

Cluzeau,, D. & L. Fayolle 1989. Croissance et fécondité comparées de Dendrobaena rubida 

tenuiss (Eisen 1874), Eisenia andrei (Bouché, 1972) et Lumbricus rubellus rubellus 

(Hoffmeister,, 1843) (Oligochaeta, Lumbricidae) en élevage controle. Revue d'Ecologie 

ett de Biologie du Sol 26: 111-121. 

Cresswell,, W.J. & S. Harris 1988. Foraging behaviour and home-range utilisation in a subur-

bann Badger (Meles meles) population. Mammal Review 18: 37-49. 

Dee Roos, A.M. 1997. A gentle introduction to physiologically structured population models. 

In:: S. Tuljapurkar & H. Caswell (eds.), Structured population Models in Marine, 

Terrestrial,, and Freshwater Systems. Chapman and Hall, New York; 119-204. 

Edwards,, C.A. & J.R. Lofty 1975. The influence of cultivation on soil animal populations. 

In:: J. Vanek (ed.), Progress in Soil Zoology. Academia Publishing House, Prague; 

399-408. . 

Engström,, B. & G.F. Nordberg 1979. Dose dependence of gastrointestinal absorption and 

biologicall  half-time of cadmium in mice. Toxicology 13: 215-222. 

Gilpin,, M. & I. Hanski 1991. Metapopulation dynamics: empirical and theoretical investiga-

tions,, Academic Press, London. 336 p. 

Goodman,, D. 1987. The demography of chance extinction. In: M.E. Soulé (ed.), Viable 

populationss for conservation. Cambridge University Press, Cambridge; 11-34. 

Goyer,, R.A., M.G. Cherian & L. Delaquerriere-Richardson 1984. Correlation parameters of 

cadmiumm exposure with onset of cadmium-induced nephropathy in rats. Journal of 

Environmentall  Pathology, Toxicology and Oncology 5: 89-100. 

Graf,, M. & A.I. Wandeler 1982. Alterbestimmung bei Dachsen (Meles meles L.). Revue 

Suissee de Zoölogie 89: 1017-1023. 

Klok,, C. & A.M. de Roos 1996. Population level consequences of toxicological influences on 

individuall  growth and reproduction in Lumbricus rubellus (Lumbricidae, 

Oligochaeta).. Ecotoxicology and Environmental Safety 33: 118-127. 

Klok,, C. & A.M. de Roos 1998. Effects of habitat size and quality on equilibrium density 

andd extinction time of Sorex araneus populations. Journal of Animal Ecology 67: 

195-209. . 

Klok,, C, A.M. de Roos, J.C.Y. Marinissen, H.M. Baveco & W.C. Ma 1997. Assessing the 

effectss of abiotic environmental stress on population growth in Lumbricus rubellus 

(Lumbricidae,, Oligochaeta). Soil Biolology and Biochemistry 29: 287-293. 

Kooijman,, S.A.L.M. & J.A.J. Metz 1984. On the dynamics of chemically stressed popula-

tions:: the deduction of population consequences from effects on individuals. 

112 112 



AA Q U E S T F O R T H E R O L E OF H A B I T A T Q U A L I T Y IN N A T U R E C O N S E R V A T I O N / C H A P T E R E 

Ecotoxicologyy and Environmental Safety 8: 254-274. 

Kruuk,, H. 1978. Foraging and spatial organisation of the European badger Meles meles L. 

Behaviourr Ecolology and Sociobiology 4: 75-89. 

Kruuk,, H. & T. Parish 1982. Factors affecting population density, group size and territory size 

off  the European badger, Meles meles. Journal of Zoology, London 196: 31-39. 

Kruuk,, H. & T. Parish 1983. Seasonal and local differences in the weight of European 

badgerss (Meles meles) in relation to food supply. Zeitschrift fur Saugetierkunde 48: 

45-50. . 

Kruuk,, H. & T. Parish 1987. Changes in the size of groups and ranges of the European 

badgerr (Meles meles) in an area in Scotland. Journal of Animal Ecology 56: 351-364. 

Lakhani,, K.H. & J.E. Satchell 1970. Production by Lumbricus terrestris. Journal of Animal 

Ecologyy 39: 473-494. 

Lankester,, K., R. van Apeldoorn, E. Meelis & J. Verboom 1991. Management perspectives for 

populationss of the Eurasian badger (Meles meles) in a fragmented landscape. Journal 

off  Applied Ecology 28: 561-573. 

Lehman,, L.D. & C D. Klaasen 1986 Dosage-dependent disposition of cadmium administered 

orallyy to rats. Toxicology and Applied Pharmacology 84: 159-167. 

Ma,, W.C. 1983a. Biomonitoring of soil pollution: ecotoxicological studies of the effect of 

soil-bornee metals on lumbricid earthworms. In: Annual Report 1982. Research 

Institutee for Nature Management, Arnhem, The Netherlands; 83-97. 

Ma,, W.C. 1983b. Regenwormen als bio-indicators van bodemverontreiniging. 

Bodembeschermingg nr. 15. Staatsuitgeverij, Den Haag. 106 p. 

Ma,, W.C. 1984. Sublethal toxic effects of copper on growth reproduction and litter break-

downn activity in the earthworm Lumbricus rubellus, with observations on the in-

fluencefluence of temperature and soil pH. Environmental Pollution (Series A) 33: 207-219. 

Ma,, W.C. 1988. Toxicity of copper to lumbricid earthworms in sandy agricultural soils 

amendedd with Cu- enriched organic waste materials. Ecological Bulletins 39: 53-56. 

Ma,, W.C. & S. Broekhuizen 1989. Belasting van Dassen Meles meles met zware metalen: 

invloedd van de verontreinigde Maasuiterwaarden? Lutra 32: 139-151. 

Ma,, W.C, C.J. ter Braak & E. Verhallen 2000. Predictive models for trace metal accumula-

tionn in earthworms in heterogeneous soils: a meta-analysis. Biology and Fertility of 

Soilss (in prep.). 

Mitchell-Joness A.J., G. Amori, W. Bogdanowicz, B. Krystufek, P.J.H. Reijnders, F. 

Spitzenberger,, M. Stubbe, J.B.M. Thissen, V. Vohrallk & J. Zima 1999. The atlas of 

Europeann Mammals. Academic Press, London. 484 p. 

Neal,, E.G. 1986. The natural history of badgers. Croom Helm, London. 238 p. 

Nicholson,, J.K., M.D. Kendall & D. Osborn 1983. Cadmium and mercury nephrotoxicity. 

Naturee 304: 633-635. 

Potts,, G.R. 1986. The Partridge: Pesticides, Predation and Conservation, Collins, London. 

2744 p. 



AA Q U E S T F O R T H E R O L E OF H A B I T A T Q U A L I T Y IN N A T U R E C O N S E R V A T I O N / C H A P T E R 6 

Potts,, G.R & N J. Aebischer 1995. Population dynamics of the grey partridge Perdix perdix 

1793-1993:: monitoring, modelling and management. Ibis 137: 29-37. 

Scheuhammer,, A.M. 1987. The chronic toxicity of aluminium, cadmium, mercury, and lead 

inn birds: a review. Environmental Pollution 46: 263-295. 

Skinner,, C.A. & P.J. Skinner 1988. Food of the badgers (Meles meles) in an arable area of 

Essex.. Journal of Zoology, London 215: 360-362. 

Stocker,, G. & P. Lüps 1984. Qualitative and quantitative aspects of food consumption of 

badgerss Meles meles in Swiss midlands. Revue Suisse de Zoölogie 91: 1007-1015. 

Tiktak,, A., J.R.M. Alkemade, J.J.M, van Grinsven & G.B. Makaske 1999a. Modelling 

cadmiumm accumulation at a the regional scale in The Netherlands. Nutrient cycling in 

Agroecosystemss 50: 209-222. 

Tiktak,A.,, A. Leynse & H.A. Vissenberg 1999b. Uncertainty in a regional-scale assessment of 

cadmiumm accumulation in The Netherlands. Journal of Environmental Quality 28: 

461-470. . 

Vann der Zee, RE, J. Wiertz, CJ.R ter Braak, R.C. van Apeldoorn & J. Vink 1992. Landscape 

changee as a possible cause of the badgers (Meles meles) decline in The Netherlands. 

Biologicall  Conservation 61: 17-22. 

Vann Moll , G.C.M 1997. Nederland als woongebied van de Das van 1900 tot en met 1995. 

Werkdocumentt 109. IKC Natuurbeheer, Wageningen. 116 p. 

Vann Rhee, J.A. 1967. Development of earthworm populations in orchard soils. In: O. Graff 

&&  J. Satchell (eds.), Progress in Soil Biology. North Holland Publishing Co., 

Amsterdam;; 360-371. 

Vann Wijngaarden, A. & J. van de Peppel 1964. The badger, Meles meles (L.), in The 

Netherlands.. Lutra 6: 1-60. 

Wallace,, G.J., WP. Nickell & R.F. Bernard 1961. Bird mortality in the Dutch elm disease 

programm in Michigan. Cranbrook Institute of Science Bulletin 41: 1-44. 

Wansink,, D.E.H. 1995. Kansen voor de Gooise Das? Een onderzoek naar de populatie-

ontwikkeling,, het habitatgebruik en het dieet van een Dassenpopulatie bij Hollandse 

Rading.. Wetenschapswinkel Biologie Utrecht P-UB-95-08, Utrecht. 60 p. 

Wiertz,, J. 1976. De voedselecologie van de das (Meles meles L.) in Nederland; een onderzoek 

aann de hand van faeces uit de jaren 1960-1970. RIN-rapport 79/9. Rijksinstituut voor 

Natuurbeheer,, Leersum. 60 p. 

Wiertz,, J. 1993. Fluctuations in the Dutch badger Meles meles population between I960 and 

1990.. Mammal Review 23: 59-64. 

Wiertz,, J. & J. Vink 1986. The present status of the badger Meles meles (L., 1758) in The 

Netherlands.. Lutra 29: 21-53. 

Wiertz,, J. & J. Vink 1992. Das Meles meles (L., 1758). In: S. Broekhuizen, R. Hoekstra, V. 

vann Laar, C. Smeenk & J.B.M. Thissen (red.), Atlas van de Nederlandse Zoogdieren. 

Stichtingg Uitgeverij van de Koninklijke Nederlandse Natuurhistorische Vereniging, 

Utrecht;; 172-177. 

114 114 



AA Q U E S T F O R T H E R O L E OF H A B I T A T Q U A L I T Y IN N A T U R E C O N S E R V A T I O N / C H A P T E R 6 

Appendi xx 6.1 

Laboratoryy studies (Ma 1983b, 1988) indicate that Cu reduces the individual growth 
andd cocoon production in the earthworm species Lumbricus rubellus. In these studies 
earthwormss were cultured in soils polluted with four Cu levels; 13, 60, 145, and 362 
mgg Cu kg"1 soil. It was assumed that these reductions in growth and cocoon 
productionn result from increase in maintenance costs. This assumption leads to an 
increasee in y and a decrease in / since the individual growth rate y is proportional to 
thee maintenance requirements per weight unit, whereas the maximal size / is inversely 
proportionall  to this factor. Under Cu stress the maximal size can now be described by: 

mm''Ct>Ct> (1 + (Cu - NOEC)RhoM) (6.A1) 

thee individual growth rate by: 

yyCuCu=y(l+(Ci^NOEQRhoM)=y(l+(Ci^NOEQRhoM) (6.A2) 

andd the individual growth by: 

wheree Cu equals the external copper concentration, NOEC the copper concentration 
wheree growth is not reduced, and RhoM the effect parameter on the maintenance 
requirements. . 

Too estimate the values of y, lm, and RhoM, growth curves describing the growth 
off  individuals under copper stress of 13, 60,145, and 362 mg Cu kg"1 soil respectively 
(equationn 6.A3) were fitted simultaneously to the four experimental data series on the 
increasee in individual weight over time of earthworms living under Cu levels of 13, 
60,145,, or 362 mg Cu kg"1 soil. The NOEC, the copper concentration where growth 
iss not reduced, is fixed at the background copper concentration of 13 mg kg"1 soil. 

Estimatedd values for y, lm, RhoM, and NOEC are 0.0071 day1, 16.66 mg1/3, 
andd 0.0029 respectively. 

Equationss 6.3 and 6.4 indicate that with a decrease in / and an increase in y 
alsoo the reproductive output decreases. However, the decrease in m(o) given by Ma 
(1983b,, 1988) is more drastic than can be explained by the assumption of increase in 
maintenancee costs. Therefore, it was assumed that next to an increase in maintenance 
costss also the energy investment to produce a single cocoon increases with Cu stress. 
Thiss leads to a reduction in rm (see equation 6.4). The experimental data on the 
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numberr of cocoons produced per day per unit of surface area under different Cu 

treatmentss were fitted by the curve: 

rrmfi mfi 
rmrm''CuCu~~ (\ + RhoRCu) 

wheree rm0 equals the maximal reproductive rate per unit of surface area, and RhoRthe 

effectt parameter on energy investment to produce a single cocoon. 

Estimatedd values for the parameters rmö, and RhoR are 0.00126 d^mg" / 3 and 

0.0189,, respectively. 
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77 Summary and practical perspectives 

Inn this thesis the importance of habitat quality for the persistence and conservation of 
endangeredd species is discussed. The studies presented incorporate several aspects of 
habitatt quality that have a major impact on the population dynamics of the species 
underr consideration. 

Inn chapter 2 the importance of habitat quality and size on the persistence of 
populationss is analysed, given stochasticity in demographic processes. In this chapter 
habitatt quality is expressed in terms of RQ (the lifetime reproductive output of an 
individual),, and habitat size is described by K (the number of territories in the 
population).. The results show that for the common shrew Sorex araneus the population 
densityy is mainly influenced by the habitat size. The population extinction time, on the 
otherr hand, depends more on the habitat quality than on habitat size. In the common 
shreww the expected extinction time increases exponentially with the number of 
territoriess and more than exponentially with the lifetime reproductive output. 
Moreover,, the expected extinction time is always more than twice as sensitive to 
changess in habitat quality as to changes in habitat size (see Fig. 2.5). These results are 
derivedd for (1) a uniform and contiguous habitat area, (2) no restrictions on settlement 
(occupationn of territories by juveniles is random) and (3) habitat quality (RQ) not 
correlatedd with its size (K). In the context of (1) a discontinuous area (heterogeneous 
orr fragmented habitat), (2) non-random settlement (e.g. in a metapopulation context), 
andd (3) correlation between RQ and K, the sensitivity of the expected extinction time to 
habitatt quality even increases. In a more general setting, chapter 2 shows that 
irrespectivee of the species under consideration, the likelihood of extinction as a 
consequencee of demographic stochasticity can be more effectively countered by 
enhancingg the reproductive opportunities of its individuals, if this is feasible, than by 
increasingg population size. 

Chapterr 3 shows that a permanent reduction in habitat quality, such as induced 
byy copper, can have a strong impact on population performance. In this chapter the 
effectss of sublethal levels of copper on the population growth rate of earthworms is 
assessed.. Copper influences the energy budget of the individuals which results in a 
declinee in their growth and reproduction, leading to a decrease in the population 
growthh rate. Especially reduction of individual growth has a large impact on the 
populationn growth rate because it delays the maturation. The population dynamical 
modell  used to assess the impact of Cu predicts population extinction to occur in the 
rangee of 200 to 300 mg copper per kg soil. This result, applied to earthworms living in 
sandyy loam soil, is in reasonable agreement with field data. To assess the actual state of 
aa population under field conditions the model is also used to study the effects of copper 
onn the composition of the population in terms of juveniles, subadults and adults. These 
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effectss on the population structure reveal that toxicants reducing the individual growth, 

inducee change in the population structure only close to the point where the population 

goess extinct. Therefore, to inspect the viability of earthworm populations in field 

situationss the population structure is not a good statistic. 

Thee sensitivity analysis in chapter 4 shows that in earthworms the time spent in 

thee adult stage has the highest impact on the population growth rate. This implies that 

stresss factors delaying maturation of juveniles, and thus reducing the duration of the 

adultt stage, given a maximum life span, can have a large impact on the population. The 

resultt contrasts with the commonly held view in risk assessment that reproduction is 

thee most important life history aspect. 

Thee results of chapter 5 demonstrate that persistence and population density in 

thee barn owl, a resident predator that responds numerically to temporal variations in 

itss prey abundance (voles), are more sensitive to years with low vole densities than to 

peakk prey years. Although peak vole years increase the number of owls in the 

population,, the lows bring their number down to such levels that the population 

cannott benefit from the ensuing peak year. This result is irrespective of the period of 

thee fluctuations and whether the fluctuations are periodic or random. This conclusion 

alsoo holds for open populations since voles fluctuate in synchrony over extensive areas. 

Therefore,, conservation in the barn owl should be directed at improving the food 

conditionss in the years with low vole densities. Also for other raptor species, that show 

aa numerical response to their prey, it is expected that especially the bad years, with 

respectt to food, determine the population performance. 

Inn chapter 6 the contributions of soil pollution, acidification and fragmentation 

onn survival of the badger are explored since the species seems to be threatened by the 

combinationn of these factors in The Netherlands. Soil pollution with cadmium can 

resultt in a direct effect (kidney lesion), whereas copper induces an indirect effect (food 

shortage).. Badgers are confronted with these risks by feeding on earthworms. 

Earthwormss accumulate cadmium to high levels, which badgers deposit in internal 

organss such as the kidney. Copper induces decline in development and reproduction in 

earthwormss leading to reduction in their population growth rate and population 

density.. This decrease in earthworm density reduces the amount of food available to the 

badger.. Soil acidification enhances the risks of kidney lesion and food shortage on the 

badger,, because it increases the availability of these pollutants. 

Thee results in chapter 6 show that the risk on kidney lesion and food shortage 

aree substantial; kidney lesion occurs within two to four years, and food levels are 

reducedd up to 10%. This implies that next to fragmentation also soil pollution and 

acidificationn can interact with fragmentation to increase traffic mortality since both 

intoxicationn (that increases energy requirements for detoxification) and food shortage 

cann force the badger to roam larger areas in search of food. 
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Practicall perspectives 

Conservation n 

Thiss thesis emphasises the importance of habitat quality for the conservation of 
endangeredd species. As shown in chapter 2, the likelihood of extinction as a 
consequencee of demographic stochasticity can best be countered by improvement of 
habitatt quality. Also an enlargement of the habitat size increases the population 
persistence.. However, increases in habitat size always have a lesser effect than a similar 
improvementt in habitat quality. 

Populationss of endangered species are often restricted to highly fragmented 
habitatss of marginal quality. Management options aiming at the preservation of these 
populationss should therefore include strategies to improve both habitat quality and 
habitatt size. Compared to enlargement of the habitat area improvement in quality is 
moree difficult to achieve. Habitat quality comprises many factors such as physical 
conditions,, the abundance of resources, breeding sites etc. and its assessment requires 
thoroughh knowledge of the ecology of the species under consideration. Common 
practicee in conservation is to classify habitat quality into categories like marginal, 
central,, good, medium and bad (Gilpin & Soulé 1986). It is not always possible to 
improvee both the quality and the size of the habitat. Hence it is important to 
understandd in how far these habitat aspects can be interchanged with respect to their 
effectt on population persistence. The fact that habitat quality always has a higher 
impactt on the population persistence than size, suggests that these aspects are not 
equivalentt and therefore not directly interchangeable. This implies that for example a 
managementt strategy that enlarges the area of an endangered population with habitat 
categorisedd as bad, may not lower the risk of extinction, but, on the contrary, enhance 
thiss risk. Conservation strategies should therefore focus especially on improvement of 
thee habitat quality; if this is not feasible, alternatives must be chosen with caution. In 
Thee Netherlands a large number of rural areas are of marginal quality resulting from 
pollutionn with toxicants. There is a tendency to use these areas of questionable habitat 
qualityy for nature conservation (e.g. Ilperveld and Volgermeer in the province of 
Noord-Holland,, De Venen in the western part of The Netherlands). Given the 
importancee of habitat quality for the persistence of species, addition of these areas to 
existingg reserves may be an erroneous strategy. 

Commonn practice in conservation is to assess the viability of field populations 
byy monitoring population density. As shown in chapter 2 the population persistence 
cann decrease drastically with decline in habitat quality whereas the population density 
remainss more or less stable. This implies that the viability of populations is not 
reflectedd in the population density by definition. The viability of populations depends 
onn both the number of individuals in the population and their probabilities to 
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reproducee and survive. Chapter 2 emphasises that the likelihood of extinction is even 

moree dependent on these probabilities to reproduce and survive, which can be 

summarisedd in the lifetime reproductive output (i^) , than on the population number 

perr se. As a measure of the viability of field populations these processes therefore are 

moree informative than the population density. 

Moreover,, the population density is a resultant of the reproduction and survival 

off  the individuals, and strongly influenced by the dynamic interaction of the 

individualss with their environment (Hengeveld & Walter 1999). For example in a 

territoriall  species such as the common shrew, social interaction within the species for a 

limitedd number of territories restricts the number of individuals in the population. The 

commonn shrew is an annual species with a high reproductive output. As long as the 

individualss can replace themselves (/^>1) all territories remain occupied. Only if the 

outcomee of reproduction and survival leads to values of RQ< 1 the population density 

iss expected to decline. 

Givenn the fact that the viability of populations is not unambiguously reflected 

inn the population abundance it follows that monitoring based on species density alone 

cann be misleading. Therefore, the processes that determine the lifetime reproductive 

outputt RQ, that is survival and reproduction of individuals, should be measured in 

additionn to density (Van Home 1983). 

Populationss of endangered species often consist of small numbers. As a result of 

theirr low number, they are trapped in what is called the extinction vortex. This 

indicatess that the combination of inbreeding depression, demographic stochasticity 

andd genetic drift lead to positive feedback loops that make small populations even 

smallerr (Caughley 1994). Management practice directed at conservation of these 

populationss is confronted with the question how large the population size must be to 

escapee the risk of extinction inherent in small numbers. The concept of the minimum 

viablee population (MVP) size aims at resolving this question. The MV P size 

correspondss to the threshold number of individuals at which the population wil l exist 

inn a viable state for a given interval of time under the risk of extinction as a result of 

demographic,, environmental and genetic stochasticity, or catastrophes (Shaffer 1981). 

Thee MV P size is species-specific since the life history of a species can have a large 

impactt on the outcome of the abovementioned stochastic events (Franklin 1980; Soulé 

1980).. Moreover, the MVP size wil l also depend on the temporal and spatial 

distributionn of the habitat (Gilpin &c Soulé 1986), and its quality. Since habitat quality 

hass a drastic non-linear effect on the risk of extinction (see chapter 2) this factor has a 

largee impact on the MVP size. As a consequence, the size of MVPs in areas of inferior 

habitatt should be non-proportionally greater than those in good habitat (Van Home 

1983).. In case of temporal fluctuations in habitat quality, when populations are 

restrictedd to island-like habitats (Gilpin & Soulé 1986) or if the habitat quality 
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fluctuatesfluctuates in synchrony over extensive areas (chapter 5), the MV P size should be based 
onn the lowest habitat quality 

Thee above considerations on MV P size indicate that a single species-specific 
MV PP size is of littl e practical use. To overcome this problem species-specific MV P size 
distributionss seem to be a solution. However, the concept of MV P based on size fails 
sincee the likelihood of population extinction is more sensitive to the processes of 
reproductionn and survival than to the population number. A better alternative would 
bee to develop a statistic based on both the lifetime reproductive output and the 
populationn number. 

Riskk assessment 

Thee objective in risk assessment is to protect ecosystems from detrimental effects of 
pollution.. In The Netherlands, current methods in ecotoxicological risk assessment are 
mainlyy based on laboratory tests at the individual level using a limited number of 
species.. From these single species tests critical toxicant concentrations are derived, 
beneathh which the ecosystem is considered to be protected. The applied derivation 
methodd (Aldenberg &c Slob 1993) assumes that the species-specific sensitivities to a 
certainn pollutant of the species composing an ecosystem can be expressed by a log-
logisticc distribution. This log-logistic distribution is constructed if at least four No 
Observedd Effect Concentrations (NOECs) are available, derived from single species 
testss of different taxonomie groups. From the distribution a Maximum Permissible 
Concentrationn (MPC) is derived at the toxicant level where less than a certain 
percentagee (usually 5%) of the species are affected by the pollutant. This method has 
somee serious restrictions since it implicitly assumes that (1) the sensitivity of the 
populationss of each species correlates linearly with the sensitivity of its individuals, that 
(2)) the sensitivity of organisms to toxicants measured under laboratory conditions, in 
whichh all circumstances are optimal with the exception of the toxicant, represents the 
sensitivityy under field conditions, and (3) interactions among species are totally 
ignored. . 

Ann obvious, intermediate step to remedy these shortcomings is to evaluate toxic 
effectss at the population level. Population dynamic models as illustrated in this thesis 
cann integrate laboratory results on individuals and assess their population level 
consequences.. Moreover, these models can approximate effects under field conditions 
byy evaluating the effects on the population under different suboptimal environmental 
conditions.. Also the impact of toxicants on interacting species can be assessed to arrive 
att the consequences at the community level. 

Modelss that interpret the effects of toxicants at the population level should be 
firmlyfirmly  based on the ecology of the species under consideration. Such models should 
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existt of a submodel at the individual level and a submodel at the population level. The 

firstt model assesses the effects of toxicants on the individual life history parameters, i.e. 

growth,, development, reproduction and survival. The second submodel at the 

populationn level performs a bookkeeping operation to track changes in life history of 

alll  individuals composing the population. 

Att the individual level, the energy allocation in organisms changes when they are 

confrontedd with toxicants. These changes result from e.g. detoxification or decreased 

foodd intake (Kooijman & Metz 1984) and can become apparent in the individual life 

historyy as retarded growth and development, or reduced reproduction and survival. To 

analysee these reductions in a consistent way energy budget models such as the Dynamic 

Energyy Budget model (DEB) (Kooijman & Metz 1984; Kooijman 1993; Kooijman & 

Bedauxx 1996) are essential instruments. The DEB model makes it possible to correlate 

inn a mechanistic way negative effects such as reduced individual growth and 

reproductionn since they are likely to result from the same mode of action of the toxicant 

onn the energy allocation in the individual (see chapters 3, 4 and 6). Given such changes 

inn the individual life history, the impact of toxicants on the population performance 

cann be assessed with discrete- or continuous-time structured models. These population 

dynamicall  models can be extended to incorporate the impact of toxicants in a food 

chainn (e.g. chapters 5 and 6) and the impact of toxicants in combination with other 

stresss factors (e.g. chapter 6). 

Inn The Netherlands many rural areas are polluted resulting from dumps of 

industriall  and household waste and application of harbour sediments. Given the 

pollutantt levels of these sites high ecotoxicological risks are expected which makes their 

usee for agriculture, recreation or nature doubtful. Insight is needed in the actual risk 

posedd by the pollutants on the local ecosystem. To assess site-specific risks of soil 

pollution,, the model PODYRAS (Population Dynamical Risk Assessment) has been 

developedd which is based on the earthworm models described in chapters 3, 4 and 6. 

Earthwormss are central in the model since they play an important role in the soil 

ecosystems;; they readily accumulate various chemical substances from the soil, 

constitutee one of the central nodes in the food web, and have a large influence on soil 

processess (Edwards & Lofty 1977; Lawton 1994). The model is parameterised with 

dataa from laboratory bioassays on growth and reproduction of earthworms living in the 

pollutedd soils of the site. The model can be extended to assess effects in food chains 

(earthworm-badger,, earthworm-godwit) and in the functioning of the soil by assessing 

thee contribution of earthworms in soil processes like decomposition. 
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Samenvatting g 

Velee diersoorten worden bedreigd in hun voortbestaan. Vooral door menselijke activiteit 

nemenn kwaliteit en omvang van hun leefgebied af. De kwaliteit verslechtert door o.a. 

vermesting,, verdroging, verzuring en vervuiling terwijl door verstedelijking en de aanleg 

vann infrastructurele werken leefgebieden kleiner worden en versnipperd raken. Hierdoor 

wordenn soorten gedwongen te overleven in gebieden van suboptimale kwaliteit en 

beperktee omvang. Dit heeft tot gevolg dat soorten kleine lokale populaties vormen die 

eenn groot risico lopen uit te sterven als gevolg van toevalsprocessen in geboorte en sterfte. 

Omm de kans op uitsterven als gevolg van kleine aantallen tegen te gaan is het 

conceptt van de minimale populatieomvang ontwikkeld. Hiermee wordt een 

populatieomvangg bedoeld waarbij de kans op uitsterven binnen een bepaalde tijd (bijv. 

1000 jaar) klein is. Veel natuurgebieden zijn te klein om een populatie met een minimale 

omvangg te herbergen. Wanneer men de ruimtelijke aspecten verbetert door gebieden 

mett elkaar te verbinden ofte vergroten zou de overlevingskans van de populatie kunnen 

toenemen.. Naast de ruimtelijke aspecten heeft echter ook de kwaliteit van de 

leefomgevingg een groot effect op de overlevingskans van populaties. Als de kwaliteit zo 

marginaall  is dat de populatiegroeisnelheid negatief is, zal elke populatie uiteindelijk 

uitsterven,, hoe groot het gebied ook is. 

Ditt proefschrift behandelt de vraag hoe de kwaliteit van de leefomgeving invloed 

uitoefentt op de kans op voortbestaan van populaties. In hoofdstuk 2 wordt het relatieve 

effectt van de kwaliteit van een leefgebied op deze kans vergeleken met dat van de 

beschikbaree ruimte. De effecten van een constante kwaliteitsverlagende factor 

(bodemvervuilingg door koper) op de populatiegroeisnelheid van regenwormen worden 

bestudeerdd in hoofdstuk 3 en 4. In hoofdstuk 5 worden de gevolgen van fluctuaties in de 

kwaliteitt van de leefomgeving in de tijd (voedselaanbod) voor de dichtheid en overleving 

vann kerkuilpopulaties bepaald. Hoofdstuk 6 richt zich op de effecten van multistress, zoals 

vervuiling,, verzuring en versnippering, op de das. In dat hoofdstuk worden de effecten van 

bodemvervuilingg door koper en cadmium in de voedselketen van regenwormen naar 

dassen,, berekend en gerelateerd aan de effecten van verzuring en versnippering. 

Dee belangrijkste conclusie uit hoofdstuk 2 is dat de kwaliteit van het leefgebied 

eenn veel grotere invloed op de overlevingskans van populaties heeft dan de omvang van 

hett leefgebied. Om de overlevingskans van soorten te vergroten is het verbeteren van 

dee kwaliteit van hun leefgebied dus een goede strategie. De resultaten in hoofdstuk 3 

enn 4 laten zien dat een constante kwaliteitsverlagende factor zoals bodemvervuiling 

doorr koper een grote invloed heeft op de populatiegroeisnelheid van regenwormen. 

Hett model voorspelt dat de populatie uitsterft bij kopergehalten tussen 200-300 mg 

perr kg grond. Bij deze concentratie is de groei van individuen zo sterk geremd dat ze 

hett volwassen stadium niet meer bereiken. Het model laat zien dat factoren die de groei 
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vann individuen verlagen (en daardoor de tijdsduur tot volwassenheid) de grootste 
invloedd op de populatiegroeisnelheid hebben. De resultaten in hoofdstuk 5 geven aan 
datt de overleving van een kerkuilpopulatie en zijn dichtheid bepaald worden door de 
dichtheidd van veldmuizen in jaren met de laagste aantallen. Veldmuizen zijn de 
belangrijkstee voedselbron en variëren sterk in dichtheid van jaar tot jaar. Dit resultaat 
geeftt aan dat beschermingsmaatregelen zich vooral moeten richten op meer voedsel in 
kritischee jaren. In hoofdstuk 6 wordt inzichtelijk gemaakt hoe negatieve effecten van 
cadmiumm en koper doorwerken in de voedselketen van regenwormen naar dassen. 
Hoewell  de das zich de laatste decennia lijk t uit te breiden, neemt het aantal 
verkeersslachtofferss (de belangrijkste doodsoorzaak) nog steeds toe. Versnippering van 
hett leefgebied wordt daarom ook wel als belangrijkste stressfactor gezien. Het 
hoofdstukk laat zien dat de das waarschijnlijk lijdt onder een combinatie van factoren 
diee elkaar beïnvloeden (multistress), te weten versnippering, vergiftiging en verzuring. 

Zoalss betoogd in dit proefschrift heeft de kwaliteit van de leefomgeving van 
soortenn een grotere invloed op het voortbestaan van hun populaties dan de omvang van 
hett leefgebied. Dit impliceert dat bij het beheer van bedreigde soorten het 
kwaliteitsaspectt van de leefomgeving een belangrijker rol zou moeten spelen. De 
kwaliteitt van de leefomgeving speelt momenteel echter een ondergeschikte rol in het 
natuurbeheer.. Ze wordt wel als belangrijk onderkend, maar het ontbreekt meestal aan 
voldoendee kennis om kwaliteit expliciet en vooral kwantitatief in beschermings- en 
beheersmaatregelenn te vertalen. De kwaliteit wordt hooguit geclassificeerd in goed, 
matigg of slecht. Ook de vraag in welke mate de kwaliteit en omvang van leefgebieden 
uitwisselbaarr zijn, wordt niet helder gesteld. De resultaten van hoofdstuk 2 tonen aan 
datt een afname in kwaliteit niet gecompenseerd kan worden door een equivalente 
toenamee in ruimte. Toevoeging van gebieden met een slechte kwaliteit aan bestaande 
gebiedenn kan de kans op uitsterven zelfs vergroten. 

Giftigee stoffen kunnen de kwaliteit van de leefomgeving aantasten. Nederland 
kentt veel landelijke gebieden waarin de vervuilingsgraad hoog is. Natuurontwikkeling 
opp verontreinigde gronden wordt als een mogelijk nuttig gebruik gezien (bijv. Ilperveld 
enn Volgermeer in Noord-Holland en De Venen in het westen van Nederland). Echter, 
zoalss uit dit proefschrift blijkt , heeft de kwaliteit van de leefomgeving een drastische 
invloedd op de overlevingskans van populaties. Voorzichtigheid is dus geboden bij het 
inn gebruik nemen van deze gronden of hun toevoeging aan bestaande natuurgebieden. 

Ditt proefschrift benadrukt het belang van kwaliteit voor het behoud en beheer van 
bedreigdee soorten met als doel kwaliteit een expliciete en vooral kwantitatieve rol te laten 
spelenn in bescherming en beheersmaatregelen. Zoals blijkt uit de realisering van de 
Ecologischee Hoofdstructuur (EHS) worden de ruimtelijke aspecten veelal als belangrijkste 
factorenn gezien binnen het huidige natuurbeheer. Gezien het belang van de kwaliteit voor 
dee overleving van populaties is de effectiviteit van behoud en beheersmaatregelen waarin 
kwaliteitt niet expliciet (kwantitatief) wordt meegenomen discutabel. 
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Dankwoord d 

Naa tweeënhalf jaar te hebben toegegeven aan mijn onstilbare reislust vroeg ik mij 

tijdenss een reis door Afrika af of er op andere terreinen nog uitdagingen zouden liggen. 

Mett de ecologie als basis zocht ik in 1992 zo'n uitdaging in de toegepaste wetenschap 

doorr te solliciteren naar een functie in de ecotoxicologie bij het toenmalige Instituut 

voorr Bos- en Natuuronderzoek (IBN-DLO). Min of meer tegelijkertijd bezocht ik een 

zomercursuss voor bodembiologen in Jyvaskyla in Finland waar Herman Eijsackers zijn 

collegess begon met verwijzingen naar 'Erik of het klein insectenboek' van Godfried 

Bomanss en 'Zen en de kunst van het motoronderhoud' van Robert M. Pirsig. Zonder 

datt hij zich dat bewust was heeft hij me hiermee gestimuleerd de ingeslagen weg te 

vervolgen.. Herman, hiervoor mijn dank. 

Ikk werd aangenomen op de genoemde functie waarbij sprake was van een 

vernieuwendd element, namelijk het toepassen van wiskundige modellen binnen de 

ecotoxicologie.. Hiervoor hadden Joop Brouns, Rob Gast en Wim Ma zich sterk 

gemaakt.. De nauwe betrokkenheid van André de Roos als adviseur bij de 

modelontwikkelingg resulteerde in een populatiedynamische benadering waaruit dit 

proefschriftt is voortgekomen. 

Ikk dank André voor zijn ideeën en inzet in de beginfase van het onderzoek. 

Verderr was hij een bezielend co-promotor en heeft hij mij op een belangrijk moment 

dee mogelijkheid geboden gebruik te maken van de faciliteiten van zijn 'lab' aan de 

Universiteitt van Amsterdam. Als kerkuil tussen de vissen en mijten heb ik in 

Amsterdamm een constructieve en prettige werksfeer ervaren, waarvoor ik alle teamleden 

dankzeg.. Mij n promotor Mous Sabelis wil ik bedanken voor zijn constructieve bijdrage 

alss kritisch lezer van het proefschrift. 

Ondankss de veranderingen binnen de organisatie (de overgang van IBN naar 

Alterra)) heeft het afdelingshoofd Henk Siepel het financieel mogelijk gemaakt het 

proefschriftt af te ronden. De collega's van mijn team Ecotoxicologie wil ik bedanken 

voorr hun belangstelling en met name mijn kamergenoot Jack Faber voor zijn 

betrokkenheidd bij het uitwerken van een deel van dit proefschrift in de vorm van het 

modell  PODYRAS voor toepassing in de ecotoxicologische risicoanalyse. 

Bass Kooijman, Rob Hengeveld en Rob van Apeldoorn hebben mij regelmatig 

vann geestelijk voedsel voorzien in de vormm van enthousiasmerende boeken, artikelen en 

discussiess waardoor mijn energiebudget nooit uitgeput raakte. Dit boekje kon alleen 

verschijnenn dankzij Thom van Rossum als punctueel redacteur, en mijn vriendin Sjouk 

Noppert,, die de omslag heeft ontworpen. Vriendinnen, vrienden, zussen, ouders en 

kennissen,, mijn hartelijke dank voor julli e belangstelling en betrokkenheid waardoor 

ditt proefschrift voltooid kon worden. 
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CurriculumCurriculum  vitae 

Chriss Klok werd op 9 december 1958 te Middelie in Noord-Holland geboren. In 1979 
deedd zij het staatsexamen VWO te Den Haag. In 1980 werd zij ingeloot voor de studie 
biologiee aan de Landbouwhogeschool te Wageningen waar zij in 1985 het 
kandidaatsexamenn haalde. Tijdens haar studie werkte zij enige maanden in Haifa 
(Israël)) als programmeur bij Zoran Microelectronics Ltd. In 1988 studeerde zij af aan 
dee Universiteit van Amsterdam in de vakgebieden mariene biologie, informatica, 
andragologiee en filosofie. 

Naa haar biologiestudie gaf zij tot 1990 les in wiskunde, natuurkunde en 
informaticaa aan de Hogeschool West-Brabant. Van 1990 tot 1992 werkte zij voor een 
reisorganisatiee als reisleider/chauffeur in Turkije, Egypte en West- en Midden-Afrika. 

Vanaff  1992 is zij werkzaam als onderzoeker bij Al terra (voorheen Instituut voor 
Bos-- en Natuuronderzoek). Zij onderzoekt de effecten van verandering in habitat-
kwaliteitt (o.a. door giftige stoffen) op de populatiedynamiek van o.a. bodem-
organismen,, vogels en zoogdieren met behulp van wiskundige modellen. Verder richt 
haarr onderzoek zich op de implicaties van veranderingen in habitatkwaliteit voor het 
behoudd en beheer van dierpopulaties. 
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STELLINGEN N 

11 . De huidige kennisontwikkeling rond natuurbescherming lijk t teveel gericht op 
stervensbegeleidingg van bedreigde soorten en te weinig op onderzoek naar de oorzaken van 
hunn achteruitgang. 

naarr G. Caughly 1994, J. Animal Ecol. 63:215-244 

2.. Natuurbeschermingsmaatregelen die zowel de kwaliteit als de ruimtelijke aspecten van het 
leefgebiedd verbeteren, hebben een substantieel grotere kans van slagen dan maatregelen die 
zichh alleen richten op de ruimte. 

3.. Wanneer natuurgebieden vergroot worden met leefgebieden van slechte kwaliteit, kan de kans 
opp uitsterven van populaties toenemen. 

4.. Monitoringsprogramma's die gebaseerd zijn op het jaarlijks bepalen van de populatiedichtheid 
vann een territoriale soort, zeggen alleen iets over afname in overlevingskans als de 
omstandighedenn zodanig zijn verslechterd dat de individuen zich niet meer kunnen vervangen. 

5.. De populatiegroei bij regenwormen is gevoeliger voor een vertraagde ontwikkeling dan voor 
eenn verlaagde coconproductie. 

6.. Bij fluctuaties in het aantal veldmuizen bepalen daljaren de populatieoverleving en de 
dichtheidd van kerkuilen. 

7.. Dassen blootgesteld aan zware metalen lopen een verhoogde kans verkeersslachtoffer te 
worden. . 

8.. Door de ondermijnende activiteit van regenwormen is de archeologische kennis toegenomen. 
naarr C. Darwin 1881, The formation of vegetable mould through the action of worms 
withh observations on their habits, Murray, London 

9.. Zonder de inzet van de man lam het emancipatorisch streven van de vrouw naar een 
gelijkwaardigee positie in de maatschappij geen vrucht dragen. 

10.. Met de opkomst van de mobiele telefonie is duidelijk geworden dat onder vrijheid volledige 
verbondenheidd wordt verstaan. 

Chriss Klok, 27 september 2000 
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