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ABSTRACT 

Most quantitative ecological research on aquatic insects has addressed their immature 

stages. To understand their population dynamics, however, information on the adult 

stage is essential. This study aimed to obtain quantitative estimates of life cycle 

features, such as emergence, adult life span and fecundity, and to develop further the 

methods used. Field studies on adult insects revealed patterns in spatial and temporal 

distribution and the effect of land use on lateral dispersal. Finally, methods used to 

estimate dispersal and gene flow were discussed. 

Studies on Leuctra nigra demonstrated that their emergence is associated with the 

quantity of emergent substratum locally available. Female L. nigra can be classified 

as "immature" and "mature", based on the maturity of their eggs, and this was used as 

an approximate age marker in studies of adult survival and spatial distribution, and to 

improve estimates of emergence by excluding mature females from catches in 

pyramidal traps. A female biased sex ratio observed in L. nigra stemmed from a 

discrepancy in the life span of the genders, with shorter-lived males, combined with a 

change in habitat by the females. 

Most adult aquatic insects stayed close to the stream. Thus, half of the stonef lies 

travelled less than 18 m lateral to the channel and the dispersal ranges of caddisflies 

and female of mayflies were even shorter. Comparison of the movement along the 

stream with the lateral dispersal suggests that most dispersal is in the 'stream corridor' 

itself. Little distinction was found between lateral dispersal in different catchment 

land uses. It is still too early, however, to conclude that dispersal is unaffected by land 

use. 
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Temporal and spatial distribution of leuctrid stoneflies differed among neighbouring 

catchments, with Leuctra inermis and L. nigra dominating in moorland and 

catchments managed for forestry, respectively. Both physiochernical factors and 

biological interactions could explain this distribution. 
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CHAPTER 1- INTRODUCTION 

Plate 1.1 Male of the stonefly Leuctra nigra 
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INTRODUCTION 

Many organisms have complex life cycles in which they alternate between different 

habitats (Wilbur 1980). For instance, many marine invertebrates have planktonic 

larvae, while the adults are sedentary (Wilbur 1980; Palmer et aL 1996), while many 

salmonids migrate between freshwater habitats and the sea (Elliott 1994). Similarly, 

the larvae and adults of many insects are found in different habitats (Johnson 1969; 

Wilbur 1980; Taylor 1986). Thus, most aquatic insects have their larval stages 

confined to the water, whereas the adults are essentially terrestrial (Hynes 1970). 

Most previous quantitative ecological research on aquatic insects has addressed their 

immature stages, with the implicit assumption that their distribution and abundance 

are determined in the aquatic environment. Taxonomic and early ecological research 

of aquatic insects, however, involved studies on both the larval and adult stages, (e. g. 

Hynes 1941; Brinck 1949; Lilleharnmer 1974; Lilleharnmer 1975; Hynes 1976; Zwick 

1980; Brittain 1982). Quantitative and qualitative ecological research has also been 

conducted on both the larvae and adults of some aquatic dipteran species of 'medical 

and veterinary importance' i. e. species whose adults may cause injury to humans or 

domestic animals or are vectors of pathogenic micro-organisms (Davies 1988). These, 

for example, include some blackflies (Simuliidae) and a number of mosquitoes, 

particularly species belonging to the genus Anopheles (vectors of the Plasmodium 

which causes malaria) (Davies 1988; Clements 1999). For other aquatic insects 

relatively little quantitative information exists on the adults compared to that on the 

larval stages and there may be several reasons for this disparity. 
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Many larvae of caddisflies (Trichoptera), stoneflies (Plecoptera) and mayflies 

(Ephemeroptera) are sensitive to organic pollution. The larvae of these species, 

therefore, can be used in bio-monitoring and many countries have developed schemes 

to assess the biological quality of rivers and streams involving species of these taxa as 

indicators of clean water (Kristensen & Hansen 1994; Wright et aL 2000; Skriver 

2001). In the development of these monitoring programmes much effort and resources 

has been devoted to research on the larval stages of aquatic insects (e. g. Wright et aL 

2000). Of course, much of this ecological research was itself facilitated, at least in 

western Europe, by the earlier efforts of taxonomists, who recognised species based 

on adults and then associated the immature stages to these species. This made 

available excellent keys to aquatic insect larvae, particularly in Britain, enabling 

ecological research to go ahead (e. g. Macan 1973; Hynes 1977; Macan 1979; Elliott 

& Humpesch 1983; Wallace et aL 1990; Edington & Hildrew 1995). 

Further explanation for the interest in the larval, as opposed to the adult, stages might 

be that the methodology for sampling the aquatic stages is fairly well developed (e. g. 

Downing & Rigler 1984; Southwood & Henderson 2000) and, hence, many 

researchers were able relatively easily to sample the larvae rather than the adults. 

However, many of the methods used to sample terrestrial insects are equally 

applicable for the study of adult aquatic insects (e. g. New 1998; Southwood & 

Henderson 2000) Therefore, the constraint on research on adults could also be linked 

to the fact that their habitat is often less well defined than that of the larvae, which 

may make sampling of the adults more difficult. Equally, the relatively long life of the 

larvae, compared to that of the adults, allows samples of larvae to be taken over a 

longer time-period, at least in temperate climates (Hynes 1970). Finally, the fact that 
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adults of many aquatic insects are rather inconspicuous compared, for example, with 

many butterflies and moths (Lepidoptera), may further explain to some extent why so 

little research has been carried out on adult aquatic insects compared to those of the 

terrestrial lepiclopterans. 

The adults of aquatic insects may, however, play an important role in population 

dynamics (Wilbur 1980; Elliott 1987a; Zwick 1990; Wemeke & Zwick 1992; Enders 

& Wagner 1996; Peckarsky et aL 2000). To understand the role of adults in the life 

cycle, and to interpret their spatial and temporal distribution, quantitative information 

is required on life cycle parameters, such as population size, adult survival and their 

success in contributing to the recruitment of the next generation (e. g. Enders &, 

Wagner 1996; Peckarsky et A 2000; Speirs et aL 2000). Further, the spatial 

distribution of aquatic insects has often been related to environmental factors in the 

stream, such as pH and aluminium concentration, with the implicit assumption that 

their occurrence is linked directly to the physicochernical environment in the stream 

itself (Weatherley & Ormerod 1987; Rundle et A 1995; Bradley & Ormerod 2002). 

Various hypotheses have been put forward to explain why some species dominate 

certain habitats and not others close by, and why closely-related species are often 

segregated, either on spatial or temporal scales (e. g. Elliott 1987a; Elliott 1988; 

Sutcliffe & Hildrew 1989; Hildrew & Ormerod 1995; Humpesch & Elliott 1999; 

Tokeshi 1999). The relatively short duration of the adult life, compared to that of the 

larvae, makes the former convenient for comparing, in particular, the temporal 

distribution among species, although it may be factors in the stream that control 

distribution and abundance. 
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Some aquatic insects, including many mayflies (Ephemeroptera) and some families of 

stoneflies (Plecoptera) (Brinck 1949; Hynes 1976; Brittain 1982; Prittain 1987), live 

on land for a short period only. The females of these species emerge with fully 

developed eggs or they develop within a short time after emergence. Other aquatic 

insects have a relatively long adult life and these include stoneflies belonging to the 

sub-order Filipalpia. For instance, the individual life span of species belonging to the 

families Leuctridae and Nemouridae has been recorded as between 11 - 63 days 

(Khoo 1964; Elliott 1987a; Elliott 1988). For these species feeding is often required 

for maturation of the eggs to occur (e. g. Khoo 1964; Hynes 1976). Some also require 

a maturation period before mating, although many stoneflies are able to mate straight 

after emergence (Brinck 1949; Brinck 1956; Harper 1973; Hynes 1976). What is 

common to most aquatic insects, however, is that the adult life has two main functions 

in the life cycle; to mate and, through dispersal and oviposition, to set the initial 

distribution of the next generation (Statzner 1978; Wilbur 1980; Brittain 1987; 

Harrison & Hildrew 1998; Peckarsky et ah 2000). Thus, the movements of adult 

insects along the stream channel have been intensely studied (see Petersen et al. 

1999b; Kopp et aL 2001 and references therein) inspired by 'the colonization cycle' 

theory proposed by MUller (1954; 1982). This states that adult females fly upstream to 

oviposit to compensate for any depletion of the upper reaches of the stream by drift. 

Despite a good deal of research, however, there seems little consistency as to whether 

adults do tend to fly upstream (Petersen et al. 1999b; Kopp et aL 2001). It has also 

been questioned recently whether a biased upstream movement is even 'necessary' to 

maintain an upstream population (Anholt 1995; Petersen et aL 1999b; Kopp et aL 

, 2001; Speirs & Gurney 2001). 
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During recent decades more attention has been drawn to the lateral dispersal of adult 

aquatic insects (e. g. Jackson & Resh 1989a; Sode & Wiberg-Larsen 1993; Collier & 

Smith 1998; Griffith et aL 1998; Petersen et aL 1999a; Delettre & Morvan 2000). The 

results of these studies indicate that most adults stay close to the stream channel. For 

example, Petersen et aL (1999a) estimated that 90 % of the stoneflies, travelled less 

than 51 m from the channel of Broadstone Stream in south-east England (Fig 1.1). 

Some research suggests that the riparian vegetation may influence the distribution and 

dispersal of adult aquatic insects (e. g. Sweeney 1993; Collier & Smith 1998; Harrison 

et aL 1998; Petersen et aL 1999a; Delettre & Morvan 2000). However, most previous 

studies on the effect of land use on lateral dispersal lack true replication and little is 

known about what factors determine the distribution of adult aquatic insects. 

Figure 1.1 Model of lateral dispersal of adult stoneflies and the estimated distance not 
exceeded by 50 % and 90 % of the individuals, respectively (indicated by the arrows 
and dashed I ines). The model and estimates of dispersal are derived from the data 
reported in Petersen et aL 0 999a). 
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In my earlier studies of emergence and dispersal of adult stoneflies and caddisflies, a 

strong female biased sex ratio was found for several species (Petersen et aL 1999a). 

This was evident both in catches in emergence and Malaise traps placed across the 

stream channel and, in particular, towards the end of the flight period. Similar patterns 

have previously been demonstrated by a number of other workers (e. g. Harper 

Pilon 1970; Singh et aL 1984; Zwick 1990). This bias could stem from an overall bias 

in the population sex ratio, a difference in the spatial distribution of males and 

females (Kovats et aL 1996; Petersen et aL 1999a) or from a systematic discrepancy 

in life span between the genders, with shorter-lived males (Sheldon & Jewett 1967; 

Hynes 1974; Hynes 1976). 

In order to study the distribution and dispersal of insects, marking is often required 

(Turchin 1998; Southwood & Henderson 2000) and, similarly, marking can be a 

useful tool in providing information about age and mortality for the purposes of 

population modelling. However, marking is not an easy task and much research has 

been devoted to developing and refining the methods (e. g. Southwood & Henderson 

2000; Hagler & Jackson 2001, and references therein). Most published methods 

cannot be applied to adult aquatic insects, as many are relatively fragile and their 

behaviour would be affected by the marking, or the recapture rate does not justify the 

marking effort (e. g. Madsen & Butz 1976). A natural marker would thus be 

preferable, such as obvious developmental stages. Hence, methods using changes in 

the reproductive system have sometimes been adobted in age-grading adult insects 

(Tyndale-Biscoe 1984; Hayes & Wall 1999). Zwick (1990) suggested that the age of 

adult female stoneflies could be estimated from the development of their oocytes and 

eggs, at least for those species that emerge with immature eggs. Other 'natural' 
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markers of insects, such as microsatellites, are derived from the adoption of molecular 

methods. These have only recently been applied to research on the population biology 

of aquatic insects, and both the statistical and technical methods are still under 

development (Bossart & Prowell 1998; Rousset, 2001), but clearly offer a powerful 

approach for the future. 

AIMSOFTHESTUDY 

The overall objective of this project was to reveal more about various critical aspects 

of the adult life of aquatic insects. The specific aims of the research were to: 

i) Develop methods and obtain quantitative estimates of life cycle features, such 

as emergence, adult life span and fecundity 

ii) Search for developmental markers of age for adult stonef lies 

iii) Find possible explanations for the female biased sex ratio among adult 

stoneffies 

iv) Reveal patterns in the spatial and temporal distribution of adult aquatic insects 

V) Evaluate methods for the estimation of dispersal and gene flow in aquatic 

insects 

It follows from previous research on the emergence and dispersal of adult Plecoptera, 

and Trichoptera from Broadstone Stream (Petersen et al. 1999a; Petersen et aL 1999b, 

Appendix I& 11). 
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STRUCTURE OF THE THESIS, SPECIT7CQUES77ONSAND AIMS 

The thesis consist of eight chapters, the first giving an introduction to the subject and 

to the thesis itself. The second chapter deals with emergence, the transition from the 

larval to the adult stage. This study was designed to quantify the relationship between 

the quantity of emergent substratum and the number of emerging adults and to 

evaluate the possibility of developing a simple equation to predict the population of 

emerging adults from the quantity of suitable substratum. Further, I investigated 

whether the female-biased sex ratio previously found in emergence trap catches 

(Petersen et aL 1999a) could be repeated and, if so, explained. The third chapter 

consists of results from three laboratory-based studies of adult life span, female 

maturation and oviposition in the stonefly Leuctra nigra. These studies werp designed 

to i) compare the longevity of males and females as a possible cause of the deviation 

from a 1: 1 sex ratio, ii) investigate whether the egg development period was constant 

and to evaluate the use of the stages of egg maturity as an age marker for adult 

females, and iii) study various features of oviposition, such as the number of eggs and 

egg-batches and the timing of bouts of oviposition. The results of these individual 

studies were then combined in order to obtain information on potential egg 

recruitment. Chapter four is based on the results of a field study of lateral dispersal of 

aquatic insects in catchments; of differing land use. The study was designed to 

investigate if abundance and lateral dispersal differed among categories of land use. 

Further, the spatial distribution of males and females was studied and the magnitude 

of lateral dispersal was compared with that along the stream channel. Chapter five 

builds on Chapter four but focuses on the spatial and temporal distribution of the 

genders of L. nigra. It aims to answer the question of whether the observed deviation 

from a 1: 1 sex ratio could be caused by differences in the life span between the 
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genders, differences in distribution and dispersal or by an overall real bias in the 

population sex ratio. In Chapter six I compare the pattern of distribution of leuctrid 

stoneflies among neighbouring catchments in relation to the physicochemical 

environment and biological interactions. Chapter seven focuses on methods for 

measuring dispersal and evaluates different ways of estimating the dispersal of 

insects. It also takes a forward look at the applications of molecular methods. Finally, 

in Chapter eight I present an overall discussion. 

S7VD Y ORGANISMS 

Adults of stoneflies (Plecoptera), mayflies (Ephemeroptera) and caddisflies 

(Trichoptera) were used as study organisms for studies of spatial distribution. The 

stonef lies were by far the most numerous (for instance, in a study of lateral dispersal, 

more than 22000 stoneflies were caught compared to a catch of 2000 mayflies and 

4500 caddisflies: Chapter 4). Among the stoneflies, the leuctrids were the most 

numerous and, as a consequence, Leuctra nigra (Plate 1.1) was the subject for the 

quantitative estimation of life cycle features and developmental markers. 
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CHAPTER 2- EMERGENCE oiF LEUCTRA NIGRA FROM BROADSTONE 

STREAM 

Plate 2.1 Emerging Leuctra nigra 
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INTRODUCTION 

Many organisms have complex life cycles in which they alternate between different 

habitats (Wilbur 1980). For instance, most aquatic insects have their larval stages 

confined to the water, whereas the adult is essentially terrestrial (Hynes 1970). The 

transition from one habitat to another usually occurs upon emergence of the adult, and 

is a crucial point in the life cycle. It is a phase all surviving individuals have to pass 

through and, particularly in temperate climates, often occurs within a restricted 

'window' of time (Hynes 1970). This makes emergence an ideal stage at which to 

census the population, at least in theory. Initially, however, research on emergence 

was undertaken mainly for more qualitative purposes, e. g. to make taxonomic 

collections, to study phenology and to understand life histories and to characterise the 

diel periodicity of emergence (see Davies 1984 and references therein). 

A number of attempts have been made to quantif y emergence. For instance, III ies 

(1971) used green-house traps to estimate the productivity of small stream systems, 

while Jackson & Fisher (1986) used emergence data to estimate export of adults to the 

adjacent terrestrial ecosystem. Peckarsky et aL (2000) and Speirs et aL (2000) used 

emergence data to determine adult population size and to estimate recruitment to the 

following generation. Similarly, Alexander & Stewart (1996) used counts of the cast 

exuviae of stoneflies to estimate the total numbers emerging. Concurrent estimates of 

annual emergence biomass and annual benthic secondary production for 18 aquatic 

insect populations gave a statistically significant relationship, suggesting that 

emergence data provide a quantitative measure of production for a given stream area 

(Statzner & Resh 1993). It is still extremely difficult to obtain accurate quantitative 
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data on emergence, however, and the estimates made so far are relatively crude and 

the methods used may not be able to resolve variation at small spatial scales. 

In this study the focus was on the emergence of Leuctra nigra (Olivier). It followed 

previous research on the emergence of stoneflies (Petersen et aL 1999a), estimated 

with pyramidal traps (Davies 1984). Petersen et al (1999a), as in other studies of 

emergence (Harper & Pilon 1970; Singh et aL 1984; Zwick 1990), found a female 

biased sex ratio for several species, particularly towards the end of the flight period, 

with a lesser male skew toward the beginning. It was questioned whether this was a 

real bias in the population sex ratio or due to intrusion into the 'emergence' traps of 

older females (Zwick 1990; Petersen et aL 1999a). The present research was designed 

partly to resolve this uncertainty. In preliminary studies, I also found a difference in 

the catch between individual traps that depended on the presence or absence of 

emergent substrata beneath the trap. Thus, traps placed over stones or twigs caught 

more stoneflies than traps without such material. 

The present study was designed: 

1) To investigate whether the female biased sex ratio found by Petersen etaL 

(1999a) and others could be repeated and, if so, to explain it. 

2) To quantify the relationship between the quantity of emergent substratum and the 

number of emerging adults. 

3) To evaluate the possibility of developing a simple equation to predict the 

population of emerging adults from the quantity of suitable substratum. 
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METHODS 

Study organism 

The stonefly Leuctra nigra has a one or two-year life cycle (Iversen 1978; Hildrew et 

aL 1980; Elliott 1987b). The nymphs are found in small stony streams and this species 

is the most numerous stonefly in Broadstone Stream (Petersen et aL 1999a). At 

emergence the nymphs crawl onto emergent substrata, such as stones, fallen wood or 

the stream bank, where eclosion occurs. Both males and females are pale in colour 

just after emergence (Plate 2.1) but, within the first few hours, they start to change 

colour and during the first days of the adult life they gradually become darker. The 

females emerge with immature eggs and without stores of fat. Mating occurs just after 

emergence and the sperm is stored in a receptacle (the receptaculum seminis) in -the 

female reproductive tract (Brinck 1956; Zwick 1990). The abdomen of females with 

mature eggs is swollen and the eggs are often visible through the body wall. 

Study site 

Broadstone Stream is an acidic and iron-rich stream in the Ashdown Forest of south- 

east England (51*05'N: 0'03'E, 120 m a. s. l. ) The stream channel is narrowly incised 

in the soft sandstone geology. Within 5m from the channel, which has a great deal of 

dead wood and terrestrial leaf litter, both banks rise between 1 and 1.5 m (Hildrew & 

Townsend 1976; Lancaster & Hildrew 1993; Petersen et al. 1999a). During the study, 

water temperature varied from 5.8 to 14.3 'C and that of the air from - 1.7 to 24.3 T. 

Measurements of pH were obtained monthly, using the protocol of the United 

Kingdom Acid Waters Monitoring Network (Patrick et aL 1995) and varied from 5.56 

to 5.80 between 31 March and 7 June 1999. 
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Pyramidal emergence traps were placed on riffles along a 450 m stretch of the stream. 

The traps each covered a stream area of 0.15 rn 2 and had a triangular base with a leg 

at each corner. The legs stood on the streambed and were the only part of the trap in 

contact with the substratum. Hence, a gap of approximately 10 cm was left between 

the substratum surface and the lower edge of the trap to allow the water to flow freely 

beneath (Davies 1984). A collecting head was placed at the top with an entrance made 

from an inverted funnel and around which was placed cotton wool wetted by 70% 

Isomethylated Spirit (IMS). 

In order to examine the relation between the number of emerging insects and the 

amount of emergent substratum, the latter was supplemented by placing plain house- 

bricks beneath the traps so that they protruded from the water. Preliminary trials 

showed that the stoneflies emerged normally on such surfaces. Each brick provided an 

extra meniscus of 55 cm and there was no other emergent substratum beneath the 

traps, save the legs of the traps themselves (total 55 cm) and that was standard among 

all traps. There were four levels of supplementation (0,1,2 or 3 bricks per trap) and 

seven replicates of each (i. e. 28 traps in total). The traps were operated from 5 April 

until 31 May 1999 with a weekly collection of the catch. There was a flood in the first 

week of June and the majority of the traps were overturned and lost or damaged, and 

sampling therefore ended a few weeks earlier than originally planned. 

The insects were sorted and identified to species using Hynes (1977) and males and 

females were counted separately and preserved in 70% IMS. The females were 

subsequently divided into two categories, depending on the maturity of their eggs. 

The abdomen of each female was dissected under a binocular microscope and 
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categorised as immature, if all the eggs were 'unripe' (small and white), whereas a 

female with 'ripe' eggs (large and orange) was categorised as mature. 

Data analyses and statistical methods 

Sex ratio 

Any deviation from a 1: 1 sex ratio in the catch over the entire study period was tested 

by a G-test, while heterogeneity G-tests were performed to find if the sex ratio 

changed over the sampling period (Sokal & Rohlf 1995). 

Emergence and the supplementation of substratum 

The data analysis was carried out in MINITAB and data were first tested for 

homogeneity of variance by Bartlett's test and for normality by the Kolmogorov- 

Smirnov test. The data were logarithmically transformed as the variance was 

positively correlated with the mean (Sokal & Rohlf 1995). The effect of the length of 

the meniscus on the numbers emerging in traps was tested by one-way ANOVA with 

length of meniscus per trap as the factor and individual traps as replicates. This test 

was performed on data excluding the mature females and Fisher's least significant 

difference test (LSD) was applied, post hoc, to test whether pairs of treatments 

differed. An estimate of the relationship between the quantity of emergent substratum 

and the number of emerging adults was obtained by linear regression. The data were 

again logarithmically transformed to meet the assumption of a common variance 

independent of the mean (Sokal & Rohlf 1995). This resulted in an exponential model 

(y = exp(a + bx) ), wherey is mean number of individuals emerging, x represents the 
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length of meniscus and a and b are constants. From this model an estimate of 

individuals emerging per 100 cm meniscus was obtained with a 95 % C. I. 

RESULTS 

Sex ratio 

A total of 1124 individuals of Leuctra nigra was caught. Overall, significantly more 

females were caught than males (number of males compared with all females, pooled 

data, Table 2.1), although the sex ratio varied over time (males compared with all 

females, heterogeneity G-test, Table 2.1, Fig 2.1 a). The catch of males was skewed 

slightly towards the beginning of the study and was similar to that of immature 

females, both peaking on 26 April (Fig 2.1 b), whereas the catch of mature ftmales 

increased subsequently. If only immature females were taken into account, the 

females no longer outnumbered the males at the end (Fig 2.1b). Even after the mature 

females were excluded, there remained a slight overall female bias and temporal 

heterogeneity in the sex ratio, (males compared with immature females, pooled, 

heterogeneity G-test, Table 2.1). If the catch from 12 April was excluded from the 

analysis, however, no deviation from a 1: 1 sex ratio was found (Table 2.1). 

Emergence and the supplementation of suhstratum 

The mean catch of stoneflies per trap increased with the length of the emergent 

substratum (One-way ANOVA: F3,27 ý 10-89, P<0.001). Post-hoc tests showed that 

fewer individuals were caught in traps with no bricks (i. e. having only the legs of the 

traps as emergent substratum, totalling 55 cm) than in the remaining traps, and in 

traps with one brick (110 cm) than these with three (220 cm). There was no 
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significant difference between traps with one (110 cm) and two bricks (165 cm) or 

between traps with two (165 cm) and three bricks (220 cm) (Fig 2.2). 

Table 2.1 Summary of G-tests for deviation from a 1: 1 sex ratio in catch and for 
heterogeneity in the sex ratio over the sampling period. Total: Sum of G values 
performed on each weekly catch. Pooled: G-test on data pooled across the sampling 
period. Heterogeneity: test of HO: All weekly catch have same sex ratio. The test was 
performed on males compared with all females, males compared with immature 
females and males compared with all immature females excluding the catch from 12 
April 1999 
Categories n df GP 
Male v. female 1125 Total 8 124.215 < 0.001 

Pooled 1 75.07979 < 0.001 
Heterogeneity 7 49.13518 < 0.001 

Male v. immature female 904 Total 8 23.93 0.002 
Pooled 1 5.12 0.024 
Heterogeneity 7 18.81 0.009 

Male v. immature female 802 Total 7 10.95 0.141 
excluding 12 April 1999 Pooled 1 1.28 0.258 

Heterogeneity 6 9.67 0.139 

Figure 2.1 Catch of Leuctra nigra in 28 pyramidal traps 5 April - 31 May 1999 
a) males (solid) and females (white) b) males (solid) and females split up into 
immature (white) and mature (grey). 
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Figure 2.2 Relationship between the quantity of emergent substratum and the mean 
2 

number of emerging individuals, See text for parameters of the model and R. Open 
circle denotes a sample which gave rise to high standardized residual in the regression 
analysis. No significant difference was found in the analysis of variance between 
levels of supplementation designated with the same letter. 
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The relationship between the length of meniscus and the mean number of emerging 

individuals was explained by the equationy = exp(2.5942 + 0.0073x). This model 

approximated a positive linear relationship over the studied range (55 - 220 cm) of 

emergent substratum and 53.5 % of the variability in the mean number of emerging 

was accounted for by the length of emergent substratum (R2 = 53.5, P<0.001, df = 

27) (Fig 2.2). The mean number of emerging individuals (95 % C. I) was estimated as 

28 (23 - 34) m" of emergent substratum over the study period. A high standardized 

residual was encountered in the regression analysis for the lowest data points at 220 

cm (Fig 2.2). If this point was omitted from the analysis, the variability in the mean 

number of emerging individuals, that could be accounted for by the length of 
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emergent substratum, increased to 64 % (R2 = 63.9, P<0.001, df = 26). The 

parameters for the model were effectively unaltered by omitting the data point (y 

exp(2.5124 + 0.008Zx)) and so was the estimate of the mean number emerging m-1 of 

emergent substratum over the study period. 

DISCUSSION 

This study of emergence, based on the catch from 5 April to 31 May, lay within the 

middle of the flight period of Leuctra nigra (Hynes 1977; Elliott 1987a). The 

relatively large number of individuals caught in the first sample suggests that 

emergence had begun a few weeks earlier (Fig 2.1). The timing of emergence does 

vary slightly between years, and thus Petersen et aL (1999a) found the first emerging 

individuals in the second week of April 1996. 

Sex ratio 

There was an overall female biased sex ratio in the catch, showing this is a repeatable 

phenomenon (Petersen et aL 1999a). The preponderance of females was most 

pronounced towards the end of the study and was due to the capture of mature 

females. This implies that the apparent deviation from a 1: 1 sex ratio is not produced 

by an overall bias in the population sex ratio at emergence, but is mainly caused by an 

intrusion of mature females into the traps. Another feasible explanation might be that 

freshly emerged females matured in the period between sample collection. This seems 

unlikely, however, as an equal number of immature and mature females might then 

have been expected throughout the sampling period and this was not the case (Fig 

2.1). Furthermore, maturation of female L. nigra has been shown to take four to five 
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weeks after emergence (see Chapter 3), far longer than the period between sampling 

visits. 

These results highlight the need to separate the catch in 'emergence' traps, such that 

only newly emerged individuals are counted. The pyramidal traps used in this study 

evidently allowed non-emerging individuals to enter through gaps between the water 

surface and the trap walls. This might be avoided by using traps floating on the water 

surface, as in Singh et aL (1984) and Giberson & Garnett (1996). Even then it can be 

difficult to find places in the stream which allow the traps to float, have 100 % contact 

with the water surface and at the same time have emergent substrata within. The 

results of the study by Singh et aL (1984) also demonstrated an overrepresentation of 

females towards the end of the flight season, indicating a possible intrusion of mature 

individuals. Zwick (1990) also experienced the intrusion of mature females into 

green-house emergence traps (Illies 1971). Traps placed across the stream or on the 

stream bank, such as Malaise traps, slit traps or the adhesive traps as used by Kuusela 

& Pulkkinen (1978) and Moreira & Peckarsky (1994), or samples collected by hand 

or sweep net, will all include both newly emerging and mature individuals, as both 

groups are found in the same habitat. Hence, at the moment no trapping or catching 

methods are available that catch only newly emerging individuals. Consequently, 

steps must be taken after sampling to recognise and exclude mature individuals. For 

stonefl ies I ike L. nigra, where the female emerges with immature eggs, this feature 

can be used to discriminate immature from mature individuals (Zwick 1990). At the 

moment there is no satisfactory method to discriminate between different age groups 

of males, except that newly emergent individuals (individuals emerged within the 

previous two days) are recognisable on basis of their pale colour. An alternative 
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method for estimating emergence, that will overcome the problem of the intrusion of 

mature females into the catch, would be to use counts of exuviae left on the 

substratum (Plate 2.2. ) (e. g. Madsen & Butz 1976; Poulton & Stewart 1988; 

Alexander & Stewart 1996; Gregory et aL 2000). Hence, I found a large number of 

exuviae of L. nigra left on the bricks placed beneath the emergence traps. The 

disadvantage of using exuviae might be that they are fragile and some will be swept 

away with the stream water although, if samples are taken regularly, it could still 

prove to be the most accurate method available. 

Plate 2.2. Newly emerged Leuctra nigra and exuviae left on the substratum 

Emergence and the supplemeniation of suhstralum 

The catch of stoneffies per trap increased with the number of bricks added, indicating 

a positive relation between the length of emergent substratum and the mean number 

of individuals emerging. The model proved to be a relative good predictor of the 

mean number of emerging individuals, within the range of 55 - 220 cm emergent 

substratum per 0.15 M2 (unit trap area), in that 53.5 % of the variation could be 

explained by the change in the length of emergent substratum. An exponential model 
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was applied to meet the assumption of variance independent of the mean, required for 

linear regression (Sokal & Rohlf 1995). The model, however, approximated a positive 

linear relationship within the range of substratum studied (Fig 2.2). Such a positive 

linear relationship could be applied as long as the natural substratum is limiting. 

However, it is clear that there will be a point of saturation, where the number of 

emerging individuals m-2 stream bed no longer increases despite an increased length 

of meniscus, and other models should be applied thereafter. In the present study there 

was no evidence that this point had been reached in the manipulations, but further 

research could clarify where that saturation would lie. 

In order to quantify the population of emerging adults, the next step would be to 

quantify the amount of natural emergent substratum (i. e. the length of the "land- 

water" interface) and multiply this by the estimated number individuals emerging per 

linear metre of meniscus. Further, it should be stressed that an estimate of individuals 

emerging is specifically related to the nymphal density within the stream. Hence, the 

estimate will obviously be higher from streams with a high nymphal density than 

from streams with a low density. Also, it is possible that emergence could depend on 

substratum type and it would be interesting to test whether the emerging insects prefer 

some substrata over others (e. g. stones versus wood or the soil banks). 

Considering that other factors that might cause local variation in the emergence of 

adults, such as a heterogeneous nymphal distribution (Hildrew et aL 1980), it is 

perhaps surprising that 53.5 % of the variation in emergence trap catches could be 

explained simply by the length of emergent substratum. It demonstrates that adult 

emergence of L. nigra is associated to the quantity of emergent substratum. Therefore, 
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this suggests a potential method for estimating emergence quantitatively, without the 

problem of mature individuals entering the samples. Steps in its development for a 

particular population would be: 

i) estimate the length of the meniscus M-2 of stream bed at several flow stages. 

ii) - categorise the total meniscus into different categories of surface type (e. g. soil 

banks, rocks, wood). 

iii) test the numbers of emerging individuals on bricks versus the natural 

substrata. 

iv) place out groups of bricks to yield quantities of meniscus within the natural 

range for the stream as revealed in i). 

V) over the entire emergence season collect exuviae on a daily basis, or on 

sampling days interspersed through the season. 

vi) estimate total emergence by referring the numbers emerging over the season 

m" of meniscus on the bricks to the length of meniscus M-2 of natural 

substrata. This could be corrected if there are substantial differences in the 

number of emergers on the different categories of substratum type (see ii). 

Of course, natural substrata can also be searched for exuviae but this is often more 

difficult than using standard artificial substrata such as house bricks. All other steps in 

the method would remain essentially unchanged. 

39 



CHAPTER 3- LIFE SPAN, MATURATION AND OVIPOSITION OF 

LEUCTRA NIGRA 

Plate 3.1 Mating pair of Leuctra nigra 
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INTRODUCTION 

To understand the role of adults in the population dynamics of aquatic insects, and to 

interpret their spatial and temporal distribution, quantitative information is required 

on the'duration of adult life and their success in contributing to the recruitment of the 

next generation (Wilbur 1980; Enders & Wagner 1996). Hitherto, however, there have 

been relatively few quantitative studies on adult life span and oviposition pattern in 

stoneflies (e. g. Nebeker 1971; Elliott 1986; Elliott 1987a; Elliott 1987b; Feltmate & 

Williams 1991; Taylor et A 1998) 

This chapter presents the results of three studies on aspects of the adult life of Leuctra 

nigra; individual life span, female maturation and oviposition pattern. The aim was to 

obtain basic biological information to aid in the interpretation of field observations 

and to search for possible markers of development to help with population modelling 

and estimates of dispersal. 

Adult life span 

This follows on from the previous study of Petersen et al. (1999a) in which a female- 

biased sex ratio was found, particularly in traps placed close to the stream channel, 

while a similar pattern has been demonstrated by a number of other workers (e. g. 

Brinck 1949; Harper & Pilon 1970; Singh et aL 1984; Zwick 1990). This bias could 

stem from a real difference in the population sex ratio at emergence or it could be due 

to a systematic discrepancy in life span between the genders, with shorter-lived males 

(Sheldon & Jewett 1967; Hynes 1974; Hynes 1976). Therefore, the adult life span of 
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L nigra was estimated to reveal any difference between males and females and also 

to see if mating had any effect on longevity. 

Searchfor a developmental marker 

In studies of dispersal, marking is often required to obtain information about the 

distance travelled over known time periods (Turchin 1998) and, similarly, marking 

can be a useful tool in providing information about age and mortality for the purposes 

of population modelling. Marking is not an easy task, however, for instance Madsen 

& Butz (1976) marked 3000 stoneflies but only 0.01 % were recaptured. Much 

research has been devoted to developing and refining the methods (see Southwood & 

Henderson 2000; Hagler & Jackson 2001; and references therein). Many publislýed 

methods cannot be applied to adult stoneflies, as they are relatively fragile organisms 

whose behaviour would be affected by the marking. A natural age or developmental 

marker would thus be preferable. Methods using changes in the reproductive system 

have previously been adopted in age-grading adult insects (Tyndale-Biscoe 1984; 

Hayes & Wall 1999) and Zwick (1990) suggested that the age of the adult females of 

some stonefly families could be estimated from the development of their oocytes and 

eggs. Leuctra nýgra emerges with immature eggs, like other species of the sub-order 

Filipalpia (Hynes 1942), and females have been observed to accumulate fat stores 

after emergence but before the eggs mature. Apart from the laboratory study of Elliott 

(1987b), where it was found that oviposition occurred between 10 and 20 days after 

emergence, little is known about egg maturation time of L. nigra. The aim here, 

therefore, was to investigate whether the egg development period was constant and to 

evaluate the use of the stages of egg maturity as an age marker for the adults. 
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Oqposition 

Information on fecundity and oviposition pattern in L. nigra is still quite scarce (Khoo 

1964; Elliott 1987a; Elliott 1987b; Zwick 1990). In particular, little is known about 

the number of egg batches laid by a single female, and her survival and longevity after 

first oviposition. If egg maturity is to be used as an age marker it is of significance 

whether the female dies shortly after the first oviposition, as suggested by Beer-Stiller 

& Zwick (1995), or whether adult life is extended beyond the first oviposition. 

METHODS 

Collection and rearing of nymphs 

For stuýlies on adult life span and maturation, last instar nymphs (with dark wing 

pads) of Leuctra nigra were collected from 10 - 12 April 2000 at Broadstone Stream, 

an acidic and iron-rich headwater of the River Medway in the Ashdown Forest of 

south-east England (5 1" 05'N: 0' OYE, 120 m a. s. l. ). The nymphs were brought back 

to the laboratory and kept in a cold room at 8- 10 *C in plastic trays filled with stream 

water. Fallen leaves from the stream were provided along with stones on which the 

insects could emerge. The emergence trays were covered with mesh to prevent the 

escape of adults and newly emerged individuals were removed twice per day. 

Adult life span 

Individuals for this study (85 males and 83 females) emerged between 20 and 30 

April 2000 and were kept in white plastic cups, covered with white mesh, and 

provided with a stick, a piece of bark covered with algae and a fallen beech leaf, all 
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this material having been collected from the banks of Broadstone Stream. Stream 

water was supplied in a small vial placed at the bottom of each cup. Individuals 

emerging on the same day were paired, randomly, either as two females, two males or 

one of each gender. All individuals were removed from the emergence tray before 

mating (see below), so only individuals kept together with the opposite sex could 

mate. All individuals were kept outside during the day (09: 00 to 20: 00), in a place 

shaded by trees to mimic woodland field conditions, and were brought back to the 

cold room during the night for security. The light was switched off from 21: 00 to 

07: 00. Min/max thermometers recorded temperature. Temperature by day was 

between 11 and 23 'C and at night between 8 and 10 'C. Previous records of the 

temperature in May and June 1999 at Broadstone Stream were within the same 

daytime range, though the night temperatures were more variable and occasionally 

fell below 5 `C. Each plastic cup was inspected daily and any dead individuals were 

transferred to individually labelled sample vials containing 70% Isomethylated Spirit. 

After termination of the experiments, all females were dissected under a binocular 

microscope to see if they had been mated. Mated individuals store sperm in a 

receptacle (the receptaculum seminis) in the reproductive tract (Brinck 1949; Zwick 

1990). The receptacle of mated individuals is swollen (appearing like an egg in an 

eggcup) and shining white, as opposed to unmated individuals where the receptacle is 

minute and greyish. 

Adult maturation 

Estimates of adult maturation was obtained in two ways, from a field-based study and 

from individuals kept in captivity. In the field study, adults of the stonefly Leuctra 

nigra were caught in Malaise (1937) traps in the woodland next to Broadstone 
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Stream. Twelve traps were placed in three transects; of four traps at distances of 0,15, 

30 and 45 m from the stream channel. The transects, were placed with gaps between 

them of about 90 m and were operated from 5 April to the end of August 1999. 

(ýatches were collected weekly and brought back to the laboratory for sorting and 

identification, using Hynes (1977), and preserved in 70% Isomethylated Spirit (IMS). 

The females were subsequently divided into two categories, depending on the 

maturity of their eggs. The abdomen of each female was dissected under a binocular 

micro scope and categorised as immature, if all the eggs were 'unripe' (small and 

white), whereas a female with 'ripe' eggs (large and orange) was categorised as 

mature. 

For the study of maturity of individuals kept in captivity, two groups of females were 

used; one group of individuals collected in the field (n = 57) and another reared in the 

laboratory (n = 54). The group collected in the field were newly emerged individuals 

(still pale in colour) taken by hand at Broadstone Stream on 22 April 2000 and 

brought back to the laboratory. They were kept in plastic cups in groups of six to eight 

mates and a similar numbers of females for 3 d. to ensure mating, and provided with 

food and water as described under estimating life span. Thereafter, the mated females 

were kept individually in cups under the same conditions. These were inspected daily 

and monitored regularly under a binocular microscope and were used to identify when 

maturation had started. Mature individuals can often be identified alive as the eggs are 

visible through the body wall, although to be certain dissection is necessary. The 

individuals were thus killed in 70 % IMS on various intervals between 4 and 30 days 

after collection. The group reared in the laboratory emerged between 1 and II May 

2000 and they were kept as above. They were monitored alive by regular inspection 
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under a binocular microscope to see if they followed the same pattern as the 

individuals taken from the field. A few of these were killed and dissected before 

maturation, but most were saved until maturation had started and, thereafter, they 

were killed at various intervals. At the end of the study, all females were dissected 

under a binocular microscope to make sure that they had been mated and to determine 

their stage of maturity. Individuals were categorised as immature if all eggs were 

small, white and unripe. They were categorised as newly mature if they contained 

some ripe eggs (large and orange) but also some immature eggs. Finally, if all the 

eggs were ripe they were categorised asfully mature. 

Oviposition 

Individuals (n = 34) were collected by hand at Broadstone Stream on the 4 and 11 

June 2000 (two collections were necessary to obtain sufficient individuals) and 

brought back to the laboratory. The females were kept individually in Petri dishes 

provided with food, as described previously, and approximately 5 ml water was added 

directly to the bottom of the dish. The Petri dishes were kept under the same 

conditions as under estimating life span and inspected daily. If oviposition had 

occurred, the eggs were counted and the dish replaced. 

Data analyses and statistical methods 

Adult lifespan 

The survival of mated and unmated males and females was compared using a log-rank 

test (Lee 1980). Since no difference was found between mated and unmated 

individuals within the genders the data were pooled and survival time was compared 
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between the genders. Probability plots indicated that a loge-normal distribution gave a 

good fit to the data. Hence, parametric distribution analysis was carried out on the 

basis of this distribution. All analyses were carried out using MINITAB on right 

censored data (Lee 1980). Spearman's rank correlation was used to test whether the 

life span of the genders was correlated with emergence date. 

Adult maturation 

For th e individuals kept in captivity, the data were divided into age-classes of 7d and 

the proportion of immature, newly mature and fully mature individuals was calculated 

for each age-class. This age interval was used in order to make comparisons with data 

collected in the field at 7d intervals. For the f ield-based study, maturation time was 

estimated as the difference between the mode (the date where most individuals was 

caught) of the mature and immature individuals. 

Oviposition 

The Mann-Whitney U test was used to test if there were any differences in the number 

of egg batches laid, and in the total number of eggs, between individuals collected on 

4 and 11 June. Descriptive statistics on batch number, total egg number, time period 

between first and last oviposition and longevity after the last oviposition were 

calculated in MINITAB. 
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RESULTS 

Adult life span 

In total, 85 males and 83 females were included in the study, of which 31 individuals 

were paired up with another of the opposite sex, leaving 27 pairs of males and 26 

pairs of females. Adult life span ranged from II to 64 days, but the distribution was 

right skewed for both males and females (Fig 3.1). Postmortem dissection of the 

females showed that all those kept together with males were mated, whereas none of 

the females kept together had been mated. Only mated females were found with ripe 

eggs, whereas none of the eggs in unmated individuals were ripe. 

No difference was found in the survival of mated and unmated individuals (log-rank 

test: males, Xi 2=0.8463, P=0.3576; females, X, 2=0.04887, P=0.8250) but, 

overall, females survived longer than males (log-rank test, X, 2=6.2678, P=0.0123, 

Fig 3.2) and had a median survival time of 26.2 d compared with 23.7 d for males. 

The probability of surviving for four weeks was 0.279 and 0.435 for males and 

females, respectively (Table 3.1). For males, the probability of survival decreased to 

0.085 beyond five weeks, whereas the figure for females was 0.241 (Table 3.1). The 

life span was independent of the date of emergence (Spearman's Rank correlation: 

males, r= -0.213, P=0.062; females, r= -0.050. P=0.684). 
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F igure 3.1 Adult life span of Leuctra nigra a) males, n= 85 b) females, n= 83. 
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Adult maturation 

In the field-study, nearly 4000 females were collected of which 1965 were immature 

and 1962 were mature. Immature individuals were caught from 5 April to 21 June 

1999. The relatively large number caught in the first sample suggests that the flight 

period had begun a few weeks earlier (Fig 3.3). The mode of the distribution of 

immature individuals was 26 April (Fig 3.3). The catch of mature females peaked 

between the 24 - 31 May (Fig 3.3), suggesting a maturation period of approximately 

28 -35 d. 
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Figure 3.2 Survival plot for Leuctra nigra. Solid and dotted I ine represent females 
and males, respectively. Data for the plot were fitted to a 10genormal distribution, 
based on empirical data shown in Fig 3.1 
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Table 3.1 Survival probabilities for males and females of Leuctra nigra. 

Genders Time (days) Probability of 95.0% Normal CI 
survival 

Lower Upper 
Male 28 0.279 0.204 0.365 

35 0.085 0.046 0.144 
42 0.022 0.008 0.052 
49 0.005 0.001 0.018 

Female 28 0.435 0.346 0.528 
35 0.241 0.168 0.330 
42 0.127 0.074 0.201 
49 0.065 0.031 0.121 
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Figure 3.3 Temporal distribution of the catch of females of Leuctra nigra at 
Broadstone Stream. White and black bars represent immature and mature individuals, 
respectively. 
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A total of 111 individuals was used for the study of maturation of individuals kept in 

captivity. All females were mated and those aged between 0 and 21 days contained 

unripe eggs only (Table 3.2; Fig. 3.4). The first mature individuals were found after 

26 days. The proportion of fully mature females increased over time and, between 43 

- 49 days, 85 % of the individuals were fully mature (Table 3.2; Fig 3.4). Three fully 

mature individuals were found with eggs extruded on the abdomen and it is possible 

that more individuals may have oviposited. However, the eggs appeared whitish 

before they were preserved in alcohol. I was, therefore, unable to distinguish any eggs 

from the white background of the cup and water supply. 
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Table 3.2 Results of maturity study, relative distribution of immature, newly mature 
and fully mature individuals according to age. n= sample size. See methods for 
definition of maturity. 

Age (days) 
n Immature Newly mature Mature 

1- 7 31 31 0 0 
8-14 9 9 0 0 

15-21 6 6 0 0 
22-28 17 12 5 0 
29-35 7 0 6 1 
36-42 21 0 10 11 
43-49 20 0 3 17 

Sum 111 58 24 29 

Figure 3.4 Maturity related to age in Leuctra nigra. White, grey and black bars 
represent immature, newly mature and fully mature individuals, respectively, see also 
Table 3.2. 
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Oviposition 

A total of 34 individuals was used for this study of which 31 oviposited at least once. 

Three individuals developed fungal infections and did not oviposit, although their 

abdomens were found to be full of mature eggs. No difference was found in the total 

number of eggs laid, or in the number of batches, between individuals colleýted on the 

4 and II June (Mann-Whitney U test: total eggs laid, U=3 10, P=0.2811; number of 

batches, U= 174.5, P=0.5462). Up to nine batches of eggs were laid by a single 

female (Fig 3-5) and, in 29 out of 31 cases (94%), individuals laid two or more 

batches and 26 % laid five or more batches. The total number of eggs laid per female 

ranged from 40 to 819, but with a right skewed distribution (Fig 3.5). Hence, only 10 

% laid more than 450 eggs. The number of eggs laid per batch was highly vhriable 

and ranged from 2 to 389. In general most eggs were laid in the early rather than in 

the later batches (Table 3.3), although five individuals laid more than 100 eggs in 

each of two or more batches. The time period from first to last oviposition ranged 

from 0 to 36 d, with a median of 12 d. Most individuals died shortly after the last 

oviposition (Fig 3.6). 

Potential egg recruitment 

A crude estimate of potential egg recruitment was obtained by combining the result of 

the female survival, maturation time and numbers of eggs laid. Thus, it was estimated 

that from 1000 emerging females potentially 44 000 eggs would be laid. This assumes 

that only fully mature individuals oviposit and that each of these lays 220 eggs within 

a week (Table 3.4). 
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Figure 3.5 Oviposition pattern a) number of batches laid per female n= 31, 
b) total eggs laid per female n= 31. 
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Figure 3.6 Oviposition period a) Period between first and last oviposition n= 31, 
b) Longevity after last oviposition n= 31 
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Table 3.3 Distribution of eggs in each batch M of total eggs laid per individual). 
Each row represents the oviposition of one individual. White: I- 25 %, light grey: 26 
- 50 %, dark grey: 51 - 75 %, black: 75 - 100 % 

Batch no. Total eggs laid 
1" 2 nd 3 rd 4 th 5 th 6 th 7'h 8 th 91h 

44.7 10.7 2.4 3.8 1.4 9.1 0.5 18.4 8.8 624 
37.4 16.5 26.4 9.4 4.2 2.4 2.6 1.0 382 
27.8 2.7 27.4 12.1 12.8 8.4 8.8 819 
19.0 6.1 14.7 16.8 23.7 11.8 7.9 279 

= 6.9 0.8 5.8 15.2 6.9 481 
IM 16.0 12.3 3.8 4.7 1.2 424 
w 13.1 16.0 5.6 10.9 413 

33.5 28.2 15.9 8.8 13.7 227 
48.3 . 22.5 23.0 6.3 383 
34.9 M 12.4 1.3 372 

I= 11.1 12.5 9.4 352 
34.5 28.9 35.4 1.2 342 
38.8 38.3 15.4 7.5 227 
30.5 20.0 37.4 12.1 190 

5.3 28.1 37.7 28.9 114 
34.8 43.5 5.8 15.9 69 

12.4 4.5 421 
31.1 0.9 235 
23.6 15.0 220 

5.8 24.6= 171 
16.2 6.1 99 
9.1 428 

23.4 167 
2.0 151 

36.2 149 
130 

4.01M 99 
0 84 

40 
59 
48 
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Table 3.4 Estimates of potential egg recruitment out of 1000 emerging individuals: a) 
Probability of survival up to the given time period, b) percentage becoming fully 
mature during this week, c) number of fully mature individuals d) potential egg 
recruitment, assuming that each ovipositing individual (c) lays 220 eggs. * assumed 
value. 

Survival Ovipositing females 
Days Probability % Number Potential egg 

(a) (b) (C) recruitment (d) 

28 0.43 14 60.2 13244 
35 0.24 38 91.2 20064 
42 0.12 33 39.6 8712 
49 0.06 *15 9 1980 

Total 100 200 44000 

DISCUSSION 

Adult life span 

The adult life span found in this study was highly variable, ranging from 13 to 50 

days for males and 11 to 64 days for females. Though few other studies have dealt 

with the adult life span of Leuctra nigra, Elliott (1987a) estimated the adult life span 

of males at 34 to 43 d and of females from 36 to 48 d, under laboratory conditions. 

Khoo (1964) quoted no range but found a maximum life span for males of 42 d and of 

only 28 d for females. Khoo's (1964) results were based on only 15 individuals, 

however, which may explain the divergence in the maximum female life span from 

the results reported here and those of Elliott (1987a). 

Many factors may influence the longevity of adult stonef lies. For instance, Collier & 

Smith (2000) found that the adult life span of three species in the family 

Gripopterygidae decreased with increasing temperature and decreasing humidity. The 

stoneflies in their humidity trials were not fed, however, and only the individuals kept 
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at 100% humidity were provided with water. Therefore, the effect seen might be due 

to starvation and thirst rather than low humidity itself. Nebeker (1971) compared the 

longevity of adults of Pteronarcys dorsata under different temperature regimes and 

found that individuals that emerged and were reared at 10 'C lived twice as long as 

those that emerged at 20 OC. Elliott (1986) found that high temperature caused a 

marked reduction in the survival of female Capnia hifirons. In the present study I tried 

to mimic the field temperature regime, in order to obtain estimates representing adult 

life span under natural conditions. However, it is not known whether fluctuations in 

the temperature (e. g. nights with very low temperature or days with very high 

temperature) might affect the adult life span. Adult life span might well also depend 

on the quality and quantity of available food. Thus Smith & Collier (2000) 

demonstrated that mean life span in the laboratory was extended for individuals of 

Zelandoperld decorata fed on water containing sucrose compared to that of those fed 

on water containing yeast extract, pollen, honey or sooty mould fungi. Elliott (1986) 

found that females of Capnia bifrons could not survive longer than a week without 

food and similar results were obtained for other species of stoneflies (Hynes 1976). 

The results of the survival analysis indicated a somewhat longer female life span, with 

medians of 23.7 and 26.2 days for males and females, respectively. The difference 

became more pronounced later on, with a probability of only 0.085 of males surviving 

beyond five weeks, whereas the probability for females was 0.241. These results 

suggest that the female biased sex ratio found in previous field studies of stoneflies 

(e. g. Brinck 1949; Harper & Pilon 1970; Singh et aL 1984; Zwick 1990; Petersen et 

aL 1999a) could be attributable at least in part to a longer individual life span in 

females (see also Chapter 5). 
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No difference in the longevity of mated and unmated individuals was detected in this 

study, suggesting that mating does not effect the life span of L. nigra. In most studies 

of aquatic insects where a difference in longevity has been observed, this has been 

evident as a reduction associated with multiple mating (e. g. Rowe et aL 1994; Taylor 

et aL 1998), and has been interpreted as an indication of stress caused by repeated 

copulation (Taylor et aL 1998). Multiple mating has been recorded for several species 

of stonef lies (Stewart et aL 1969; Brittain 1973; Taylor et aL 1998) and field 

observations of mating females that already have fully developed eggs suggest that 

multiple mating is possible for L. nigra. Although all females kept in different-sex 

couples were mated, multiple mating was not observed. It raises the question whether 

multiple mating is the rule or the exception for L. nigra. It is also possible that the 

female may require new male partners for further copulation to occur and additional 

investigations are needed before conclusions can be made about the effect of multiple 

mating on longevity of L. nigra. 

Adult maturation 

For the insects reared in captivity, a very clear temporal division between immature 

and mature females was found, as no mature individuals were encountered before the 

end of the fourth week after emergence and no immature individuals were found after 

that time. This suggests that an approximate distinction can be made based on the two 

categories of immature and mature (the latter including both newly and fully mature). 

Therefore, individuals with immature eggs are likely to be < 21 days old and the 

transition from immature to mature occurs in the period between 21 to 28 days and 

individuals with mature eggs are likely to be > 28 days old. The probability of finding 

fully mature individuals increases over time, although the temporal distinction 
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between newly and fully mature individuals was not as clear as that between 

immature and mature individuals. The results differed from those pf Elliott (1987b), 

who found that oviposition occurred 10 to 20 days after emergence under laboratory 

conditions. Differences in the external environment and/or in food quality and 

quantity could explain the discrepancy between the two sets of data. The similarity in 

the maturation time estimated here for the stoneflies in captivity and that found under 

field conditions, however, suggests that these are accurate estimates of maturation in 

L. nigra from Broadstone Stream. 

The distinction between immature and mature individuals could be used as an 

approximate age marker in studies of adult survival and distribution (Chapter 5) and 

to impfove estimates of emergence by exclusion of mature females from catches 

(Chapter 2). The method could be refined and future research should focus on the 

effect of parameters such as temperature and food quality on maturation time. Thus, it 

has been found that several species must feed to produce eggs (Hynes 1976) and 

Hynes (1974) found that specific food sources were required for egg production by 

some species of Australian stoneflies. It is also possible that individuals fed on high 

quality food, for instance rich in protein or unsaturated fatty acids, will mature faster. 

Similarly, it is likely that temperature affects maturation and that eggs develop faster 

within females with increasing temperature, as was demonstrated for eggs already laid 

(Elliott 1987a; Humpesch & Elliott 1999). Finally, the maturation time of eggs within 

the female might have a genetic component and vary between populations. 
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Oviposition 

The number of eggs laid per female was highly variable, as was the number of 

batches. However, 94 % of the individuals laid two or more batches of eggs and 26 % 

laid five or more batches, indicating a trend towards eggs being laid in several rather 

than a single batch. This is the f irst time that such a large number of egg batches has 

been recorded for L. nigra, and previous studies of oviposition have indicated fewer 

batches (1-3; Elliott 1987a), though more have been recorded for other species of 

stonef lies (Khoo 1964; Elliott 1988). The distribution in the total number of eggs laid 

per female was right skewed and less than 10 % of the females laid more than 450 

eggs, the median number being 227. Similar results were obtained by Elliott (1987a), 

who recorded a mean number of eggs laid per female of 242 and 243 for individuals 

collected at two different localities. In the present study, individuals were collected in 

the field and a few might already have started oviposition before they were brought 

back to the laboratory. Therefore, the true median number of eggs laid per female 

might actually be higher. Batches of eggs laid early in the sequence were larger than 

later batches, a common trend among stoneflies (e. g. Brinck 1949; Mutch & Pritchard 

1984; Beer-Stiller & Zwick 1995). Exceptions to this pattern were seen, however, as 

the first batch was not invariably the largest, which may be explained if the first 

oviposition had occurred before individuals were caught. In other cases, some 

individuals laid several larger batches (> 100 eggs), which could indicate a second 

gonotrophic cycle (in contrast to the suggestion of Beer-Stiller & Zwick 1995). The 

time between the first and last oviposition ranged from 0 to 36 days. Such a 

potentially long life span after the first oviposition was surprising, since studies such 

as that of Beer-Stiller & Zwick (1995) indicated a relative short time interval between 

ovipositions. 
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Potential egg recruitment 

The potential egg recruitment per 1000 emerging individuals was estimated at 

approximately 44 000 eggs. In calculating this estimate it was assumed that each 

female surviving to maturity laid 220 eggs within a week. This period might seem too 

short compared to the median oviposition period (period from first to last 

oviposition), which was estimated to 12 d. Most females laid the majority of their 

eggs in early rather than late batches, however, and therefore it is reasonable to 

assume that most of the eggs are laid within a week. Of course actual egg recruitment 

under natural conditions is likely to be much smaller than the potential recruitment 

estimated here, as the effect of natural enemies and disease on adult survival has not 

been included (but see Chapter 5). 

Using the datafor modelling population dynamics 

Hitherto, our understanding of the population dynamics of aquatic insects has been 

based overwhelmingly on information about the larval stage, e. g. on the assumption 

that predation is the principal determinant of prey abundance (Speirs et aL 2000). 

However, Speirs et aL (2000) emphasised that full demographic data, including 

parameters for the adult stage, is essential. Combining information about adult life 

span, maturity and oviposition is, thus, a first step towards an estimate of potential 

egg recruitment, and provides estimates that could be used further in modelling the 

population dynamics of aquatic insects. Future research should focus on which factors 

regulate the population and where in the life cycle that regulation occurs. Thus, it is 

possible that regulation occurs both in the adult as well as in the larval stages for some 

aquatic insects (Wilbur 1980). 
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CHAPTER 4- LATERAL DISPERSAL OF AQUATIC INSECTS IN 

CATCHMENTS OF DIFFERING LAND USE. 

Plate 4.1 Leuctra nigra on a blue bell 
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INTRODUCTION 

Basic information about population dynamics is required to understand and predict 

how populations persist and recolonize in the face of habitat change and 

fragmentation (McCullough 1996). Dispersal has often been ignored in studies of 

aquatic invertebrates and thus its impact on local ecological processes has b6en 

underestimated (Palmer et aL 1996). However, no ecosystem is 'closed' to - 

neighbouring systems and the dynamics of populations in catchments; depend upon 

'inputs' and 'outputs' as well as on intrinsic processes (Hanski 2001). For instance, 

Peckarsky et aL (2000) found that local processes could not directly explain the 

population dynamics of mayflies. A discrepancy was found between the local number 

of females emerging and egg recruitment, suggesting movements of ovipositing 

females between populations. 

Many organisms have life cycles in which they alternate between different habitats. 

Hence, most aquatic insects have a larval stage confined to the aquatic environment 

while the adult is terrestrial. Thus, while dispersal of the larvae can theoretically occur 

between populations if their habitats are linked by water, dispersal between non- 

connected aquatic systems requires overland movement by the adults. While 

mechanisms of dispersal within streams, such as drift and upstream larval movement, 

have been studied extensively (e. g. Waters 1972; S6derstr8m 1987; Brittain & 

Eikeland 1988; Mackay 1992; Allan 1995; Jackson et al. 1999; Elliott 2002a; Elliott 

2002b), 'our knowledge of the dispersal of adult aquatic insects is still in its infancy. 

Most empirical studies of the migration of insects in the 'stream corridor' have been 

inspired by Miller's (1954; 1982) postulated 'colonization cycle', which proposes that 
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upstream flight by adults is 'necessary' to counteract downstream movement by the 

larval stage if populations are to persist in upstream areas (see Petersen et aL 1999b; 

Kopp et aL 2001 for references). A review of these studies indicates no clear evidence 

of upstream migration, however, and it has been questioned whether a biased 

upstream movement is necessary to maintain an upstream population (Anholt 1995; 

Petersen et aL 1999b; Kopp et aL 200 1; Speirs & Gurney 200 1). Recently, more 

attention has been given to the lateral dispersal of adult aquatic insects i. e. that away 

from the stream channel (Jackson & Resh 1989a; Sode & Wiberg-Larsen 1993; 

Collier & Smith 1995; Collier & Smith 1998; Griffith et aL 1998; Petersen et aL 

1999a). Apart from these studies, little is known about the impact of dispersal on 

larval distribution, although a few examples suggest that adult flight and behaviour 
I 

can initiate marked patchiness in populations and communities in the water itself 

(Statzner 1978; Harrison & Hildrew 1998; Peckarsky et at 2000). 

In this study I investigated the dispersal of adult aquatic insects within and between 

seven upland streams with catchments of contrasting land use; coniferous forest, 

cleared forest and open moorland. Hence, the study builds on previous research on the 

lateral dispersal of adult aquatic insects (Petersen et aL 1999a). That earlier work 

indicated that adults of both stoneflies and caddisflies stay close to the stream from 

which they emerge. It was estimated that 90 % of the stoneflies travelled less than 51 

m from the stream channel (Petersen et aL 1999a). 

Some research suggests that the riparian vegetation may influence the distribution of 

adult aquatic insects (Sweeney 1993; Harrison et aL 1998), but there are few tests of 

whether the distribution and dispersal of adult aquatic insects differs between 
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different types of land use (Collier & Smith 1995; Collier & Smith 1998; Petersen et 

aL 1999a; Delettre & Morvan 2000). In densely vegetated landscapes, adult 

chironomids appeared to be mainly confined to the stream from which they emerged, 

in contrast to open landscapes where the species assemblage remained similar at 

different distances from the waterbody (Delettre & Morvan 2000). Petersen et aL 

(1999a) found that some stonefly species were more numerous in deciduous 

woodland than on open heath land. Similarly, the abundance and species richness of 

adult aquatic insects differed among catchments running through pines, willow and 

native forest in New Zealand (Collier & Smith 1995). All these studies, however, 

lacked true replication and little is known about what factors determine the 

distribution of adult aquatic insects, although different factors have been suggested, 

such as'food availability (Harper 1973), predation risk and the likelihood of 

encountering mates (Stewart 1994). Equally, the complexity of riparian vegetation 

and variation in physical factors such as temperature, humidity, wind and light or 

shade, may affect distribution (Collier & Smith 1995; Petersen et aL 1999a; Delettre 

& Morvan 2000). 

The present study is the first in which lateral dispersal has been compared in 

replicated catchments with contrasting land use. It was designed to investigate if 

lateral dispersal of stoneflies, mayflies and caddisflies, differed among catchments 

with different type of land use and whether the distribution of males and females was 

similar.. Finally I compared the magnitude of lateral dispersal with that along the 

stream channel. 
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METHODS 

Study sites 

The study was carried out at seven tributaries, all draining into the Llyn Brianne 

reservoir in mid Wales, U. K. (Lat. 52' 8'N, Long. 3* 45' W) (Fig 4.1). In previous 

research these streams were designated LI 1- Ll 7 (e. g. Weatherley et al. 1989; 

Weatherley & Ormerod 1990) and, for comparative purposes, this nomenclature is 

retained. The streams are all similar in size (mean stream width, 1.5 - 1.8 m), but 

have catchments of contrasting land use, consisting of coniferous forest (two streams, 

LI 1& 4), cleared coniferous forest (two streams, LI 2& 3) and open moorland (three 

streams, LI 5,6 & 7). The water chemistry and valley slope also varied among 

catchments (Table 4.1). The vegetation at the open moorland sites was dominated by 

grasses and mosses early in the season (mid-March to mid-June). Thereafter, bracken 

(Pteridium aquilinum (L. ) Kuhn) dominated, reaching a height of about 1.8 rn by the 

end of the study. At the forested sites there were dense plantations of sitka spruce 

(Picea sitchensis Carriere) and lodgepole pine (Pinus coqorta Douglas ex Loudon) 

and the ground was covered in pine needles and mosses. The cleared catchments were 

felled in 1996 (LI 2) and 1999 (LI 3) and the ground cover was a mixture of grass 

tussocks and woody debris. Measurements of water pH and aluminiurn were obtained 

by the Environment Agency. 
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Figure 4.1 Map of Llyn Brianne, mid-Wales, The numbers indicate the catchments 
where transects of Malaise traps were placed (equivalent to LI 1- 7). 
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Table 4.1 Seven tributaries draining into the Llyn Brianne reservoir, mid-Wales, U. K. 
Measurements of pH and aluminium were obtained by Environment Agency 
(unpublished, public access data). nd - no data 

Catchments Land use Catchment Aluminiurn pH 
slope (mg/1) 

1998 1998 2001 
Annual Annual July 
mean mean 

LI I Nant y Bustach Forest 0.34 0.39 5.08 5.12 
LI 2 Nant y Nannog Cleared forest 0.24 0.44 4.93 5.53 
LI 3 Nant Y Craflwyn Cleared forest 0.24 nd nd nd 
LI 4 Nant Cwmbys Forest 0.20 0.06 6.21 6.51 
LI 5 (innominate) Moorland 0.45 0.03 6.09 5.63 
LI 6 Nant y Craflwyn Moorland 0.35 0.05 6.93 6.97 
LI 7 Mynydd Trwsnant Moorland 0.56 nd nd 6.88 
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Sampling design 

Adult stoneflies, mayflies and caddisflies were caught in Malaise (1937) traps that 

were placed along a transect at distances of 0,15,30,45,60 and 75 m perpendicular 

to the stream channel at each of the seven tributaries. The traps were staggered 5m on 

each side from the transect in order to minimise interference between them. In 

addition, one trap was placed directly across each stream 15 m to one side of the 

transect. The traps were emptied every 8d in the period 17 March to 25 September 

2000 and samples, which contained insects killed in 70 % Isomethylated Spirit (IMS), 

were brought back to the laboratory for sorting. The insects were identified to species 

using Hynes (1977) for stonef lies, Elliott & Humpesch (1983) and Harker (1989) for 

mayflies, and Macan (1973) and Malicky (1983) for caddisflies. Males and females 
I 

were counted separately and subsequently preserved in 70 % IMS. Females of the 

mayflies and the caddisflies Wormaldia and Hydropsyche could not be identified to 

species. If only one species within each genus was found it was assumed that the 

females belonged to the same species as the identified males. However, they were 

identified to genera if more than one species had been found within the same genus. 

Data on nymphal abundance was obtained by the Catchment Research Group, 

University of Cardiff, using a standardised three-minute kick-sampling procedure 

(Weatherley & Ormerod 1987). Samples were taken annuallY in March/April from 

1990 to 2000. The mayfly Ephemerella ignita has not been found in these samples 

(they overwinter as eggs) but was found in samples taken in the Summer 2000 (Zoe 

Masters, unpublished data). 
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Data analyses and statistical methods 

Analyses of data on adult mayflies and caddisflies were based on records from 17 

March to 25 September 2000. Analysis of data on adult stoneflies was based on 

results from 17 March to 16 August 2000, which covered the majority of the flight 

periods for all but a few species. By 16 August, more than 22 000 adult stoneflies had 

been taken and it was judged that little further information would be gained by 

additional identification. 

Species diversity and equitability 

A measurement of species diversity and equitability was estimated for each site using 

the Shannon index of diversity (H) and equitability (J). H and J were calculated 

respectively as: 

H P, In P, 

s 
-2: P InP, 

j= im! 

InS 

where Pi is the proportion of total individuals in the ith species and S is species 

richness (Begon et aL 1990). 

Abundance, lateral distribution and land use 

Abundance and lateral dispersal were investigated by analysis of the distribution of 

insects caught in each of the seven transects of Malaise traps placed perpendicular to 

the stream channels. Data analysis was performed on the common species, although 

few occurred at all catchments. In order to compare the dispersal pattern between 

catchments, of differing land use the data were pooled at the level of insect Order. 

Hence, stoneflies, mayflies and caddisflies were examined as separate groups. For 
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caddisflies and mayflies, few individuals were caught at LI 1 and LI 1-4, 

respectively, and consequently statistical analyses could not be performed on data 

from these catchments. Since the data consisted of counts of insects at increasing 

distance from the stream, two models for lateral distribution were fitted by maximum 

likelihood using general linear modelling (GLM) in GENSTAT for Windows (1997), 

assuming a Poisson distribution likelihood with a logarithmic link function, but 

allowing for over-dispersion of counts. This method gave fits to a negative 

exponential model (y = ae-b) and to an inverse power function (y = ax-b), the 

explanatory variable (distance from stream channel) having been log(x + 1)- 

transformed (McConway et aL 1999). By using this method I circumvented the 

problem of zero counts, which exists in fitting the models, by least square regression 

on log- or log-log transformed data (Bullock & Clarke 2000). A comparison of the 

mean residual deviance between the models generated on the basis of the exponential 

and power functions showed that the latter gave a consistently better fit to the 

observed data and this model was consequently used. 

For each of the common species, and the three insect Orders, one general linear model 

was first fitted to all data (model (a): constant + distance), the result of which 

indicated whether the catch declined with distance from the stream channel. The 

distance from the stream was then used as the covariate in further analysis. By adding 

terms to the general linear model (model (b): model (a) + catchment) and (model (c): 

model (b) + distance. catchment), additional effects of differences in abundance 

between catchments and the interaction between distance and catchment were 

examined. A significant result of the latter indicated that dispersal differed between 

the individual catchments. The comparisons were made on basis of the difference in 
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residual deviance between the models. As the residual difference has a Xý distribution, 

it was possible to evaluate whether a more complex model shouldbe preferred to a 

simpler one (McConway et aL 1999). 

Examination of the effect of land use was performed in a similar way, the catchment 

term in the models was replaced with land use and comparisons were made between 

the three types. Pairwise comparison was made between the estimated parameters by 

means of t-statistics (McConway et aL 1999) to find which differed from which. The 

regression coefficients (b) of the fitted models were interpreted as 'dispersal potential' 

(i. e. the rate at which the catch declined with distance from the stream) and the 

relationship between this and the valley slope of the catchments was tested using a 

Spearman Rank correlation. 

Estimates of the distance not exceeded by 50% (i. e. median distance) and 90% of 

individuals in each taxon within the study area were obtained by integrating the model 

within the distance at which the traps were placed (x +1). Hence, the integrals 

obtained were an estimate of local distribution rather than an absolute estimate of 

dispersal range. 

Male andfemale distribution 

Comparison of the sex ratio was performed on: i) the catch in the Malaise traps placed 

in the riparian zone (i. e. all traps excluding that placed directly across the stream 

channel). ii) the catch in the trap placed across the stream channel and iii) the catch in 

the first Malaise trap placed on the stream bank (i. e. that nearest the stream at 0 m). 

For the analysis of i) a general linear model was first fitted to all data for each 
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taxonomic group (model (a): constant + catchment + distance + catchment. distance). 

The data were then split according to gender and, by adding terms (model (b): model 

(a) + sex) and (model (c): model (b) + distance. sex) any additional effects of gender 

on abundance and lateral dispersal were examined. A significant result of the latter 

would then indicate that dispersal differed between the genders. For the analyses of ii) 

and iii) the catches of males and females were compared by a paired West. The 

analyses were performed at the level of insect Order and for those individual species 

that occurred in at least three catchments (the minimum number of replicates required 

for a paired t-test). Only catchments in which the sum of the catch of males and 

females was more than ten specimens were included in the analyses. This was dond to 

increase the power of the tests (Sokal & Rohlf 1995). The paired t-tests were 

performed in MINITAB on logarithmically transformed data. 

Distribution close to the stream channel 

In order to study the direction of movement of adult aquatic insects, catches in the 

Malaise traps placed directly across the stream channel were compared with the catch 

in the first trap along each transect, i. e. that positioned directly on the stream bank, at 

0 m. The traps across the streams caught insects moving along the stream channel, 

whereas the traps on the stream bank caught insects moving perpendicularly to the 

stream. If the prevailing flight direction was along the stream channel, most insects 

would be caught in the trap placed over the stream. If flight was dominated by insects 

moving perpendicularly, however, more insects should be trapped on the stream bank. 

No difference between the catches would indicate a lack of differentiation between 

longitudinal and lateral flight direction close to the streams. The data were analysed 
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using a paired t-test, with the catchments as replicates. The analyses were performed 

at both the Order and species level and with the same criteria applied as above. 

RMULTS 

Species composition, richness and diversity 

A total of more than 22 500 stoneflies, 4 430 caddisflies and 2 230 mayflies was 

caught, the catch being distributed among 15 and 40 species of stoneflies and 

caddisflies, respectively and 8 taxa of mayflies (Table 4.2). Overall species diversity 

and equitability were highest in the moorland catchments, but varied between taxa 

and catchments (Table 4.3). Only a few species were numerous in all catchments and, 

in most cases, just a few species dominated the catch. Thus, Amphinemura sulcicollis, 

Leuctra hippopus and Leuctra nigra were among the five most common stoneflies 

taken at LI I-4, where they accounted for 74 - 84 % of all plecopterans. Leuctra 

inermis and Siphonoperla torrentium dominated the catches at LI 6-7, where they 

accounted in total for 52 - 57 % of the stoneflies. At LI 5 the catch was dominated by 

Nemoura cinerea, although the nymphs of this species are not confined to running 

water and it is likely that many of the individuals caught in this catchment did not 

originate in the stream. Indeed, nymphs of N. cincrea have not been found in the 

stream (Table 4.2). If N. cinerea is excluded from the analysis, the species 

composition at LI 5 resembles that at LI 6-7 (Table 4.2). 
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Table 4.2 Total catch of adult stoneflies (Plecoptera), mayflies (Ephemeroptera) and 
caddisflies (Trichoptera) from six Malaise traps placed on transects perpendicular to, 
and one trap placed directly across the stream channel at seven catchments. Bold 
figures denote species or taxa found in kick samples. 
Land use 
Catchments 

Forested 
Ll 1 Ll 4 

Clear forested 
Ll 2 Ll 3 Ll 5 

Moorland 
U6 Ll 7 Total 

Stoneflies 
Amphinemura sulcicollis 164 117 369 945 263 318 598 2664 
Brachyptera risi 1 3 1 12 57 76 236 386 
Chloroperta tripunctata 0 0 0 0 20 56 197 273 
Isoperld grammatica 4 1 8 28 156 235 322 754 
Leuctra hippopus 41 119 598 227 128 400 286 1799 
Leuctra inermis 4 a 68 130 557 1798 2365 4930 
Leuctra moselyi 0 64 1 3 78 440 589 1175 
Leuctra nigra 79 1042 2019 953 86 227 100 4506 
Nemoura camhrica 0 0 1 0 0 1 0 2 
Nemoura cinerea 9 18 151 69 1239 63 83 1632 
Nemour-a erratica 0 55 0 4 8 13 17 97 
Nemurella pictetii 27 49 146 116 54 60 228 680 
Protonemura meyeri 18 2 188 303 115 304 374 1304 
Perlodes micr-ocephala 0 0 0 1 2 43 25 71 
Siphonoperta torrentium 5 47 29 27 158 1145 894 2305 

Sum 352 1525 3579 2718 2921 5179 6304 22578 

Caddisflies 
Adicella reducta 0 0 2 2 5 44 22 75 
Beraea maunis 0 0 0 0 0 16 30 46 
Crunoecia irrorata 0 6 0 0 0 0 0 6 
Dipkctronafelix 0 75 1 0 2 6 89 173 
Drusus annulatus 0 0 0 1 23 71 its 213 
Glossosoma conformis 0 0 1 0 0 0 96 97 
Halesus radiatus 1 0 10 12 14 2 2 41 
Hydr-opsyche siltalai 1 0 0 0 23 56 5 85 
Limnephilus centralis 1 1 3 0 20 1 1 27 
Limnephilus luridus 0 0 4 8 94 6 2 114 
Limnephilus sparsus 0 8 14 6 137 23 21 209 
Micropterna lateralis 4 82 23 21 399 22 31 582 
Micropterna sequax 1 5 0 0 0 0 0 6 
Odontocerum albicome 0 1 0 0 0 47 13 61 
Philopotamus montanus 0 3 1 2 5 619 374 1003 
Plectrocnemia conspersa 12 25 59 135 395 17 43 686 
Plectrocnemia geniculata 1 10 7 20 6 9 23 76 
Potamophylax cingulatus 1 27 2 38 8 5 5 86 
Rhyacophila dorsalis 1 0 4 0 3 102 79 188 
Rhyacophila obliterata 0 0 0 0 1 50 74 125 
Silo pallipes 0 0 0 2 13 96 158 269 
Stenophylax permistus 3 5 0 2 0 1 1 12 
Wormaldia occipitalis 0 45 0 0 2 72 82 201 
Others 1 7 4 7 13 is 11 58 

Sum 27 300 135 256 1163 1279 1279 4439 

Mayflies 
Baelis sp. 0 38 10 5 306 428 729 1516 
Ecdyonurus sp. 0 0 0 0 0 4 3 7 
Ephemerella ignita 0 0 0 1 0 99 166 266 
Heptagenia lateralis 0 0 0 0 0 167 159 326 
Leptophlebia marginata 0 0 0 0 0 1 1 2 
Parateptophlebia submarginata 0 0 0 0 0 0 2 2 
Rhithrogena semicolorata 1 0 0 2 1 44 58 106 
Siphlonurus lacustris 0 10 0 0 2 0 0 12 

Sum 1 48 10 8 309 743 1118 2237 

Total 380 1873 3724 2982 4393 7201 8701 29254 
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The caddisfly Plectrocnemia conspersa was among the five most common caddis 

species at Ll 1-5, whereas Philopotamus montanus dominated the catch at Ll 6 and 

LI 7. Micr-opterna lateralis was also numerous in several catchments, although the 

larva of this species is able to live in temporary streams and ditches (Wallace et aL 

1990) and, again, it is likely that many of the adults caught did not originate from the 

stream. The same is true of three species of the genus Limnephilus, as their larvae are 

inhabitants of temporary pools or ponds (Wallace et aL 1990). Of the mayflies, Baetis 

sp. was most common and found primarily at LI 5-7. 

Table 4.3 Species richness, Shannon diversity and equitability index for stoneflies, 
mayflies and caddisflies and all three taxa pooled. 

Land use Forested Cleared Moorland 
forest 

Catchment LI 1 LI 4 Ll 2 LI 3 LI 5 Ll 6 LI 7 
Species richness Stoneflies 10 12 12 13 14 15 14 

Caddisflies; 10 18 16 19 24 25 24 
Mayflies 1 2 1 3 3 6 7 
All three taxa 21 32 29 35 41 46 45 

Diversity (H) Stoneflies 1.56 1.23 1.41 1.69 1.88 2.00 2.06 
Caddisflies 1.74 1.95 1.88 1.52 1.74 2.02 2.39 
Mayflies 0 0.51 0 0.90 0.04 1.12 0.99 
All three taxa 1.84 1.90 1.60 2.00 2.53 2.69 2.75 

Equitability (J) Stoneflies 0.68 0.50 0.57 0.66 0.71 0.74 0.78 
Caddisflies 0.76 0.67 0.68 0.51 0.55 0.63 0.75 
Mayflies - 0.74 - 0.82 0.04 0.62 0.51 
All three taxa 0.60 0.56 0.47 0.55 0.68 0.70 0.72 
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Figure 4.2 Lateral distribution of adult aquatic insects. In general, the numbers caught 
declined with distance from the stream exemplified by, a) distribution of 
Amphinemura sulcicollis at LI 6. Exceptions from this general pattern of lateral 
distribution are: b) Amphinemura sulcicollis at LI 2 c) Nemoura cinerea (circles) and 
Micropterna lateralis (triangles) at LI 5. 
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Ahundance, lateral distrihution and land use 

The majority of insects in this study were caught either over or close to the channel 

(Table 4.4) and, in general, the number of individuals caught declined with distance 

from the stream (Table 4.5: model (a): constant + distance, Fig 4.2a), though there 

were occasional exceptions. For instance, a relatively high number of stoneflies was 

caught in the trap placed 30 m at LI 2, compared to traps placed at the same distance 

in the other catchments, suggesting an additional source of adults near this point (Fig 

4.2b). Similarly, species with larval stages not confined to running waters (see above) 

have a different distribution pattern (Table 4.4, Fig 4.2c). Further analyses on 

abundance and lateral dispersal were carried out excluding data from LI 2 and 

Nemoura cincrea, Micr-optema lateralis and Limnephilus sp. from the remaining 

catchments. 

Abundance 

Abundance differed significantly between the catchments for both stoneflies and 

caddisflies (Table 4.5: Model (b)). For stoneflies, abundance differed between all 

pairs of catchments except between LI 6 and 7, where no difference was found (t(24) 

0.08, p = 0.935). The abundance of caddisf lies also differed between most pairs of 

catchments except, LI 6 and 7 (t(2o) = 1.27, p = 0.217), LI 3 and 4 (t(2o) = -0.72, p = 

0.477) and LI 3 and 5 (t(2o) = 2.01, p = 0.058). There was a clear difference in the 

abundance of mayflies with very few caught in LI 1-4, leaving 97 % of the total 

catch to LI 5-7 (Table 4.2). The abundance of male and female mayflies differed 

(see Male andfemale distribution) but the abundance did not differ between LI 5-7 

within each sex (Table 4.5: Model (b)). 
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When examined across land uses a significant difference was found in the abundance 

of both stoneflies and caddisflies (Table 4.5: Model (d)). For stoneflies, significantly 

fewer individuals were caught in the forested catchments than in the cleared and 

moorland catchment (forested vs cleared, t(30) = 3.47, p = 0.002; forested vs moorland, 

t(30) = 4.75, p = 0.001), but there was no difference between cleared forest and 

moorland (t(3o) = 1.30, p = 0.203). For caddisflies, more individuals were caught in 

the moorland catchments than at either of the other two categories (moorland vs 

forested, t(24) = 3.81, p = 0.001; moorland vs cleared forest, t(24) = 3.36, p = 0.003), 

while there was no difference between forested and cleared catchments (t(24) = 0.62, p 

= 0.544). The abundance of mayflies was closely related to land use, and only a few 

individuals were caught outside the moorland catchments (Table 4.2 & 4.4) 

For the stoneflies, when examined at the level of species, the abundance resembled 

that of the whole Order with a few exceptions, and differences in total numbers 

caught were found between many catchments (Table 4.5: model (b)). Leuctra nigra 

was most abundant in the cleared catchments (forested vs cleared, t(3o) = 4.21, p = 

0.001; cleared vs moorland, t(3o) = 5.83, p = 0.001) whereas L. inermis was most 

abundant in the moorland catchments (moorland vs cleared, t(2o) = 2.71, p = 0.013). 

Only a few individuals of L. inermis were caught in forested catchments. 

Amphinemura sulcicollis, L. hippopus and Protonemura meyeii were also less 

abundant in the forested catchments than in the others. Nemurella pictetii was more 

numerous at Ll 7 than at any other catchments and, hence, its abundance was not 

related simply to land use. 
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Lateral distribution 

Examined at the level of Order, there was a significant interaction for stoneflies 

between catchment and distance (Table 4.5: Model (c)), indicating that lateral 

distribution differed among catchments. Such difference was found between Ll 3 and 

6 (t(24) = 2.40, p=0.024), and also between LI 6 and 7( t(24) = 4.39, p=0.00 1), 

suggesting differences in lateral distribution among these catchments, with a steeper 

decline in the catch at LI 6 than at the other two (Fig 4.3). There was no relationship 

between the lateral distribution of stoneflies (b in Table 4.6) and the valley slope of 

the catchments (Table 4.1) (Speannan's rank correlation, stoneflies: N=6, r=0.371, 

P=0.468). No difference was found between lateral distribution in the remaining 

catchments and a common model could therefore be applied to the lateral distribution 

of stoneflies, excluding LI 6 (Table 4.6 and Appendix III b). 

The lateral distribution of stoneflies was not affected systematically by land use, as 

indicated by the lack of a significant interaction term between land use and distance 

from the channel (Table 4.5: Model (e)). This was the case whether LI 6 was included 

in the data analysis or not (Appendix III d). When, examined at the level of species, 

lateral distribution differed among catchments for A. Sulcicollis, L. hippopus and L. 

inermis (Table 4.5: Model (c)), but this was not related systematically to land use 

(Table 4.5: Model (e)). The lateral distribution of the remaining species examined did 

not differ (Table 4.5: Model (c & e)). 

The lateral distribution of caddisflies was affected neither by catchment (Table 4.5: 

Model (0) nor by land use (Table 4.5: Model (e)). For mayflies, significant difference 

was found between the lateral distribution of males and females (see Male andjemale 
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distribution), but there was no difference in the lateral distribution between LI 5-7, 

when the genders were analysed separately (Table 4.5: Model (c)). The mayflies were 

numerous only at the moorland catchments, and hence a statistical comparison 

between land uses is not possible though the difference is obvious. It was estimated 

that half of the stoneflies went less than 18 m from the stream, while 90 % travelled 

less than 60 m and the same distances were estimated for the mayfly males. The 

caddisflies and the mayfly females travelled shorter distances (Table 4.7, Fig 4.4) 

Figure 4.3 Lateral distribution of stoneflies at LI 6 and 7. Catch in Malaise traps at LI 
6 (solid symbols) and LI 7 (open symbols). Models fitted for lateral distribution, solid 
line and dashed line represent models for catch at LI 6 and 7, respectively. See Table 
4.6 for parameters of the models. 
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Table 4.6 Parameter estimates of inverse power functions (y =a (x + 1) ') used as a 

model for the lateral distribution of adult stoneflies, caddisflies and mayflies. Models 

were fitted to each taxon based on an analvsis of deviance (Appendix III b) 

Taxa Catchment 

Individual models for 
each catchments 

ab 

Common models for 
each taxon 

ab 

Stoneflies Ll 1 84.690 -1.084 64.264 -0.663 
LI 3 1013.333 -0.716 960.064 -0.663 
LI 4 292.657 -0.786 260.604 -0.663 
LI 5 669.814 -0.723 629.547 -0.663 
LI 6 1864.970 -0.932 
LI 7 1846.413 -0.600 1990.219 -0.663 

Caddisffies LI 3 67.222 -0.973 
LI 4 60.340 -0.973 
LI 5 119.821 -0.973 
LI 6 186.980 -0.973 
LI 7 166.334 -0.973 

Mayflies Males LI 5 37.040 -0.684 
LI 6 37.040 -0.684 
LI 7 37.040 -0.684 

Females LI 5 17.939 -i. 123 
LI 6 17.939 -1.123 
LI 7 17.939 -1.123 

Table 4.7 Local dispersal distance estimated from the integral of the models in Table 
4.6 within 1 to 76 m of the channel 

Distance (m) from the stream not 
exceeded by: 

Taxa 50% 90% 

Stoneflies 

Caddisflies 

18 60 

50 

Mayflies Males 17 59 

Females 44 
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Fig 4.4 Lateral distribution at LI 5 of a) stoneflies, b) caddisflies, and c) mayfly males 
(solid line/symbols) and females (dashed lines and open symbols). Symbols represent 
total catch of insects taken in Malaise traps, and the lines are the models fitted (see 
Table 4.6 for parameters of the models). Distances not exceeded by 50 % and 90% of 
the individuals are indicated by arrows (see Table 4.7 for estimates). 
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Male andfemale distribution 

The overall sex ratio in stoneflies and caddisflies did not differ from 1: 1 in the catch 

in the riparian zone (i. e. all traps, excluding only that directly across the stream 

I channel). Thus, there was no difference between the abundance of male and female 

stoneflies or caddisflies after the overall effect of catchment and distance had been 

taken into account (Table 4.8: model (b)). Neither was there any difference in the 

dispersal of the two genders (Table 4.8: model (0). Male mayflies were more 

abun&nt than females in the riparian zone (Table 4.8: model (b)) and a significant 

difference was found between the lateral distribution of males and females. While 

male mayflies were caught in relatively high numbers in the traps at 15 m from the 

stream channel, only a few females were caught at any distance from the stream. 

When analysed at the level of Order, female stoneflies were in the majority in the 

catch from traps placed across the stream channel, whereas the equivalent catch of 

mayflies and caddisflies did not differ from a 1: 1 sex ratio (Table 4.9; Fig 4.5). No 

difference in sex ratio was found in the catch in the traps placed on the stream bank 

for any of the three taxa (Table 4.9; Fig 4.5). When analysed at the species level, a 

female bias remained in the catch over the stream for some of the most common 

stoneflies; A. sulcicollis, L. hippopus, L. nigra and P. meyeri (Table 4.9) and the same 

was true of L. inennis, except at LI 3 where equal numbers of males and females were 

caught. The sex ratio for the remaining species varied among catchments. Of the 

caddisflies and mayflies, data analysis was possible at the species level only for 

Plectrocnemia conspersa, Wonnaldia occipitalis and Baetis sp., where no bias in sex 

ratio was found. 
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Table 4.8 Distribution of stoneflies, caddisflies and mayflies split up between genders 
in relation to catchments. Accumulated analysis of deviance: The numbers in the 
deviance column give the incremental variability (as 'deviance') attributable to the 
factors in the model added sequentially. Approx. P indicate whether the model 
represents a significant improvement on the previous model (McConway et aL 1999). 

Models d. f. deviance mean deviance Approx. P 
deviance ratio 

Stoneflies 
Model (a): constant + distance + catchment + 
distance. catchment 
Model (b): model(a) + sex 
Model (c): model (b) + distance. sex 
Residual 
Total 

Caddisflics 
Model (a): constant + distance + catchment + 
distance. catchment 
Model (b): model (a) + sex 
Model (c): model (b) + distance. sex 
Residual 
Total 

Mayflies 
Model (a): constant + distance + catchment + 
distance. catchment 
Model (b): model (a) + sex 
Model (c): model(b) + distance. sex 
Residual 
Total 

11 17823.390 1620.308 176.24 <0.001 

1 2.766 2.766 0.30 0.585 
1 22.866 22.866 2.49 0.120 

58 533.232 9.194 
71 18382.260 258.905 

9 1820.125 202.236 109.20 <0.001 

1 0.518 0.518 0.28 0.599 
1 4.970 4.970 2.68 0.108 

48 88.899 1.852 
59 1914.512 32.449 

5 405.935 81.187 28.65 <0.001 

1 47.633 47.633 16.81 <0.001 
1 12.438 12.438 4.39 0.045 

28 79.358 2.834 
35 545.364 15.582 

- On the stream bank the pattern for single species resembled that of the whole Order. 

A female bias was found for A. sulcicollis and L. nigra, whereas a male bias was 

found for P. meyeri. None of the remaining species showed any deviation from a 1: 1 

sex ratio (Table 4.9). 
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Table 4.9 Test of sex ratio in catches from Malaise traps placed across the stream 
channel (Stream) and those directly on the stream bank (Bank), results of paired t- 
tests. N= sample size (number of catchments included in the analyses). -: Test was 
not possible as too few individuals were caught. 

StTeam Bank 
'Taxa Nt P-value Nt P-value 

Stoneflies 
All stoneflies 7 5.38 0.002 7 1.42 0.204 

Amphinemura sulcicollis 7 5.65 0.001 7 2.54 0.044 
Brachyptera risi 3 1.21 0.350 3 0.69 0.562 
Isoperld grammatica 4 -0.24 0.825 4 -1.39 0.260 
Leuctra hippopus 7 2.95 0.026 6 0.54 0.615 
Leuctra inemis 5 2.59 0.061 4 -1.64 0.200 
Leuctra mosetvi 4 0.50 0.649 3 -3.71 0.066 
Leuctru nigra 7 4.60 0.004 7 2.66 0.038 
Nemurella pictedi 6 0.81 0.448 6 -0.32 0.760 
Protonemura meyeri 6 3.25 0.020 5 -3.02 0.039 
Siphonoperla tor-rentium 5 1.44 0.220 4 0.01 0.996 

Caddisflies 
All Caddisflies 7 0.85 0.429 7 -0.28 0.788 

Plectrocnemia conspersa 6 0.78 0.472 4 -0.47 0.673 
Womýldia occipitalis 3 2.20 0.159 - - 

Mayflies 
All Mayflies 4 0.04 0.972 3 -1.64 0.242 

Baetis sp. 4 0.05 0.963 3 -1.35 0.309 

Direction of movement close to the stream channel 

When analysed at the level of the Order, more caddisflies and mayflies of both 

genders were caught in the Malaise traps placed across the stream channel than in the 

first trap on the stream bank (Table 4.10; Fig 4.5), indicating more flight activity 

along the channel than laterally. For the stoneflies, only the females were more likely 

to be taken in flight along the channel than on the stream bank, whereas the males 

were equally likely to be caught over the stream and on the stream bank (Table 4.10; 

Fig 4.5). Analysed at the species level the pattern resembled that of the whole Order 

for mayfl ies and caddisfl ies. For the stonefl ies the pattern was more complex. For A. 

sulcicollis, L grammatica, L. inennis and P. meyeri, more females were caught in the 
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traps placed over the stream channel than in these on the bank (Table 4.10). For the 

remaining species examined the pattern was ambiguous and no significant difference 

was found between the catches over the stream and in the first trap on the stream 

bank. 

Figure 4.5 Sex ratio in the catches of aquatic insects taken in Malaise traps across the 
stream channel (Stream) or in the first trap on the bank (Bank). Black and grey bars 
represent females and males, respectively: a) stoneflies b) caddisflies c) mayflies. 
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Table 4.10 A comparison of the catch in traps placed across the stream with that in 
traps placed on the stream bank. A significant result of a paired t-test indicates that 
more individuals were caught over the stream channel than on the stream bank, and 
thus were flying along the channel rather than perpendicular to it. N= sample size 
(number of catchments included in the analyses). 
Taxa N t-value P-value 

Stoneflies 
All stoneflies 
All females 
All males 

7 3.84 0.009 
7 6.66 0.001 
7 1.71 0.138 

Females of Amphinemura sulcicollis 7 5.69 0.001 
Brachyptera risi 3 -0.34 0.767 
Isoperla grummatica 3 8.97 0.012 
Leuctru hippopus 7 1.39 0.214 
Leuctra inermis 5 4.27 0.013 
Leuctra nigra 7 1.13 0.300 
Nemurella pictetii 6 0.72 0.502 
Protonemura meyeri 6 6.04 0.004 
Siphonoperta torrentium 4 2.19 0.116 

Males of Amphinemura suicicoms 7 2.02 0.089 
Brachyptera Hsi 3 -0.98 0.431 
Isoperld grammatica 4 -1.58 0.213 
Leuctra hippopus 7 -1.36 0.222 
Leuctra inermis 5 0.28 0.799 
Leuctra nigra 7 -0.32 0.763 
Nemurella pictedi 6 -0-07 0.950 
Protonemura meyeri 6 1.65 0.174 
Siphonoperla torrentium 6 0.61 0.569 

Caddisflies 
All caddisflies 7 9.54 <0.001 
All females 7 9.85 <0.001 
All males 7 7.78 <0.001 

Females of Plectrocnemia conspersa 5 4.60 0.010 
Wormaldia occipitalis 3 4.96 0.038 

Males of Plectrocnemia conspersa 4 3.38 0.043 
Wormaldia occipitalis 3 4.18 0.053 

Mayflies 
All mayflies 4 5.26 0.013 
All females 4 4.67 0.019 
All males 4 5.34 0.013 

Females of Baelis sp. 4 4.40 0.022 

Males of Baetis sp. 4 5.45 0.012 
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DiscussioN 

Ahundance and species composition 

Variation in species composition and abundance among catchments was found and 

this was associated with land use, with the highest species diversity at the mogrland 

sites together with the highest abundance of caddiSflies and mayflies. The lowest 

abundance of stonef lies was found in the forested catchments. Studies of larval 

abundance and taxon richness from catchments in the same area revealed similar 

pattern in distribution and coincided with the physicochemical environment in the 

streams, with the highest pH and lowest aluminium concentration measured in the 

moorland streams (Weatherley et aL 1989; Weatherley & Ormerod 1990; Bradley & 

Orrneroýd 2002, see also Table 4.1). Perhaps not surprisingly, this strongly suggests 

that the total number of adults, as well as their species composition is affected by 

factors that determine the larval comunity. Little is known about how much the size of 

larval population and species composition, in turn, is determined by the factors 

influencing the adults (Zwick 1990; Enders & Wagner 1996). Peckarsky et A (2000) 

demonstrated that recruitment of eggs in a stream reach was limited by regional rather 

than the local supply of adult mayflies, suggesting the movement of adults between 

stream reaches. Further investigations are required to establish the links between 

larval and adult population dynamics, and models including both adult and larval 

stages will be a useful tool for the analysis of population dynamics (Wilbur 1980; 

Speirs et aL 2000). 
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Lateral distyihution 

No difference was found between catchments in the lateral distribution of caddisflies 

and within the genders of mayflies, although there was a difference in the lateral 

distribution of stoneflies between catchments, with a steeper decline in the catch with 

distancý in LI 6 than in LI 3 and 7. The distribution did not correlate with the slope of 

the catchment nor with land use. Similar abundances were found in LI 6 and 7 and, 

therefore, the difference in lateral distribution between these sites cannot be explained 

simply by abundance. 

Overall, most adult insects stayed close to the stream channel and half of the 

stoneflies travelled less than 18 m, while 90% travelled less than 60 m. The local 

dispersal range of the caddisflies and females of mayflies and were even shorter, with 

half of the individuals caught within 7 to 11 m from the stream channel. It is possible 

that the dispersal range of caddisflies and mayflies in this study is underestimated 

compared to that of the stoneflies since their abundance was much lower and, hence, 

the chance of catching caddis and mayflies further from the stream channel is also 

less. The general trend is that most adult aquatic insects stay close to the stream 

channel from which they emerged (e. g. Svensson 1974; Sode & Wiberg-Larsen 1993; 

Kuusela & Huusko 1996; Collier & Smith 1998). Hence, my estimates of the 

dispersal range of stoneflies, mayflies and caddisflies are similar to previous ones, 

despite different models being applied (Jackson & Resh 1989b; Griffith et aL 1998; 

Petersen et aL 1999a; Delettre & Morvan 2000). 
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Effiect of land use on dispersal 

The fact that most adult aquatic insects stay close to the stream channel may also 

explain why there was little distinction between lateral dispersal in the different land 

uses. However, it is still too early to conclude that land use has no effect on lateral 

dispersal. For instance, adult abundance was much lower in the forested catchments 

than in the other catchments. Therefore, although there was no difference in the 

decline of the catch with distance (b in the models) between the land uses, fewer 

individuals will reach substantial distances from the channel in the forested 

catchments than in the cleared or moorland ones. Hence, the probability of an 

individual reaching another stream is lower from a forested catchment than from 

cleared forest or open moorland. Further, there could be an undetected effect of land 

use on the probability of very few individuals dispersing long distances from the 

natant stream. Such rare dispersal events are difficult to detect using conventional 

trapping techniques and could be sensitive to coniferous afforestation, for example. 

Finally, the implication of the present results for management of the riparian zone is 

that the area close to the stream channel (e. g. 20 m on either side) should be 

considered as a 'buffer zone', where the application of pesticides should be avoided. 

This would not only protect adult aquatic insects, but also the riparian insectivores for 

which aquatic insects provide an important food source (Jackson & Fisher 1986). 

Male andfemale istri ution 

The overall sex ratio in the riparian zone did not differ from 1: 1 for caddisflies and 

stonef lies, whereas more male than female mayflies were caught there. While only a 

few females were caught at any distance from the stream a relative high number of 

males were caught in the traps placed 15 rn from the stream channel. The adult life 
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span of mayflies is relatively short (Brittain 1987) and it is possible that the females 

are time limited in finding suitable oviposition sites and, therefore, more concentrated 

over the stream channel and less likely than the males to be caught in the riparian 

zone. However it should be emphasised that most mayflies were caught over the 

stream channel and this was the case for both males and females. Only for the 

stoneflies, was there a significant deviation from 1: 1 sex ratio over the stream channel 

with more females than males. The same pattern was observed by Petersen et aL 

(1999a), where the females of several species were in the majority over the stream 

channel towards the end of the flight period. The search for egg laying sites and 

oviposition, combined with a somewhat longer female life span, may provide a 

plausible explanation for this female bias over the stream channel. Studies of the, adult 

life span of L. nigra suggested a longer female than male life span (see Chapter 3), but 

whether this is a general trend is not known. See Chapter 5 for further analysis of the 

sex ratio of L. nigra. 

Direction of movement close to the stream channel 

More individual mayflies and caddisflies were caught in traps placed across the 

stream channels than in the trap on the banks, indicating that most flight activity of 

these taxa, was concentrated over the stream channel itself. Of the stoneflies, some of 

the females were also more likely to be taken in flight along the channel than on the 

stream bank, whereas there was no difference for the males. The reason for this 

difference in distribution between the genders of the stoneflies may be found in their 

mating and oviposition behaviour. As mating for many species of stoneflies occurs on 

the ground shortly after emergence (Brinck 1949), it is possible that male stoneflies 

have an equal chance of encountering receptive females on the stream bank as on 
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emergent substrata in the stream. Females, once they are mated and their eggs 

matured, may be governed by the search for oviposition sites, and hence the higher 

flight activity along the stream channel. 

Routes of dispersal 

The vast majority of the insects caught in this study were taken either over the stream 

channel or in the first trap on the stream bank (Table 4.4). This suggests that the most 

likely route of dispersal is in the 'stream corridor' itself rather than laterally away 

from the stream channel. Many empirical and a few theoretical studies have dealt with 

migration along the stream channel, inspired by Miller's (1954) postulated 

scolonization cycle'. Empirical studies have not been able to provide evidence for 

universýl upstream flight (Allan 1995; Petersen et al. 1999b; Kopp et aL 2001) and 

theoretical studies have raised questions about its 'necessity' (Anholt 1995; Kopp et 

aL 2001; Speirs & Gurney 2001). Computer simulations suggest that exact 

compensation of stream drift by upstream movement is an evolutionarily stable 

strategy (Kopp et aL 2001). Exact compensation by upstream flight seems rather 

unlikely under natural conditions and random dispersal by adults may be enough to 

maintain the population (Anholt 1995; Speirs & Gurney 2001). Future research 

should, therefore, be aimed at quantifying the extent and distance of dispersal within 

the 'stream corridor'. 

Some studies of genetic population structure suggest that movement of aquatic 

invertebrates within streams is limited, resulting in significant genetic differentiation 

at the reach scale, and that larvae at the reach scale are likely to be the offspring of 

only a few matings (Bunn & Hughes 1997). In contrast Peckarsky et aL (2000) 
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explained local egg recruitment by inter-reach dispersal by females of Baetis and 

Hershey et aL (1993) found that between one-third and one-half of an adult Baetis 

population flew 1.6 - 1.9 km upstream from where they emerged. Similarly, swarms 

of caddisflies marked with a radioisotope were found up to 16 km upstream of a 

reactor effluent (Coutant 1982). Apart from the studies by Coutant (1982) and 

Hershey et aL (1993) little is known about actual adult dispersal distances of aquatic 

insects along the stream channel and more information is required. Future research 

should also relate dispersal within the 'stream corridor' to land use, to clarify whether 

the various types of riparian vegetation act as a barrier or a corridor for dispersal 

(Delettre & Morvan 2000) and focus should be brought on landscape connectivity 

within the stream corridor in relation to population dynamics (Taylor et aL 1993. ). 
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CHAPTER 5- DISTRIBUTION OF ADULT LEUCTRA NIGRA: SPACE, TIME 

AND GENDER DIFFERENCES 

Plate 5.1 Hide and seek - adults of Leuctra nigra 
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INTRODUC77ON 

Deviation from a 1: 1 sex ratio is not uncommon in catches of insects (e. g. Thornhill & 

Alcock 1983; Karlin & Lessard 1986). This may reflect an overall bias in the 

population. For example, if sons compete with each other for mates, a female biased 

sex ratio is predicted (Hamilton 1967). A classic example of local mate competition is 

found in the fig wasps (Agaontidae), where mating occurs within the fruit of the fig 

(Hamilton 1967; Hamilton 1979). On the other hand, in randomly mating populations 

with equal investments in the genders, an overall 1: 1 sex ratio should be obtained 

(Fisher 1930). Deviations from a 1: 1 sex ratio may still be observed among such 

populations on a local spatial or temporal scale. For example, if male and female life 

span differs, the sex that lives longest will make up the majority in the overall catch. 

Local difference in behaviour and/or habitat choice may also lead to an apparent bias 

in the sex ratio. 

Differences in sex ratio have been observed for several species of stoneflies (e. g. 

Sheldon & Jewett 1967; Singh et aL 1984; Zwick 1990; Petersen et aL 1999a). In the 

study by Petersen et aL (1999a), a female bias was found, particularly in catches over 

the stream channel, and for Leuctra nigra this was most pronounced towards the end 

of the flight period. Petersen et aL (1999a) proposed that this bias was mediated by a 

direct habitat change in the females, with adults of both genders moving inland to 

mate, feed and rest and the females subsequently returning to the stream to oviposit. 

In this chapter the focus is on the temporal and spatial distribution of adults of 

Leuctra nigra. It follows results presented in the previous chapter, where a female 
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biased sex ratio was found in the catch in Malaise traps placed over the stream 

channel and on the stream bank. The aim of the present study was to investigate if the 

observed patterns were consistent with one or more of the following hypotheses. 

These were that the deviation from a 1: 1 sex ratio was caused by: i) difference in life 

span between the genders, ii) difference in habitat choice or iii) an overall bias in the 

population sex ratio. 

In this part of the study I also wanted to compare the temporal distribution and 

numbers of immature and mature females to obtain field estimates of: i) the time 

required for egg maturation in females and ii) mortality during the adult stage. These 

could then be compared to equivalent estimates obtained on individuals kept in 

captivity (see Chapter 3). 

METHODS 

Study organism 

Leuctra nigra has a one- or two-year life cycle (Iversen 1978; Hildrew et at. 1980; 

Elliott 1987b) and the nymphs are found in small stony streams (Hynes 1977). At 

emergence the nymphs crawl onto emergent substrata, such as stones, fallen wood or 

simply the stream bank, where eclosion occurs (Brinck 1949; Hynes 1976). Mating 

occurs just after emergence and it is possible that drumming behaviour (species- 

specific courtship signals transmitted via the substratum) precedes the mating, as 

recorded for several other stonef lies including species of Leuctridae (Rupprecht 1968; 

Rupprecht 1977; Stewart & Zeigler 1984). The sperm is stored in a receptacle 

(receptaculum seminis) in the female reproductive tract (Brinck 1949; Zwick 1990). 
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The receptacle of mated individuals is swollen and shining white (appearing like an 

egg in an eggcup). On emergence the female has immature oocytes and laboratory 

studies using specimens from south-east England suggest it takes between 4 and 5 

weeks to ripen the eggs (Chapter 3). The female is capable of laying several batches 

of eggs (Elliott 1987a: see also Chapter 3). 

Study sites and sampling methods 

Seven headwater streams, all draining into the Llyn Brianne reservoir in mid- Wales, 

U. K. (52' 8'N 3" 45' W), were used as study sites for assessing the lateral dispersal of 

adult aquatic insects (Chapter 4). Leuctra nigra was common in three of these 

catchments, (LI 2- 4) and data in the present chapter originate from catches at these 

catchments. The streams are all similar in size (mean stream width, 1.5 - 1.8 m). Two 

of the streams drained catchments with clear-felled pined forest (LI 2- 3) while one 

(LI 4) ran through a dense plantation of sitka spruce (Picea sitchensis Carriere) and 

lodgepole pine (Pinus contorta Douglas ex Loudon). The two cleared catchments 

were felled in 1996 (LI 2) and 1999 (LI 3) and the ground cover was a mixture of 

grass tussocks and woody debris. 

The insects were caught in Malaise (1937) traps that were placed along a transect at 

distances of 0,15,30,45,60 and 75 m perpendicular to the channel in each of the 

catchments. In addition, one trap was placed directly across each stream 15 m to one 

side of the transect. Samples containing insects killed in 70 % Isomethylated Spirit 

(IMS) were taken at 8d intervals from 17 March to 16 August 2000 and brought back 

to the laboratory for sorting and identification to species using Hynes (1977). The 

females were subsequently divided into two categories depending on the maturity of 
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their eggs. The abdomen of each female was dissected under a binocular microscope 

and categorised as immature, if all the eggs were 'unripe' (small and white), whereas 

a fernale with 'ripe' eggs (large and orange) was categorised as mature. 

Measurements of air-temperature were obtained every hour by data loggers, placed at 

Ll 2 and LI 4. Leuctra nigra is day active, and estimates of temperature over the 8d 

sampling intervals were, therefore, obtained as a mean of the temperature measured 

when the amount of light exceeded 5 Watts/m 2. 

Data analyses and statistical methods 

Sigmoidal models (1) were fitted to the cumulative frequency distributions of thý 

males, immature females and mature females over time. From these models estimates 

were obtained of when 20 %, 50 % (the median catch) and 80 % of the individuals 

had been caught. The time elapsed between the median catches of immature and 

mature females was used as an estimate of maturation time. The models were derived 

using the non-1 inear curve fit in ORIGIN. 

A, -A2 
+e (x_xo)ldx +A29 

wherey was the percentage of individuals caught at time x, and xo was the time when 

50 % of the individuals were caught (median catch). Al equalled the initialy value and 

A2 equalled the finaly value. The values ofy changed drastically within a range of x 

and the width of this range of x was approximated by dr. In order to compare the 

maturation period with the catch at Broadstone Stream (Chapter 3), maturation time 

was also estimated as the difference between the mode (the date on which most 

individuals was caught) of the mature and immature individuals. The catch at 
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Broadstone Stream did not cover the whole flight period, hence the method of 

comparing median catches was not applicable there. 

The total catch of immature and mature females was compared within each catchment 

and the proportions of mature to immature calculated. The mortality rate was 

calculated as the difference between those two estimates, with the number of 

immature individuals in each catchment scaled to unity (Begon et aL 1990). 

Any deviation from a 1: 1 sex ratio in the total catch from each catchment was tested 

by a G-test, while heterogeneity G-tests, were performed to find if the sex ratio 

differed overall between catchments (Sokal & Rohlf 1995). Spatial differences in sex 

ratio were also investigated within each catchment, and hence data were pooled from 

the traps placed directly across the channel and from the first trap on the stream bank 

(i. e. at 0 m), and these data are referred to hereafter as the catch 'at the stream'. 

Similarly, data were pooled from the five traps placed 15 - 75 m from the channel and 

referred to hereafter as the catch 'inland'. Data were also pooled from the first half 

(26 April -5 June) and second half (13 June - 23 July) of the flight period and any 

deviation from a 1: 1 sex ratio during each period was tested by G-test separately for 

the samples taken at the stream and inland. A Xý test of association was applied to 

investigate if the proportion of females to males was the same at the stream and 

inland. This was done for the first and second half of the flight period separately. 
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RMULTS 

Flight period andfield estimates of maturation time 

The flight period was well-defined, with more than 99 % of the individuals caught 

between 26 April and 23 July (Fig 5.1). Fewer individuals were caught in the samples 

collected on the 28 May than in either the periods before or after, perhaps attributable 

to lower day-time temperatures in the period from 20 to 28 May (Fig 5.2). The onset 

of the male and female flight periods was similar and 20 % of the immature females 

and males were caught before 3 and 5 May, respectively (Figs 5.3 & 5.4). Maturation 

time estimated as the difference between the median catch of mature and immature 

females was 29 d. Thus, half of the immature females were caught in the period -up to 

17 May, while 50 % of the mature females had been caught in the period up to 15 

June (Figs 5.3 & 5.4). Half of the males were caught in the period up to 21 May (Fig 

5.3 & 5.4). The catches of immature females and males then levelled off, with 80 % 

having been caught by 31 May and 7 June, respectively, while 80 % of the mature 

females had not been caught until 25 June. Analysing all females together, 80 % had 

been caught by 17 June. Maturation period, estimated as the difference between the 

modes, was estimated at 32 - 40 d. Thus, the catch of immature females peaked 

between 12 - 20 May (Fig 5.3b) and the mode of the mature females was 21 June (Fig 

5.3c). 
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Figure 5.1 Total catch of Leuctra nigra at three catchments draining into Llyn 
Brianne. White and black bars represent females and males, respectively. 
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Figure 5.2 Mean (± S. E. ) air temperature during the day (when light exceeded 5 
WattS/M2) over the 8d sampling intervals. Open and solid symbols represent data 
collected at LI 2 and LI 4, respectively. 

18- 

16- 

14- 

12- 

E 10- 

8- X 

61 
4-May 20-May 5-Jun 21-Jun 7-Jul 23-Jul 31-Jul 

Date 

103 

CL 0) 
< 40 :3 

6m"? U') 15 
ob Go 
CM 04 

Date 



Figure 5.3 The total catch of Leuctra nigra in transects of Malaise traps in three 
catchments: a) males, b) immature females (individuals with unripe eggs), c) mature 
females (individuals with ripe eggs). 
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Figure 5.4 Sigmoidal models fitted to the cumulative distribution M over time of: a) 
males, b) immature females and c) mature females. The intercept between the models 
and dashed lines represent the dates when 20% and 80% had been, caught and the 
intercept between the solid lines and models represent the dates on which 50 % had 
been caught. 
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Sex ratio 

Over all three catchments, more females (2669) than males (1345) were caught, and 

this was also true for each catchment individually, although the sex ratio did vary 

among the catchments (Table 5.1). The sex ratio also varied during the flight period 

and spatially within the catchments. In the catches at the stream, the sex ratio was 

slightly female biased in the first half of the flight period, 26 April -5 June (Table 

5.2: Fig 5.5). In the second half of the flight period, 13 June - 23 July, a strong female 

bias was found in most catches and this was particularly pronounced at LI 4 (Table 

5.2: Fig 5.5). The sex ratio was highly variable in the catch further inland (the traps 

placed 15 - 75 m from the channel) and no overall difference was found in the sex 

ratio at LI 3&4 (Table 5.2: Fig 5.6). At LI 2a female bias was found in the second 

half of the flight period (Table 5.2: Fig 5.6). Most of the females caught in the second 

half of the fI ight period both at the stream and inland were mature (Table 5.2). 

Changes in sex ratio 

There was the same proportion of females to males at the stream and inland in the first 

half of the flight period in all of the catchments. However, the sex ratio became more 

female biased at the stream than inland in the second half of the flight period and this 

was significant for the catches at LI 3 and 4 but not for the catch at LI 2 (Table 5.3: 

Fig 5.7). 
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Table 5.1 Summary of G-tests for deviation from a 1: 1 sex ratio in the catches from 
seven Malaise traps in three catchments and a test of heterogeneity between 
catchments. Total: Sum of G values performed in each catchment. Pooled: G-test on 
data pooled across the catchments. Heterogeneity test of HO: All catchments have 
same sex ratio. 

Citchment df G p 

Ll 2 1 175.56 <0.001 
Ll 3 1 43.57 <0.001 
Ll 4 1 282.60 <0.001 

Total 3 501.73 <0.001 
Pooled 1 445.00 <0.001 
Heterogeneity 2 56.73 <0.001 

Table 5.2 Male and female distribution and summary of G-tests for deviation from a 
1: 1 sex ratio at the stream (traps placed across the stream and on the stream bank) and 
inland (traps placed 15 -75 rn from the stream). % mature females is calculated as 
(mature female/total catch of females) 100. 

Catchment Males Females % mature df Gp 
females 

At the stream 
26 April -5 June 2000 LI 2 524 749 7 1 39.98 <0.001 

LI 3 246 354 25 1 19.55 <0.001 
LI 4 164 277 8 1 29.28 <0.001 

13 June - 23 July 2000 LI 2 141 469 74 1 186.04 <0.001 
Ll 3 65 155 76 1 37.92 <0.001 
LI 4 67 461 79 1 330.22 <0.001 

Inland 
26 April -5 June 2000 LI 2 29 45 13 1 3.49 0.062 

Ll 3 37 42 29 1 0.32 0.574 
LI 4 3 9 22 1 3.14 0.076 

13 June - 23 July 2000 LI 2 17 34 85 1 5.78 0.016 
LI 3 25 25 96 1 0.00 1.000 
LI 4 20 33 91 1 3.22 0.073 
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Figure 5.5 Sex ratio in the catches at the stream (traps placed across the channel and 
on stream bank): a) LI 2, b) LI 3 and 0 LI 4. Solid lines represent a 1: 1 sex ratio. 
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Figure 5.6 Sex ratio in the catches inland (traps placed 15 - 75 rn away from the 
stream channel): a) LI 2, b) LI 3 and c) LI 4. Solid lines represent a 1: 1 sex ratio. 
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Table 5.3 Summary of Xý- tests of association, used to compare the sex ratio at the 
stream and inland in the first half of the flight period (26 April -5 June) and second 
half of the flight period (13 June - 23 July) 

Catchment df )? p 

ý6 April -5 June 2000 LI 2 1 0.113 0.737 
LI 3 1 0.978 0.323 
Ll 4 1 1.377 0.241 

13 June - 23 July 2000 LI 2 1 2.702 0.100 
LI 3 1 10.092 0.001 
LI 4 1 23.732 <0.001 

Figure 5.7 Sex ratio at the stream and inland in the first (26 April -5 June) and 
second half of the flight period (13 June - 23 July): a) LI 2, b) LI 3 and c) LI 4, White 
and black bars represent catches at the stream and inland, respectively. 
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Mortality 

Comparison of the total catch of immature and mature females shows variability in 

the proportion of the two groups between catchments (Table 5.4: Fig 5.8). At LI 2 the 

catch of mature individuals as a proportion of that of immature was 0.507 while at LI 

3 it Was 0.731. At LI 4a negative 'mortality' was detected as more mature than 

immature individuals were caught. An overall estimate of the mortality based on the 

mean catch of immature and mature individuals at the three catchments was 0.290. 

Figure 5.8 Temporal distribution of immature (white bars) and mature (black bars) 
females of Leuctra nigra in three catchments at Llyn Brianne: a) LI 2, b) LI 3 and c) 
LI 4. 
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Table 5.4 Catch of immature and mature females and mortality rate in three 
catchments at Llyn Brianne. 

Stage Numbers Proportion Mortality 
caught surviving rate 

LIZ Immature 866 1.000 0.493 
Mature 439 0.507 

L13 Immature 334 1.000 0.269 
Mature 244 0.731 

L14 Immature 361 1.000 -0.177 
Mature 425 1.177 

Mean (LI 2- 4) Immature 520 1.000 0.290 
Mature 369 0.710 

DISCUSSION 

Flight period and maturation time 

f 

The distribution of males and females over time indicated that the onset of the adult 

life (emergence) of both genders occurred at the same time. The females of L. nigra, 

like others of the suborder Filipalpia, emerge with immature eggs and generally 

require some maturation time before oviposition (Hynes 1942; Brinck 1949). The 

difference between the location of the median catches of immature and mature 

females suggests that this maturation took just under a month, which is similar to the 

results from studies of maturation of individual females (Chapter 3). Comparison of 

the mode of the catch of immature and mature individuals, however, indicated a 

slightly longer maturation period (32 - 40 days), which is also marginally longer than 

the results from a similar comparison in the modal catch in field studies in south-east 

England (Chapter 3). 
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The catch of males levelled out before that of the females, suggesting a longer female 

than male life span. Hence, 80 % of males had been caught by 7 June, whereas 80 % 

of all the females had not been caught before 17 June and, of mature females, before 

25 June. Direct studies of the individual adult life span of L. nigra also showed a 

longer life for the females (Chapter 3). These results suggest that a longer individual 

life span in females could provide some explanation for the female biased sex ratio 

found in the present and previous field studies of stonefl ies (Harper & Pilon 1970; 

Singh et aL 1984; Zwick 1990; Petersen et aL 1999a; Petersen et aL 1999b). 

Changes in sex ratio 

If the deviation from a 1: 1 sex ratio stems only from a difference in life span beiween 

the genders, a similar change in sex ratio would be expected both at the stream and in 

catches inland. In the present study, however, the female bias was much stronger at 

the stream than inland during the second half of the flight period (Fig 5.7), indicating 

a return of mature females to the stream and, thus, a possible directed habitat change 

in females during adult life. Most adult stoneflies did not move far from the stream 

channel, however, and estimates of dispersal by adult stoneflies showed that 50 % 

went less than 18 m from the stream channel (Chapter 4). The distinction in the 

behaviour and longevity between male and female stoneflies is evident only over 

fairly small spatial scales (< 20m from the stream) and, therefore, this narrow riparian 

strip is the habitat of importance to thern. Future studies of the behaviour of adult 

aquatic insects, and possible habitat changes, should focus on their local distribution 

within this distance from the stream channel. 
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Mortality 

The proportion of the total catch of mature to immature females was high and, 

consequently, a low mortality rate was estimated (0.290). This mortality rate over 

approximately 29 d. (the calculated period of maturation) is the first estimate of adult 

mortality in stoneflies based on data collected in the field. Studies on other aquatic 

insects involve counts of egg masses assuming one oviposition per female 

(e. g. Werneke & Zwick 1992; Wilcock 1998; Peckarsky et aL 2000) to assess adult 

mortality and contribution to next generation. However, that method is not applicable 

to L. nigra and many other stonef lies, as their egg masses disperse when they reach 

the water (Brinck 1949; Hynes 1976). 

The estimate of the mean proportion surviving obtained was 0.710 over 29 d., while 

the probability of female survival beyond 28 d in captivity was estimated at 0.435 

(0.346 - 0.528) (Chapter 3). Although the first measurement is a proportion and the 

latter is a probability, there is a discrepancy in the two estimates of survival. The 

question is whether the field data overestimate survival and/or the data from 

individuals kept in captivity underestimate survival. Intuitively a higher mortality 

would be expected from field based data, as the stonef I ies would be at risk from 

natural enemies and diseases. On the other hand it is also possible that the conditions 

provided for the individuals in captivity were not optimal, thus reducing survival. For 

the field method, based on a comparison of the proportion of the catch of mature to 

immature females, to provide a realistic survival (mortality) rate a number of criteria 

must be fulfilled. These assumptions are: i) the length of immature and mature stages 

is similar, ii) the catching effort is the same, iii) the catchability is the same for 

immature and mature individuals and, iv) there is no substantial net 
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immigration/emigration from the catching area. A comparison of the temporal 

occurrence of immature and mature individuals (Fig. 5.8) suggests that the length of 

the two stages was similar. Samples were taken at same intervals throughout the 

sampling period, and thus the catching effort was the same. It is assumed that there 

was the same catchability of immature and mature individuals, although this 

assumption is difficult to test. Thus, the first three criteria should apply similarly to all 

three catchments. The last criterion Ov) could differ between catchments and local 

movement, e. g. along the stream channel, could cause a variation in the proportion of 

mature to immature individuals, depending on whether the catching area is a 'net- 

producer' or 'net-receiver' of migrants. Thus, it is likely that the 'negative mortality' 

found at LI 4 was due to local immigration and may contribute to an overestimate of 

survival. Note that the increasingly female biased sex ratio late in the flight season 

was particularly marked at LI 4, further suggesting that the stream at this point was 

chosen for oviposition by a large number of mature females from elsewhere along the 

stream channel. In future studies, further replication of catchments could 'level out' 

the possibly variable effect of immigration/emigration in the different sites. 
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CHAPTER 6- THE SPATIAL AND TEMPORAL DISTRIBUTION OF 
LEUCTRID STONEFLIES AMONG NEIGHBOURING CATCHMENTS 

Plate 6.1 Adult Leuctra nigra 
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INTRODUCTION 

Basic questions about the distribution and coexistence of species are of enduring 

interest in community ecology (Tokeshi 1999). Why do some species dominate 

certain habitats and not others close by, and why are closely-related species often 

segregated, either on spatial or temporal scales? Community structure and the 

assembly of species has long been the focus of much ecological research (e. g. Cody & 

Diamond 1975; Gee & Giller 1987; Tokeshi 1999; Weiher & Keddy 1999). For 

instance, the distribution of aquatic macro invertebrates among streams has often been 

related to factors such as pH and aluminiurn concentration, with the implicit 

assumption that their abundance is linked directly to the physicochernical 

environment in the stream (e. g. Weatherley & Ormerod 1987; Weatherley & Ormerod 

1990; Rundle et aL 1995; Bradley & Ormerod 2002). This is clearly the case for some 

organisms, such as those that cannot survive in acid waters (Sutcliffe & Hildrew 

1989; Hildrew & Ormerod 1995). In many cases, however, the physicochemical 

environment may not be directly lethal but could determine how the organisms 

perform in biological interactions, such as interspecific competition (Crombie 1947; 

Park 1954; Hildrew et A 1984). 

A classic study of interspecific competition was conducted by Tansley (1917), who 

studied competition among two species of bedstraw (Galium spp. ) at acidic versus 

calcareous sites. Tansley (1917) found that, as long as the individual species were 

grown alone, they could both thrive on either soil type but, grown together, they 

mutually excluded each other and only one species grew successfully on each soil 

type. The results of this and other early studies of interspecif ic competition gave rise 
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to the 'Competitive Exclusion Principle' (Gause 1934) which states that if two 

competing species coexist in a stable environment they do so as a result of niche 

differentiation. If there is no such differentiation, however, one competing species 

will eliminate or exclude the other. We now have a much more pluralistic view of 

species coexistence (Tokeshi & Townsend 1987; Begon et aL 1990; Tokeshi 1999), 

incorporating the influence of spatiotemporal heterogeneity, scale and stochastic 

processes, but interspecific competition remains an important process. 

In this chapter I compare the distribution of four closely related stoneflies, occurring 

in acid and circumneutral catchments all in the same geographical area. The aim of 

the study was to relate the spatial and temporal distribution of the stoneflies not only 

to the physicochernical environment, but also to investigate if biological interactions, 

such as interspecif ic competition and/or predation, could provide plausible 

explanations for their distribution. 

METHODS 

Study organisms 

The four stonef ly species were Leuctra hippopus, L. inermis, L. moselyi and L. nigra 

and all live as nymphs in small stony streams and feed on detritus and plant material 

(Brinck 1949; Hynes 1977). Leuctra hippopus, L. inennis and L. moselyi have one- 

year life cycles (Khoo 1964) whereas L. nigra has a one or two year life cycle 

(Hildrew et aL 1980; Elliott 1987b). Leuctra hippopus emerges early in the year, with 

its peak flight period between February and April (Table 6.1), followed by L. inennis 

and L. nigra, which have their peak flight periods from April to June and April to 
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May, respectively. Finally, the flight period for L. mosetyi is July to August (Hynes 

1977; Elliott 1987a). Individual adult life span varies within and among species 

(Table 6.1). Thus, Elliott (1987a) recorded the longest life span for L. hippopus (32 - 

51 days) and the shortest for L. moselyi (14 - 27 days) (see also Chapter 3 for for I ife 

span of L. nigra). Studies of egg hatching showed that the percentage of eggs hatching 

varied with temperature and different optima were recorded for the individual species 

(Elliott 1987a). However, the time taken for 50 % of the eggs to hatch at 10 T varied 

by only a few days between the species (Elliott 1987a) (Table 6.1). 

Study site 

The study was caff ied out at six headwater streams all draining into the Llyn Brianne 

reservoir in mid-Wales, U. K. (52' 8'N, 3' 45' W). The streams are all similar in size 

(mean stream width, 1.5 - 1.8 m) but with different water chemistry (Table 6.2). 

Three streams drained moorland catchments (LI 5- 7) and are hereafter termed 

'moorland'. Two streams drained catchments; with clear-felled pined forest (LI 2& 3) 

and were acid. One stream (LI 4) ran through a dense plantation of sitka spruce (Picea 

sitchensis Carriere) and lodgepole pine (Pinus contorta Douglas ex Loudon). Liming 

experiments (with the addition of 25 t CaC03 ha-1) at LI 4 in 1987 resulted in an 

increase in mean annual pH from 5-5.1 before I iming to 6.1 - 6.2 (Rundle et aL 

1995; Bradley & Ormerod 2002). However, the assemblage of stoneflies at LI 4 

remained similar to that at LI 2&3 and this may be explained by the persistence of 

acid episodes, despite the liming (Bradley & Ormerod 2002). Catchments LI 2-4 

have thus been managed for forestation and are hereafter termed 'managed' 

catchments. 
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Table 6.1 Life cycle parameters for the study organisms. Information on flight period 
and individual adult life span was obtained from Hynes (1977) and Elliott (1987a). 
Mean length of incubation time was estimated from data and equation given by Elliott 
(1987a). 

Adult flight period Incubation time at 10 'C 

Species Range Peak flight Individual Days . for 50% of the eggs to 
period adult life span hatch 

Leuctra hippopus Feb - Jun Feb - Apr 32-51 32 
Leuctra inermis Apr - Aug Apr - Jun 15-39 36 
Leuctra moselyi Jul - Aug Jul - Aug 14-27 29 
Leuctra nigr-a Apr - Aug Apr - May 36-48 32 

Table 6.2 Study sites, six headwater streams draining into Llyn Brianne mid-Wales. 
Data on water chemistry from 1985-86 originate from Bird et al. (1990) and are 
means of routine weekly spot sampling. Data from 1998 and 2001 was obtained by 
Environment Agency (unpublished, public access data). (nd - no data) 

Land use Aluminiurn pH 
(mg/1) 

1985-86 1998 1985-86 1998 2001 
mean Annual mean Annual July 

mean mean 

LI 2 Cleared forest 0.53 0.44 4.57 4.93 5.53 
LI 3 Cleared forest 0.26 nd 5.33 nd nd 
LI 4 Forest 0.18 0.06 5.03 6.21 6.51 

LI 5 Moorland nd 0.03 nd 6.09 5.63 
LI 6 Moorland 0.05 0.05 6.82 6.93 6.97 
LI 7 Moorland nd nd nd nd 6.88 

Sampling design 

Adult insects were caught in Malaise (1937) traps that were placed along a transect at 

distances of 0,15,30,45,60 and 75 m perpendicular to the channel in each of the 

catchments. The traps were alternately staggered 5m on each side from the transect, 

in order to minimise any interference between traps. In addition, one trap was placed 

across each stream 15 m to one side of the transect. The traps were emptied every 8d 

and samples that contained insects killed in 70 % Isomethylated Spirit (IMS), were 
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brought back to the laboratory for sorting. The catch was identified to species using 

Hynes (1977) and this study included stoneflies belonging to the family Leuctridae in 

samples taken from 17 March to 16 August 2000. Data on nymphal abundance were 

obtained by the Catchment Research Group at the University of Cardiff, using a 

standard 3 minute kick-sampling procedure (Weatherley & Ormerod 1987). Benthic 

samples were taken annually in March/April from 1990 to 2000. 

Data analyses and statistical methods 

The data were analysed in MINITAB and were first tested for homogeneity of 

variance by Bartlett's test and for normality by the Kolmogorov-Smirnov test. The 

data were then logarithmically transformed and a comparison of the total abundance 

of each species in acid versus circumneutral catchments was tested by a t-test, with 

the catchments as replicates. The nymphal abundance was calculated as a mean over 

the ten years sampling period and the relation between the abundance in each 

catchment of nymphs and adults was tested using a Pearson's correlation on 

logarithmically transformed data. 

RESULTS 

Flightpefiods 

In total 12 286 adult leuctrids were caught, with Leuctra nigra and L. inennis 

dominating the catch (Fig 6.1). Leuctra hippopus was caught early in the study 

followed by L. nigra and L. inermis. Adult L. moselyi emerged after the flight period 

of L. hippopus had ended and when L. nigra and L. inermis were past their peak (Fig 

6.1). Hence, the flight periods of L. hippopus and L. moselyi were well segregated, 
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while those of L. nigra and L. inermis coincided. The relatively large number of L. 

hippopus taken in the first sample suggests that emergence of this. species had begun 

before sampling started on 17 March 2000. Similarly, the flight period of L. moselyi 

presumably extended beyond 16 August 2000, when sampling finished (Fig 6.1). 

Nymphal and adult abundance 

All four species were caught as adults in all six catchments, but their abundance 

varied among catchments (Fig 6.2). Adult and nymphal abundance was positively 

correlated for L. inermis (r 0.823, N 6, P 0.044, Fig 6.3) and almost 

signif icantly for L. nigra (r 0.784, N 6, P 0.065, Fig 6.3). There was no 

correlation between the nymphal and adult abundance of L. hippopus (r = 0.408, N 

6, P=0.349). Nymphs of L. moselyi were taken in one year only (1990) and, 

therefore, no comparison was made between adult and nymphal abundance. 

Spatial distrihution 

Significantly more adults of L. inermis were caught in the moorland than in the 

managed catchments (t = -3.65, P=0.022, df = 4, Fig 6.2 & 6.4), and the opposite 

was the case for L. nigra, with most individuals caught in the managed catchments (t 

= 6.03, P=0.0038, df = 4, Fig 6.2 & 6.4). The abundance of L. hippopus was similar 

among the catchments (t = 0.06, P=0.96, df = 4), while L. moselyi was abundant at 

LI 6 and 7, scarcer at LI 4 and 5, and almost absent from LI 2 and 3 (Fig 6.2). This 

was reflected in a marginally significant result for the t-test (t = -2.76, P=0.051, df 

4). 
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Figure 6.1 Temporal distribution of leuctrids expressed as the total catches of adults 
in Malaise traps in six catchments a) Leuctra hippopus, b) Leuctra nigra, c) Leuctra 
iner7nis and d) Leuctra moselyi. 
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Figure 6.2 Spatial distribution of leuctrids in managed catchments (left panel) and 
moorland catchments (right panel). Leuctra moselyi was caught in very low numbers 
in LI 2 (one individual) and LI 3 (three individuals). Similarly L. ýnennis was caught 
in low numbers at LI 4 and, hence, is not visible on the graph. 
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Figure 6.3 Scatter plot of nymphal and adult abundance. The nymphal data represent 
the overall mean of annual kick samples taken from 1990 to 2000, while data on 
adults represent total catch in seven Malaise traps at each catchment in 2000. Solid 
and open symbols represent L. iner7nis and L. nigra, respectively, and each data point 
represents one catchment. See text for correlation coefficients. 
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Figure 6.4 Spatial and temporal distribution of Leuctra inermis (solid bars) and 
Leuctra nigra (grey bars) in a) managed and b) moorland catchments. 
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DiscussioN 

Flightperiods 

The flight periods of all four species were within the same ranges recorded 

previously, although in this study the peaks of Leuctra inermis and L nigra were 

approximately a month later than described by others (Hynes 1977; Elliott 1987a). 

The relatively short duration of the adult life compared to that of the nymphs makes 

the former convenient to compare temporal distribution among species. Also, the 

timing of the adult life, together with the egg hatching period, determines the onset of 

the next generation and, hence, plays an important role in the temporal partitioning of 

the life cycles and of resource use by the nymphs (Humpesch & Elliott 1999). 

Nymphal and adult ahundance 

Given that the estimate of nymphal abundance is a 10 y mean, while the estimate of 

adult abundance is based on a single year, the relationship between the two is 

reasonably good. Thus, nymphal and adult abundance of the two dominant species, L 

inermis and L. nigra, were correlated. Leuctra hippopus was caught in much smaller 

numbers and random variation may hence have a larger effect on the data and explain 

why no correlation was found between the catches of nymphs and adults for this 

species. Nymphs of L. moselyi were found only in the samples from 1990, this 

perhaps being attributable to the small size of their nymphs at the time kick samples 

are taken every year (March/April). 
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Spatial distribution 

A clear spatial differentiation was found, with L. inermis dominating in the moorland 

catchments and L. nigra dominating the managed catchments, which suggests that 

differences in the physicochernical environment influence the spatial distribution of 

the two species. In a study of the community structure in southern English streams, 

Hildrew et aL (1984) also found that the relative frequency of L. nigra in the total 

stonefly community increased with declining stream pH. Similar results were 

obtained by Weatherley & Ormerod (1990) and Rundle et aL (1995), who classified 

L. nigra as an 'indicator species' for acid streams, whereas L inermis was 

characterised as acid sensitive (Weatherley & Ormerod 1990). 

Physiological constrains 

Physiological constrains may explain why acid streams are intolerable to many 

animals characteristic of neutral waters, but it is less easy to explain what features of 

circumneutral streams might exclude animals characteristic of acid waters (Sutcliffe 

& Hildrew 1989). For instance, in the context of the present study, acid sensitivity 

may explain the spatial distribution of L. inennis, and probably also of L. moselyi, but 

does not itself account for the scarcity of L. nigra in moorland catchments. 

Interspecific competition 

Interspecific competition and/or mutual exclusion (among other factors) could be 

explanations for the patterns observed. The flight periods of L. inermis and L. nigra 

coincided and the mean egg incubation period was similar for the two species (Elliott 

1987a; Humpesch & Elliott 1999), suggesting that the onset of the nymphal life of L. 

inermis and L. nigra also coincide. The species were separate in space and their 
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abundance in the different streams was negatively correlated, which might be 

attributed to L. inermis having a competitive advantage over L. nigra in the moorland 

catchments while the opposite might be the case in the managed catchments. Leuctra 

hippopus occurred equally in all catchments and had the same egg incubation period 

as the other leuctrids, but had an earlier flight period. This could reduce any 

interspecific competition between the nymphs of L. hippopus and the other leuctrids. 

Elliott (1987a) and Humpesch & Elliott (1999) suggested that the staggering of 

stonefly life cycles avoids competition for food and/or space among the nymphs of 

closely related species coexisting in the same community. The occurrence of 

staggered reproductive periods among groups of species is known for other insects, 

although it is difficult to establish a causal relationship with any postulated 

competition (Tokeshi & Townsend 1987; Tokeshi 1999). Irrespective of how 

staggered patterns developed in the past, however, once in existence these patterns 

tend to contribute positively to maintaining species coexistence (Tokeshi 1999). 

Further investigations are necessary to establish where in the life cycle any 

interspecific competition is likely to occur, and whether niche differentiation is based 

on size of the nymphs. Hence, nymphs of L. nigra have a contagious size-specific 

dispersion pattem throughout the year, related to food resources and refugia (Hildrew 

et aL 1980; Lancaster & Hildrew 1993). Similar dispersion patterns may apply to the 

other leuctrids but little research has been conducted on these species. Differences in 

food quality and quantity between managed and moorland streams are also likely to 

affect the species composition and abundance (e. g Groom & Hildrew 1989; Sutcliffe 

& Hildrew 1989; Friberg & Larsen 1998) and the outcome of interspecific 
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competition for food might provide a possible explanation for the spatial distribution 

among streams. 

In this study I have chosen to compare the distribution among stoneflies which are 

taxonomically closely related and have similar food requirements as nymphs (at least 

on a coarse scale). However, these species are not living in isolation and interspecific 

competition is also likely to occur with species that are not taxonomically closely 

related but simply have similar resource requirements e. g. species within the same 

feeding guilds (for a definition of feeding guilds see Cummins &Merritt (1984)). In 

general, species richness and total invertebrate abundance is higher in the 

circumneutral streams (e. g. Hildrew et aL 1984; Weatherley & Ormerod 1990; 

Bradley & Ormerod 2002: see also Chapter 4). It is possible that L. nigra has been 

'pushed' out of the moorland streams by interspecif ic competition not only with L. 

inermis but also with other invertebrates sharing similar resources. On the other'hand, 

the lower species richness in acid streams, and as a consequence the reduced 

interspecif ic competitive pressure, may allow L. nigra to flourish in these stream. 

The ýpredation hypothesis' 

The 'predation hypothesis' (Sutcliffe & Hildrew 1989; Hildrew & Ormerod 1995) 

provides an additional explanation for the distribution of invertebrates among 

circumneutral and acid streams. It proposes that in cases where a predator is 

susceptible to acidification but its prey are resistant, the prey may increase in 

abundance under acid conditions. Hence, Schofield et aL (1988) suggested that the 

absence of fish from acid streams explained the widespread distribution of the 

caddisfly Plectrocnemia in such streams. In relation to the present study, it seems 
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unlikely that L. nigra is more prone to fish predation than L. inennis in moorland 

streams, but further studies of the microdistribution and behaviour, of the two species 

might reveal such a difference. 

The 'temperature hypothesis' 

Differences in water temperature have been suggested as another environmental factor 

determining the spatial distribution of species occurring at the same time (Elliott 

1987a). Elliott (1987a) hypothesised that the limited distribution of L. nigra may be 

due to lower temperature requirements and a lower temperature optimum for egg 

hatching. Hence, the egg hatching optimum for L. nigra was 6.7 'C and that for L. 

inermis was 9.7 'C (Elliott 1987a; Humpesch & Elliott 1999). In this study, however, 

L. nigra flourished in LI 2 and LI 4, where water temperature measurements obtained 

with min-max thermometers showed temperatures around 10 'C in May - August 

2000 (unpublished data), which is the period when both L. nigra and L. inemis 

oviposited. Water temperature was not measured in Ll 5-7 and there are no long- 

term water temperature measurements for the streams at Llyn Brianne. 

Conclusion 

In conclusion, both physiochernical factors, such as stream pH, and biological 

interactions including interspecific competition, may influence population dynamics 

and provide plausible explanations for spatial distribution. Such observational data 

provide no direct evidence, however, and other explanations are feasible (Begon et al. 

1996). The fact that L. inermis is rare in acid streams does not prove its physiological 

sensitivity nor does the inversely correlated abundance of L. inermis and L. nigra 

demonstrate reciprocal competitive exclusion. The distributional patterns, however, 
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provide a good background to generate hypotheses to be tested by experimental 

manipulations or other means. In this case exclusion experiments, like that conducted 

by Tansley (1917) on Galium spp., would provide useful insights on the spatial 

distribution of these stoneflies, though such experiments are extremely difficult to 

design for small and mobile aquatic insects such as Leuctra spp. 
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CHAPTER 7- ESTIMATES OF DISPERSAL AND GENE FLOW IN THE PAST 

AND THE FUTURE 

Plate 7.1. Transect of Malaise traps 

131 



INTRODUCHON 

Habitat fragmentation caused by human activities has lead to a renewed interest in 

habitat management and conservation, and information about population dynamics is 

required to answer questions about population persistence and the probability of 

recolonization in cases of local extinction (McCullough 1996). Four factors influence 

population size and, thus, population dynamics: natality, immigration, mortality and 

emigration. In recent years renewed attention has been given to dispersal, as it is now 

recognised that most natural systems are "open", and dispersal and colonisation are 

important variables when modelling such systems. However, it is still difficult to 

conduct empirical research which separates immigration from birth and emigration 

from death, and only few such studies have been carried out so far (Hanski 2001). 

Most information about immigration and emigration is, therefore, based on estimates 

made from models of dispersal and gene flow. 

The aim of this chapter is to give a brief introduction to the methods frequently used 

to estimate dispersal, to evaluate possible reasons for the over/under estimation of 

dispersal and to discuss discrepancies between the results by various methods. Many 

of the methods described apply equally to studies of dispersal in both animals and 

plants. My work, however, has focused on the dispersal of adult aquatic insects 

(Petersen et aL 1999a and see also Chapter 4) and, therefore, many (but not all) of the 

examples described/discussed here are related to the study of dispersal and gene flow 

in (aquatic) insects. 
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ESITMATES OFDISPERSAL AND GEIVEFLOW 

Terminology 

Estimates of immigration and emigration have been obtained in a number of methods. 

Slatkin (1994) draw a distinction between them by allocating the term 'direct 

methods' to these depending on observations or experiments that measure directly the 

extent of dispersal. The term 'indirect methods' has been used to describe approaches 

that infer the extent of dispersal from estimates of gene flow obtained from 

differences in allele frequency between populations (Slatkin 1994). Other authors 

have used terms such as 'demographic' and 'genetic' estimates in an equivalent sense 

to direct and indirect methods, respectively (Rousset 2001). However, genetic 

markers, have also been used in making direct estimates of dispersal (e. g. Boýven 

1995; Palsboll et aL 1997; Hagler & Jackson 2001) and, therefore, I use the terms 

direct and indirect methods in this chapter. 

The definitions of the terms dispersal and migration have been widely discussed (e. g. 

Johnson 1969; Endler 1977; Gaines & McClenaghan 1980; Turchin 1998). Endler 

(1977) and Gaines & McClenaghan (1980) defined dispersal as movements over a 

short distance made by individuals away from a natal site, which can be continual 

rather than periodic and occur within or between generations. On the other hand, 

migration was defined as a long distance, directed movement over a specific time 

period within a generation by individuals or groups of individuals (Gaines & 

McClenaghan 1980). Migration was defined by Johnson (1969) as the transference of 

adults of a new generation from one breeding habitat to others. Johnson (1969) shows 

how the views about insect migration and dispersal have changed and uses 'adaptive 

dispersal' synonymously with migration. Turchin (1998) preferred to use dispersal for 
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the one kind of population redistribution that leads to spatial spread. For simplicity, I 

use the term dispersal in this thesis to cover both dispersal and migration, although 

some of the movements described might be a part of migration rather than dispersal, 

using the strict definitions of Endler (1977) and Gaines & McClenaghan (1980). 1 use 

the definition of gene flow referred by Gaines & McClenaghan (1980) as "the 

'movements' of genes and their subsequent incorporation into new gene pools". 

Direct methods 

A number of models of dispersal are based on the empirical measurement of 

population movement from either a point or linear source. Thus, insect and plant 

dispersal has often been described by curve fitting methods applying inverse power or 

negative exponential functions (Fig 7.1: e. g. Okubo & Levin 1989 and Southwood & 

Henderson 2000). 

Fig 7.1 Models frequently used to describe dispersal of insects and plant: Negative 
exponential model, y = ae-" (dashed line) and inverse power function, y = ax-' (solid 
I ine), wherey is number of individuals at distance x from a source. 
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Other methods involve individual-based models, which are versatile in their use and 

can provide valuable information about how physical, as well as biological, factors 

influence individual movement (e. g. Turchin 1998; Southwood & Henderson 2000). 

tstimates of the parameters in individual -based models can be obtained by direct field 

observation or experimentally (e. g. by scaled down model versions of the whole 

landscape), and have been used to assess how landscape structure affects individual 

movements (e. g. Wiens & Milne 1989; Crist et aL 1992). Thus, plots of individual 

I 
movements have been used to predict the rate of population dispersal by random walk 

in diffusion models (Turchin 1998). Further discussion of ind iv idual -based models is 

provided by DeAngelis & Gross (1992) and Turchin (1998). Diffusion models have 

also been used to model population redistribution. Thus, Thomas et aL (1990), used 

this approach to study the recovery of spiders in an area to which pesticides had been 

applied. Southwood & Henderson (2000) and, in particular, Turchin (1998) provide 

an extensive review of the use of diffusion models to describe dispersal. 

Indirect methods 

Indirect methods for the estimation of dispersal are based on theoretical models of 

population structure. Thus, Wright (1931; 1951) introduced the island model as a 

background for predicting a relationship between the variance in allele frequency 

among populations and the number of migrants a population receives per generation. 

Other models of population structure have been developed, such as isolation-by- 

distance (Wright 1946) and the 'stepping-stone' (Kimura & Weiss 1964). The island 

model has, until recently, created the basis for a large number of studies of gene flow 

between populations based on Wright's (1951) F-Statistics (Bossart & Prowell 1998; 

Rousset 2001). Wright (1951) proposed a simple relationship between the allele 
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frequency among populations relative to the entire population (FsT) and the numbers 

of migrants per generation described by: 

FsT = 4Nm+l 

where N is the effective population size and m, is the immigration rate. The size of 

Nm indicates the differentiation between the populations. Nm <<1 indicate a low gene 

flow between populations, whereas Nm values much greater than 1 indicate that gene 

flow overcomes the effects of drift and prevents local differentiation (Wright 1951; 

Slatkin 1994). 

Other methods involve the relatedness between populations and this has been assessed 

by studies of their genetic identity and distance. The methods do not provide estimates 

of migration, but indicate any differentiation between populations. For example, 

Jackson & Resh (1992) and Wilcock et aL (2001) used the method of Nei (1972), to 

identify variation in genetic structure among populations of caddisflies. Correlations 

between genetic and geographic distance have been calculated in order to estimate 

possible dispersal (e. g. Wilcock et aL 2001; Schultheis et at. 2002; Miller et aL in 

press). 

A method using the distribution of rare alleles, that in isolated populations can obtain 

a high frequency because of genetic drift, has also been proposed as an indicator of 

gene flow (Slatkin 1985). The method, however, is relatively sensitive to errors in 

data collection (Slatkin 1994). 
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Another approach to the analysis of gene flow is the use of maximum-likelihood 

estimates. A whole range of estimates exists, but they are often tailored to specific 

studies. Rousset (2001) provides a brief discussion of some likelihood approaches. 

CONCORDANCE OR DISCREPANCY? 

There are thus a number of methods for the estimation of dispersal and gene *flow and, 

therefbre, a further question is to ask how these estimates compare with each other. 

Are the same results obtained from different methods? Most studies have used either 

direct or indirect methods to study dispersal and population structure. A few authors, 

however, have applied both methods or, in addition to indirect methods, have 

evaluated dispersal ability on the basis of behavioural observations or from a 

knowledge of the natural history of the species (e. g. Bohonak 1999). 

Here I will discuss the reasons for discrepancies between the estimates, and 

particularly when direct methods indicate a lower rate of dispersal than the indirect 

methods (see, for example, Slatkin 1994; Geenen et al. 2000; Monaghan et al. 2000; 

Wilcock et A 2001). This disparity may seem counterintuitive, since direct methods 

estimate dispersal whereas indirect methods indicate colonisation success (Gaines & 

McClenaghan 1980), and we might expect the latter only after several dispersal 

events. Explanations could be that direct methods underestimate long-distance 

dispersal and/or indirect methods overestimate dispersal. Critical examination of the 

methods used and assumptions made is therefore necessary. 
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Direct estimates of dispersalfrom a patch orpoint of origin 

Many organisms naturally occur in patches and/or marked organisms have been 

released from a point source. The dispersal pattern from these points of origin can 

often be described by a leptokurtic distribution, where most individuals are caught 

close to the source and only a few are caught further away. This distribution may be 

biased, however, because the probability of capture declines with distance from the 

source as the circumference of the area over which the organism can disperse 

increases (Fig. 7.2) (Assungdo & Jacobi 1996). If the same number and size of traps 

are used at different distances from the source the probability of capture follows an 

inverse power function (Fig 7.3). Thus, the chance of catching an individual 100 m 

from the source will be 1% of that 1 rn from the source. To prevent underestimýtion 

of long-distance dispersal, therefore, it is necessary to take capture efficiency into 

account either in the design of the study and/or in thepost-sampling data analysis 

(Assung5o & Jacobi 1996). 
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Figure 7.2 Dispersal from a point source (grey circle). The probability of capture 
declines with distance from the source as the circumference of the area over which the 
individuals can disperse increases. Black bars represent identical traps placed on a 
radius from the point source. 

( 0) 

Figure, 7.3 The probability of catch from a point source scaled to unity at Im from the 
source. The relationship can be described by y=I 00x-' for x ý: 1, wherey is the 
probability of catch at distance x from the source, provided the same number and size 
of traps is used at all distances. 
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Direct estimates of dispersalfrom a linear source 

Dispersal has also been estimated from a linear source, as in the dispersal of adult 

aquatic insects from a segment of stream or a lake shore or across a boundary between 

two habitats (e. g. Sode & Wiberg-Larsen 1993; Kovats et aL 1996; Collier & Smith 

1998; Griffith et aL 1998; Petersen et aL 1999a). Assuming that all organisms move 

until they are caught and there is an even dispersal pattern along the line, there will be 

an equal probability of capture in the traps placed at different distances from a linear 

source of infinite length. In reality these assumptions will rarely be met, but by 

placing traps in the middle of the source the violation of the assumption of infinity of 

the source may be negligible. It is less likely that the first assumption will be met that 

all organisms move until they are caught. If an organism has a limited range of 
, 

movement it may affect the probability of catch in traps placed further away. This can 

be shown by simple algebra. If traps are placed on a transect perpendicular to the 

linear source, the relation between the 'catchment stretch' for a trap (i. e. the segment 

of the linear source from which organisms can disperse as far as the trap) and the 

distance between the trap and the source can be described by the equation of 

Pythagoras: 

az +b 
2 

=C2 

Where a represent the perpendicular distance between the trap and the source, b 

represents half of the catchment stretch for the trap and c represent the dispersal range 

(Fig 7.4). Given that the dispersal range is constant, the relation between a and b can 

be described by: 

Vc' 
-az 

This relationship indicates that traps placed close to the source will have a longer 

catchment stretch than traps placed further away (Fig 7.4). 

140 



Fig 7.4 Dispersal from a linear source. If the dispersal range W is constant, traps 
placed close to the source (a2) sample a larger catchment stretch (2b2 > 2bj) than traps 
placed further away (a, ). See text for further explanation. 

an \C 

source 

Length of catchment (2bi) 

a2 

Length of catchment (2b2) 

Table 7.1 Examples of the catchment stretch for traps placed on a transect 
perpendicular to a linear source. The length of the catchment stretch is derived from 
b 

ý- -2 

=C a2 

Dispersal range (c) 75 150 225 300 

Distance between trap 
and linear source (a) Catchment stretch (2b) 

15 147.0 298.5 449.0 599.2 
30 137.5 293.9 446.0 597.0 
45 120.0 286.2 440.9 593.2 
60 90.0 275.0 433.7 587.9 
75 0.0 259.8 424.3 580.9 

Difference in 147.0 38.7 24.7 18.3 
catchability (75 - 15) 
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The difference in 'catchability' between traps placed near the source and traps placed 

further away will depend on the dispersal range (Table 7.1). The difference in 

catchability will be of minor importance if c >> a (i. e. the dispersal range is much 

larger than the distance between the most distant trap and the linear source). The 

difference in 'catchability' between the traps will be more pronounced, however, if 

the dispersal range is only slightly larger than the distance between the most distant 

trap and the linear source (Table 7.1) and will be another source of the 

underestimation of long distance dispersal. Independent estimates of the dispersal 

range can be obtained by following individual movement or by marking experiments, 

although these are in practice very time consuming and/or difficult. 

Sensitivity offunctionsfifted to emphrical data 

In modeling the dispersal of individuals from a source, negative exponential and 

inverse power functions are usually fitted by taking the appropriate logarithms, 

followed by linear, least-squares regression (Okubo & Levin 1989; Bullock & Clarke 

2000). These transformations reduce the influence of large catches near the source on 

the overall shape of the function (Bullock & Clarke 2000). However, low counts 

obtained at long distances from the source are inherently more variable, due to the 

greater influence that the chance addition or removal of one individual has on the total 

number recorded. Small changes in the numbers of individuals recorded at distance 

have a disproportionate effect on the parameters of the fitted curve and, consequently, 

also on the estimate of dispersal (Fig 7.5). 
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Long distance dispersal is also more likely to be underestimated by curve fitting for 

small populations, since the chance of catching just a few individuals further from the 

source is less compared to large populations. 

Figure 7.5 The effect on the parameters of a negative exponential function of small 
changes in the number of individuals recorded a) near the source and b) at greater 
distances. The solid lines and symbols represent the data and dispersal model of an 
idealised population explained byy = exp(4.064 -0.039x). The dashed lines ýepresent 
the new models after a small number of individuals have been removed from near the 
source (a) or distant from it (b). In a) two individuals were removed at Orn and one at 
15m. in b) two individuals were removed at 75m and one at 90 m. The model in (a) 
was changed only slightly from the original (y = exp(4.039 -0.039x), while in (b) the 
removal had a larger effect on the model (y = exp(4.267 -0.049x). 
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Indirect estimates of dispersal obtainedfrom FST 

A large number of studies have obtained estimates of differentiation between 

populations using Wright's (1951) F-statistic. Indeed, Bossart & Prowell. (1998) 

found that the majority of studies published in Evolution in 1996 to mid-1997 were 

based on an interpretation of Wright's F-statistic. Low values of FsT indicate a low 

genetic differentiation between populations. These values of FST, translated into 

estimates of dispersal under the assumptions of the island model (Wright 1931; 1951), 

result in high estimates of the rate of migration. An underlying question is whether 

these estimates of dispersal are reliable or whether the low genetic differentiation 

between populations could be caused by factors other than dispersal. In the following 

section I examine the assumptions of the island model and discuss possible alternative 

factors causing low genetic differentiation. 

The island model of Wright (1931) incorporates an array of assumptions, such as that 

of an infinite number of populations that contribute equally to the pool of migrants. 

The theory also assumes that each population has reached equilibrium between 

migration and genetic drift and will persist indefinitely. Finally, it assumes no 

selection or mutations. Real populations will rarely match all or any of these 

assumptions and the consequences for the estimates of gene flow may be severe 

(Whitlock & McCauley 1999). Therefore, it is important to be aware of other factors 

that may cause low genetic differentiation before interpreting it as an effect solely of 

high gene flow. 

A number of factors may cause low genetic differentiation between populations. For 

example, if the species has experienced a recent range expansion there may not yet be 
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equilibrium between migration and genetic drift (e. g. Whitlock & McCauley 1999; 

Wilcock et aL 2001; Schultheis et aL 2002). Similarly, natural selection can prevent 

differentiation if the same selection pressure acts on several populations. Of course 

natural selection could also act to cause population divergence if selection differs at 

different localities. If a group of populations has been through a bottleneck, or is a 

result of few founders, genetic differentiation can also be low. Finally, the genetic 

structure of two populations may be similar, even if there is no migration between 

them, because they received genes from the same source or if their habitat has been 

fragmented recently (Monaghan et aL 200 1; Monaghan et aL 2002). Hence, genetic 

population structure is determined by a number of factors and differentiation between 

populations results not only from genetic drift and migration, as envisaged by the 

island model (Whitlock & McCauley 1999). Caution needs to be taken in the 

interpretation of genetic data. Although FST may be a good measure of the genetic 

differentiation among population it may not translate into an accurate estimate of gene 

flow (Whitlock & McCauley 1999). 

Caution should also be taken in the interpretation of the results in the case of the 

opposite outcome, where high genetic differentiation has been found mainly at a local 

scale. For instance Schmidt et aL (1995) and Bunn & Hughes (1997) found significant 

genetic differentiation of populations of true bugs, caddisflies and mayflies at sites 

within subtropical streams. This heterogeneity was interpreted as a result of limited 

adult movement together with egg production by relative few females (Bunn 

Hughes 1997). It might be related to asynchronous emergence pattern in these 

subtropical streams, but further research is necessary to clarify if this is the case or 

whether other mechanisms could cause the pattern observed. Hence, the results of 
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Bunn & Hughes (1997) are inconsistent with the study of Peckarsky et aL (2000), 

who explained local egg recruitment by inter-reach dispersal by females of the mayfly 

Baetis sp. Marking experiments of mayflies and caddisflies also suggest substantial 

movements of adults along the stream channel (Coutant 1982; Hershey et aL 1993). 

Equally does the results of my studies indicate movements of adults along the stream 

(Chapter 4& 5). 

Estimates differ with the spatiotemporal scale of the method adopted 

The spatial and temporal scales at which estimates of dispersal are carried out vary 

with the method adopted. Thus direct methods are often limited to studies of local 

dispersal, whereas indirect methods are also used to compare gene flow over longer 

distances. Similarly, estimates of dispersal derived from indirect studies rely on 

assessment of gene flow occurring over many generations and are, therefore, 

estimates of long-term migration (Bohonak 1999; Whitlock & McCauley 1999; 

Monaghan et al. 2000; Wilcock et al. 2001). Direct estimates of dispersal distance are 

typically obtained from relatively short-term studies lasting at most one or a few 

generations (Koenig et aL 1996). The study of dispersal and gene flow of the 

caddisfly Plectrocnemia conspersa provides a good example. Petersen et at. (1999a) 

and Sode & Wiberg-Larsen (1993) found that only a few individuals were caught at 

distances further than 30 m from the stream channel. Studies using light traps suggest 

that dispersal at further distances can occur. For instance, Svensson (1974) caught a 

low number of individuals up to 1000 m away from the nearest stream. On the other 

hand, Wilcock et aL (2001), inferred dispersal over much greater distances (tens of 

kilometres), in this case using indirect methods. The larvae of P. conspersa live in 

small, often acid, streams (Edington & Hildrew 1995). These patchy, larval habitats 
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are often situated relatively close to each other (in contrast to larger rivers). Therefore, 

even if adult dispersal within one generation is restricted to quite short distances (as 

measured by direct methods), dispersal over longer distance could occur over several 

generations (estimated by indirect methods) perhaps by the use of a series of 

d6stepping stones" in the landscape. 

It is often assumed that the pattern of dispersal is constant for a species and t hat all 

indiviýuals have the same propensity to stay or wander and, therefore, just one model 

fits the data. There are many reasons to suspect that there may be more than one 

dispersal pattern, however. The extent of dispersal is likely to vary over time as a 

result of temporal variation in environmental or climatic conditions (Johnson 1969; 

Slatkin, 1994; Rousset 2001) and, hence, estimates will depend on the conditions 

during the study. This is particularly true of rare, long-distance dispersal events, 

which are often associated with extreme weather (Johnson 1969). Frequent short- and 

occasional long-distance dispersal may, in effect, be governed by different processes 

and, hence, estimates of long distance dispersal based on the frequency of short 

distance events may underestimate the extent of movement. If dispersal results from 

two distinct mechanisms, local and long-distance dispersal, stratified dispersal models 

may be more appropriate (Shigesada et aL 1995). 

FUTURESTUDIES OFDISPERSAL AND GENE FLOW 

Studies of dispersal and gene flow have come to a watershed. We realise that many 

direct methods underestimate dispersal, whereas indirect methods such as Wright's F- 

statistic cannot distinguish between historical associations and contemporary gene 

flow and, therefore, are inadequate for the estimation of the latter (Bossart & Prowell 
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1998; Whitlock & McCauley 1999; Nielsen & Slatkin 2000). As a consequence, there 

is a need for further development of methods, a process which is already underway 

(e. g. Bossart & Prowell 1998; Rousset 2001). 

Direct methods 

Future studies of dispersal by direct methods could well be based on a combination of 

approaches measuring the movement of both populations and individuals (Turchin 

1998). Individual -based models may give valuable information about the range of 

dispersal. There are, however, limitations to the simulation approach (Gross et aL 

1992; Turchin 1998) and the lack of a common framework makes it difficult to draw 

comparisons between studies (Gross et A 1992). 

New techniques for the direct study of dispersal are still being developed. Studies 

based on marking have often suffered from the problems of a low rate of recapture 

and/or that the organisms changed their behaviour after marking (Turchin 1998; 

Southwood & Henderson 2000; Hagler & Jackson 2001). Therefore, there is a need 

for marking methods which do not affect the organisms and easily mark a large 

number of individuals. Jackson et aL (1999) successfully used a self-marking 

technique by letting larvae of caddisflies incorporate coloured material into their 

cases. Some insects emerge with immature oocytes, and a period of maturation is 

required before oviposition e. g. some families of stoneflies (Zwick 1990). If the 

maturation period is fixed and is known, this can potentially be used as a marker in 

studies of dispersal (see Chapter 3). Equally, developments in the use of stable isotope 

tracers as marking agents (e. g. Hershey et al. 1993; Hagler & Jackson 2001) have the 

potential to improve the utility of marking. Finally, techniques such as harmonic radar 
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(M ascanzoni & Wallin 1986; Lovei et al. 1997) make it possible to study the 

movement of a single individual over long distances. Improvements in genetic 

technology will also open the way for more studies of dispersal using molecular 

rn'arkers (e. g. Bowen 1995; Palsboll et aL 1997). 

Indirect methods 

Whereas previous research using indirect methods to estimate gene flow based on 

Wright's F-statistics was relatively simple, future approaches may be rather more 

complex. New methods will be based on theoretical models other than the island 

model. For example, Rousset (1997) found better agreement between direct and 

indirect estimates by using a method derived from isolation-by-distance models. 

Likelihood analyses are also under development and it is probable that the F-'statistic 

will be superseded by likelihood methods, but it is still an open question which 

method(s) will prevail (Rousset 2001). 

Conthination of indirect and direct methods 

It has been stressed by several authors that there is a need for combining indirect and 

direct methods (Bossart & Prowell 1998; Whitlock & McCauley 1999; Rousset 2001). 

A comparison of estimates based on direct and indirect methods is one way to test the 

validity of the latter (Rousset 2001). If there is no reconciliation between the direct 

and indirect estimates there is good reason to explore those ecological features that 

might cause a departure from the assumption of the theoretical models (Whitlock & 

McCauley 1999). Thus Miller et al. (in press) concluded that the direct observation of 

dispersal was necessary to interpret hierarchical allocation of genetic variation across 

catchments. 
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QUANTIrATIVE FS17MATES OFLIFE CYCLE PARAMETERS 

Hitherto, our understanding of the population dynamics of aquatic insects has been 

based overwhelmingly on information about the larval stage. However, to understand 

population dynamics it is essential to obtain full demographic data, including 

parameters for the adult stage (Wilbur 1980; Enders & Wagner 1996; Peckaisky et aL 

2000; Speirs et aL 2000). A part of this study, therefore, aimed to develop methods 

and to obtain quantitative estimates of life cycle features such as emergence, adult life 

span and fecundity. 

Emergence 

In the study of the emergence of Leuctra nigra from Broadstone stream, it Nýas 

demonstrated that emergence of this species is associated with the quantity of 

emergent substratum. Thus, a positive relationship was found between the linear 

extent of emergent substratum (i. e. of the meniscus through which the insects emerge) 

and the mean number of individuals emerging. Hence, 53.5 % of the variation in 

emergence trap catches could be explained simply by the length of emergent 

substratum underneath the traps. Therefore, the method used in this study (estimating 

the number of emerging individuals from the length of meniscus) suggests a potential 

method for estimating emergence quantitatively. The method, although it requires 

further development, may prove to be more accurate for censusing the adult 

population of stoneflies than methods adopted previously. 
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A du It su rviva Ilm o rta lity 

Estimates of adult survival/mortality of L. nigra were obtained from i) individuals 

kept in captivity and ii) of females in field studies, comparing the catch of mature to 

immature individuals. A discrepancy was found in the two estimates of survival with 

the highest survival found using method (ii). Intuitively a higher mortality would be 

expected from field based data, as they would include mortality from natural enemies 

and diseases. However, it is also possible that the conditions provided for the 

individuals in caPtIvItY were not optimal, thus reducing survival. For the field method 

to provide a realistic estimate of survival rate, the length of immature and mature 

stage should be similar, and the catching effort and catchability of immature and 

mature individuals the same. Finally there should be no substantial net 

immigration/emigration from the catching area. A 'negative mortality' was found at 

one catchment which could be interpreted as local immigration and thus contribute to 

an overestimate of the survival. 

Potential egg recruitment 

A crude estimate of potential egg recruitment was obtained by combining the results 

of studies of adult life span, maturation time and the numbers of eggs laid by females 

kept in captivity. Thus, it was estimated that from 1000 emerging females potentially 

44000 eggs would be laid. This estimate was based on the probability of adult 

survival estimated from individuals in captivity. Using the estimates of adult survival 

based on field observations (see above) might lead to an even higher estimate of egg 

recruitment, although many of the mature females (which included both newly mature 

and fully mature individuals) in the field study might die before oviposition. 
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THE sEAR cH FoR DE vEL opmENTAL mARAERs 

Data on maturation in L. nigra females were obtained using various methods in 

different localities. Thus, a clear temporal division was found between immature and 

mature females for the insects reared in captivity. No mature individuals were 

encountered before the end of the fourth week after emergence and no immature 

individuals were found after that time. This finding agreed with observations made 

under field conditions, though a marginally longer maturation time was found at Llyn 

Brianne than in individuals from Broadstone Stream. This suggests that an 

approximate distinction can be made based on the two categories of immature and 

mature females and that the maturity of adult females of L. nigra can be used as a 

rough age marker. This was used in studies of adult survival and analysis of spatial 

distrib6tion (see below) Further, the estimate of emergence was improved by 

excluding mature females from catches in pyramidal traps. The fact that L. nigra is 

able to oviposit between 10 - 20 days after emergence under laboratory conditions 

(Elliott 1987b) suggests that the maturation period can be shorter under certain 

circumstances. Future research should, therefore, focus on the effect of parameters 

such as temperature and food quality/quantity on maturation time (Hynes 1974; 

1976). 

POSSIBLE EXPEANA TIONS FOR A FEMALE-BIASED SEX RA TIO AMONG AD UL T 

STONEFLIES 

Studies of the duration of the individual life span in L. nigra obtained from 

individuals kept in captivity, revealed a highly variable life span ranging from 11 to 

64 days. The results of the survival analysis indicated a somewhat longer median 
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life span but the difference became more pronounced later on. Extensive field studies 

revealed a similar pattern, in that the onset of the male and female flight periods was 

the same but the catch of males was complete about ten days before that of the 

females. The same field studies also revealed a much stronger female-biased sex ratio 

at the stream rather than inland in the second half of the flight period. This bias 

coincided with maturation of the females, indicating a return of mature females to the 

stream. Similarly in the study of emergence, the preponderance of females was most 

pronounced towards the end of the study and was due to the capture of mature 

females. 

These results suggest that the deviation from a 1: 1 sex ratio in L. nigra, observed on 

local spatial and temporal scales, stems from a systematic discrepancy in life span 

between the genders, with shorter-lived males, together with a directed habitat change 

by the females. 

SPATIAL AND TEMPORAL DISTRIBUTION OFADULTAQUA77C INSECTS 

Lateral dispersal of adult aquatic insects 

Extensive field studies of the lateral dispersal of adult aquatic insects showed that 

most individuals stayed close to the stream channel. Thus, half of the stoneflies 

travelled less than 18 m, while 90 % travelled less than 60 m from the stream channel. 

The local dispersal range of caddisflies and of females of mayflies was even shorter. 

Thus, the data obtained on lateral distribution in this study complement existing 

information on lateral distribution of adult aquatic insects (e. g. Svensson 1974; Sode 
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& Wiberg-Larsen 1993; Kuusela & Huusko 1996; Collier & Smith 1998; Griffith et 

aL 1998; Petersen et aL 1999a; Delettre & Morvan 2000). 

Effect of land use on lateral dispersal 

The fact that most adult aquatic insects stay close to the stream channel also bxplains 

why there was little distinction between lateral dispersal in the different catchment 

land u. ses. However, it is still too early to conclude that land use has no effect on 

dispersal. Adult abundance was much lower in the forested catchments than in the 

cleared or moorland. Hence, the probability of an individual reaching another stream 

is lower from a forested catchment than from cleared forest or open moorland. 

Further, any rare, long-distance dispersal events across watersheds, inferred but not 

observed directly in this and most other studies, could be affected by land-use. 

Direction of movement close to the stream channel 

The results of this study also suggest that the most likely route of dispersal is in the 

'stream corridor' itself, rather than laterally away from the stream channel. Future 

research should, therefore, be aimed at quantifying the extent and distance of dispersal 

within the 'stream corridor'. While most of the previous research has focused on 

whether there is a signi cant upstream migration in relation to the colonization cYcle 

(e. g. Mill ler 1982; Petersen et aL 1999b; Kopp et aL 200 1), 1 ittle effort has been made 

to estimate the actual distance of adult dispersal in both up- and down stream 

directions. Focus should be on landscape connectivitY within the stream corridor in 

relation to population dynamics (Taylor et aL 1993) in order to clarify whether the 

various types of riparian vegetation act as barriers or corridors for dispersal (Delettre 
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& Morvan 2000). There was some evidence in this study of substantial dispersal of 

mature females to oviposition 'hot spots' along the stream. Thus, the large female 

biased sex ratio later in the flight season at LI 4, coinciding with a negative estimate 

of mortality, suggests such a phenomenon in that catchment. 

Spatial and temporal distribution of leuctrid stonej7ies among neighbouring 

catchments 

Studies of the temporal and spatial distribution of four leuctrid stoneflies among 

neighbouring catchments revealed a clear spatial differentiation, with Leuctra inennis 

dominating in moorland catchments, while L. nigra was dominant in catchments 

managed for forestry. Both physiochernical factors, such as stream pH, and biological 

interactions including interspecif ic competition, may influence population dynamics 

and provide a plausible explanation for spatial distribution. Observational data 

provide no direct evidence, however, but give a good background to generate 

hypotheses to be tested by experimental manipulations or by other means. 

METHODS FOR THE ESTIMATION OF DISPERSAL AND GENE FLOW 

Estimation of dispersal and gene flow using direct and indirect methods (Slatkin 

1994) and reasons for discrepancies between the estimates were discussed, in 

particular when direct methods indicate a lower rate of dispersal than the indirect 

methods (e. g. Slatkin 1994; Geenen et aL 2000; Monaghan et A 2000; Wilcock et aL 

2001). 
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It was shown that both estimates of long-distance dispersal from point sources and 

linear sources, using direct methods, can easily be underestimated.. If po ssible, capture 

efficiency should be taken into account either in the design or in thepost-sampling 

data analysis (AssungAo & Jacobi 1996). 

Many previous studies of gene flow have been based on the island model and 

Wright's (1951) F-statistic (Bossart & Prowell 1998). However, genetic population 

structure is determined by a number of factors and differentiation between 

populations results not only from genetic drift and migration, as envisaged by the 

island model, and FST may not translate into an accurate estimate of gene flow 

(Whitlock & McCauley 1999). New methods based on theoretical models other than 

the island model are under development (e. g. Rousset 2001). 

The spatio and temporal scales at which estimates of dispersal are caff ied out vary 

with the method adopted. This was illustrated with the study of the dispersal of the 

caddisfly Plectrocnemia conspersa. Estimates of dispersal obtained by direct methods 

indicate relative short dispersal distance within a generation for this species (e. g. 

Svensson 1974; Sode & Wiberg-Larsen 1993; Petersen et al. 1999a), while dispersal 

over longer distance could occur over several generations as indicated by indirect 

methods (Wilcock et aL 2001). Future studies of dispersal and gene flow should be 

based on a combination of both indirect and direct methods (Bossart & Prowell 1998; 

Whitlock & McCauley 1999; Rousset 2001). 
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Abstract 
"'The colonization cycle", postulated by MUller (1954,1982), was tested using catches of 
seven species of stoneffies (Plecoptera) from three bilateral Malaise traps placeo across 
Broadstone stream in southeast England. The traps were emptied once a week between May 
3 and August 9,1996. Although some species had unidirectional up- or downstream flight 

patterns, these were not consistent among traps. Females of the three most common species 
(Leuctra nigra, L. hippopus and Nemurella pictetit) did not show significant upstream flight 
during the study. The existence of the colonization cycle is discussed in light of these results 
and previous studies. 

Introduction 
MUer (1954,1982) hypothesised that aquatic in- 
sects undertake a 'colonization cycle' in which 
adult females fly upstream to oviposit, thus coun- 
teracting any depletion of the upper reaches of a 
stream by drift. This theory has since been fre- 
quently tested with a variety of results (Table 1). 
The present study compares the catch of stoneflies 
(Plecoptera) from three bilateral Malaise traps 
placed across a stream. The existence of the coloni- 
zation cycle is discussed in the light of the results 
of this and previous studies. 

Methods 
The study site was Broadstone Stream, an acidic 
and iron-rich stream in the Ashdown Forest of 
southeast England, Nat Grid TQ 436327 (Hildrew 
& Townsend, 1976). Three bilateral Malaise traps 
(A-C) were placed across the stream with the up- 
stream side of the traps facing southwest (Fig. 1). 
The traps contained two collecting heads and thus 
the catch was separated according to the direction 
from which insects entered. The insects were col- 
lected and preserved in 70% Isomethylated Spirits 
(IMS). Traps were emptied once a week from May 
3 to August 9,1996 and the stoneflies were sorted 
and identified to species according to Hynes 
(1977). Males and females were counted separately 
and subsequently stored in 70% IMS. 

Differences in up- and downstream dispersal were 
analysed by ý tests with 'Yates' correction (Fowler 
& Cohen 1995). Only species with more than five 
individuals in the total catch from each collecting 
head were included in the analysis. 

Results 
A total of 7,182 stoneflies (5,400 females and 1,782 
males) were caught in the three Malaise traps 

Figure 1. The Malaise traps contained two collecting 
heads, catches were thus separated according to the 
direction from which the insects entered. 

(Table 2). Data analysis on the flight pattern was 
possible for seven out of ten species which ac- 
counted for 99% of the specimens caught. There 
was a great deal of variation in the overall number 
of individuals caught in the traps (Table 2). Al- 
though some species did show a unidirectional up- 
or downstream flight pattern, these patterns were 
not consistent among traps (Table 2). Females of 
the three most common species, Leuctra nigra 
(Olivier), Leuctra hippopus (Kempny) and Nemurella 
pictetii (Klap6lek), did not display consistent up- 
stream flight (Fig. 2). 
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Figure 2. Up- and downstream movements in Malaise 
traps. Upstream movement (black) versus downstream 
movement (grey). A) Leuctra hippopus, B) Leuctra nigra, 
Q Nemurella pictetii. 

Discussion 
No clear difference in up- or downstream flight 
direction was found in the present study. Very few 
previous studies have found any clear tendency of 
upstream flight in stoneffies; (Table 1). Upstream 
flight does not seem to be universal (Table 1) 

throwing further doubt on the colonization theory 
(Pearson & Kramer, 1972; Allan, 1995). In any case, 
the proposition that upstream flight is necessary to 
prevent depletion of populations in headwaters is 
teleological and grounded in arguments implying 
'population-level' selection. A female should fly 

upstream to oviposit only if her individual fitness 
(including the prospects for the. survival of her 
offspring) is maxin-Lised. In simple terms of popu- 
lation density, the upstream fauna may be main- 
tained by occasional upstream movement of a few 

egg-bearing females together with a decrease in 
intraspecific competition and consequently *a 
higher survival among the immature stages (Jones 
& Resh, 1988; Anholt, 1995). The flight pattems 
found in this and other studies may thus have rea- 
sons other than 'compensation' for drift. Factors in 
the stream, such as light, shade, hydraulics, com- 
petition and predation, together with conditions in 
the terrestrial habitat close to the stream such as 
wind direction, light, shade, humidity, riparian 
vegetation and temperature, may influence the 
distance and direction of flight. These considera- 
tions raise questions about interpretation of the 
results from studies where a clear upstream, flight 
has been reported. Does a biased catch from a few 
traps confirm that adult females consistently fly 
upstream to oviposit and thus counteract depletion 
of the upper reaches of the stream by drift? Up- 
stream flight is more likely to result from local 
conditions around the trap, since the results from 
this and other studies show that variations be- 
tween results can be large. Many previous studies 
have been based on collections from very few traps 
(Table 1), and thus the influence of local conditions 
on these results cannot be neglected. 

Conclusion 
The flight pattern of adult aquatic insects appears 
to be far more complicated than presumed by 'The 
colonization cycle' hypothesis. Dispersal by drift in 
the immature stage does not seem to *require' 
compensatory upstream flight (Waters, 1972). 
Thus, further studies of the adult lives of aquatic 
insects are needed, and the existence of any coloni- 
zation can only be revealed by more extensive and 
intensive studies. 
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Table 1. Studies of the colonization cycle. +: upstream flight has been observed, -: upstream flight has not been obser- 
ved, +/-: upstream flight has been observed in some, but not in aU species studied. ?: Neither up or down stream flight 
has been observed. 

Organisms Authors Numbers of 
traps/localities 

Observation of 
upstream flight 

Type of traps 

Stoneffies (Plecoptera) Bengtson (1974) 1 ? sticky 
Effiott (1%7) 1 + Malaise 
Jones & Resh (1988) 1 Malaise 
Madsen et al. (1973) 2 sticky 
Madsen & Butz (1976) 3 + sticky 
Mendl & MUer (1979) 1 + Malaise 
Mendl & Milller (1979) 3 + window. 
Williams & Williams (1993) 3 Malaise 

Mayflies (Ephemeroptera) Bird & Hynes (1981) 4 sticky 
Flecker & Allan (1988) 3 + window 
Elliott (1967) 1 + Malaise 
Jones& Resh (1988) - I Malaise 
Madsen et aL(1973) 2 + sticky 
Madsen et al. (1977) 1 +/- sticky 
Roos (19M 1 + Malaise 
Williams & Williams (1993) 3 Malaise 

Caddisflies (Trichoptera) Bird & Hynes (1981) 4 sticky 
Elliott (1967) 1 Malaise 
Elliott (1981) 1 + window 
Gullefors (1983) 1 +/- Malaise 
Jones & Resh (1988) 1 Malaise 
Mfiller (1973) 1 + window 
Neves (1979) 1 + sticky 
Solem & Bongaard (1987) 3-6 + Malaise 
Svensson (1974) 5 window 
Svensson (1974) 4 Malaise 
Williams & Williams (1993) 

-'3 
Malaise 

Table 2. Up and downstream movements in Malaise traps. U= upstream movement, D= downstream movement, 
F= Fernale, M= Male, * P<0.05, ** NO-01, NS = Non significant. 

Species 
Trap A 

uD 
- Trap B 
uD 

Trap C 
UD Total 

Amphinemura standfUSsi F 1 4 3 7 1 9 25 
m 0 0 0 -0 0 0 0 

Amphinemura stilcicollis F 8 43 D- 
. 

9 20 NS 10 15 NS 105 
m 0 0 0 0 0 1 1' 

Brachyptera risi F 0 1 0 0 1 0 2 
m 0 1 0 0 ý0 0 1 

Isoperla gramnmiica F 0 0 3 1 2 0 6 
m 0 1 0 1 0. 

' 
0 2 

Leuctra hippoptis F 97 60 u** 71 137 D** 120 78 U** 563 
m 7 13 NS 9 6 NS 7 6 NS 48 

Leuctra nigra F 175 1049 D** 653 667 NS 248 319 D** 3111 
m 143 344 D** 216 167 u* 54 91 D** 1015 

Nemottra aviczilaris 
, 

F 12 13 NS 7 17 NS 3 2 54 
m 3 1 0 1 0 0 5 

Nemoura eintrea F is 13 NS 20 19 NS 38 6 U** 111 
m 4 8 

. 6 4 7 13 NS - 41 
Nemurella pictetii F 232 173 U** 266 89 U** 164 266 D** 1190 

m 132 140 NS 111 49 V** 68 148 D- 648 
Siphonoperla torrentium F 5 12 NS 62 63 NS Sl 40 NS 233 

m 1 5 7 4 0 4 21 
835 1881 1443 12,52 774 998 7182 
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APPENDIX III - ACCUMULATED ANALYSES OF DEVIANCE 

a) Lateral distribution of stoneflies in relation to catchments, examined at species 

, level. 

b) Lateral distribution of stoneflies, caddisflies and mayflies in relation to 

catchments, examined at order level. 

c) Lateral distribution of stoneflies in relation to land use, examined at species level. 

d) Lateral distribution of stoneflies and caddisflies in relation to land use examined 

at order level. 
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Appendix III a Lateral distribution of stoneflies in relation to catchments, examined at species level. 
Accumulated analysis of deviance: The numbers in the deviance column give the incremental 
variability (as 'deviance') attributable to the factors in the model added sequentially. Approx. P 
indicate whether the model represents a significant improvement on the previous model (McConway et 
aL 1999). 
Models d1 deviance mean deviance approx. P 

deviance ratio 

Amphinemura sulcicollis 
Model (a): constant + distance 1 1522.627 1522.627 544.85 <0.001 
Model (b): model (a) + catchment 5 631.197 126.239 45.17 <0.001 
Model (c): model (b) + catchment. distance 5 42.533 8.507 3.04 0.029 
Residual 24 67.070 2.795 
Total 35 2263.427 64.669 

Leuctra hippopus 
Model (a): constant + distance 1 748.377 748.377 236.06 <0.001 
Model (b): model (a) + catchment 5 555.867 111.173 35.07 <0.001 
Model (c): model (b) + catchment. distance 5 122.977 24.595 7.76 <0.001 
Residual 24 76.086 3.17 
Total 35 1503.307 42.952 

Leuctra inennis 
Model (a): constant + distance 1 3553-058 3553.058 566.52 <0.001 
Model (b): model (a) + catchment 3 1397.633 465.878 74.28 <0.001 
Model (c): model (b) + catchment. distance 3 163.875 54.625 8.71 0.001 
Residual 16 100.348 6.272 
Total 23 5214.914 226.735 

Leuctra nigra 
Model (a): constant + distance 1 2230.889 2230.889 553.72 <0.001 
Model (b): model (a) + catchment 5 1005.514 201.103 49.91 <0.001 
Model (c): model (b) + catchment. distance 5 21.849 4.37 1.08 0.394 
Residual 24 96.695 4.029 
Total 35 3354.947 95.856 

Nemurellapicietii 
Model (a): constant + distance 1 183.585 183.585 34.39 <0.001 
Model (b): model (a) + catchment 4 290.256 72.564 13.59 <0.001 
Model (c): model (b) + catchment. distance 4 29.138 7.285 1.36 0.282 
Residual 20 106.773 5.339 
Total 29 609.753 21.026 

Proten cm ura meyeri 
Model (a): constant + distance 1 408.202 408.202 125.4 <0.001 
Model (b): model (a) + catchment 3 30.904 10.301 3.16 0.053 
Model (c): model (b) + catchment. distance 3 9.141 3.047 0.94 0.446 
Residual 16 52.085 3.255 
Total 23 500.331 21.754 

Siphonoperla torrentium 
Model (a): constant + distance 1 2233.046 2233.046 333.91 <0.001 
Model (b): model (a) + catchment 2 391.187 195.593 29.25 <0.001 
Model (c): model (b) + catchment. distance 2 35.879 17.94 2.68 0.109 
Residual 12 80.252 6.688 
Total 17 2740.364 161.198 
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Appendix III b Lateral distribution of stoneflies, caddisflies and mayflies in relation to catchments, 
examined at order level. Accumulated analysis of deviance: The numbers in the deviance column give 
the incremental variability (as 'deviance') attributable to the factors in the model added sequentially. 
Approx. P indicate whether the model represents a significant improvement on the previous model 
(McConway et aL 1999). 

Models d. f. deviance mean deyiance approx. P 
I deviance ratio 

Stoneflies 
Model (a): constant + distance 1 12552.880 12552.880 891.52 <0.001 
Model (b): model (a) + catchment 5 4946.520 989.300 70.26 <0.001 
Model (c): model (b) + catchment. distance 5 323.990 64.800 4.6 0.004 
Residual 24 337.930 14.080 
Total 35 18161.320 518.890 

. 
fiies excluding LI 6 Stone 

Model (a): constant + distance 1 7784.69 7784.69 519.65 <0.001 
Model (b): model (a) + catchment 4 4325.46 1081.36 72.18 <0.001 
Model (c): model (b) + catchment. distance 4 91.47 22.87 1.53 0.233 
Residual 20 299.61 14.98 
Total 29 12501.23 431.08 

CaddisjUes 
Model (a): constant + distance 1 1658.933 1658.933 548.17. <0.001 
Model (b): model (a) + catchment 4 129.831 32.458 10.73 <0.001 
Model (c): model (b) + catchment. distance 4 31.361 7.840 2.59 0.068 
Residual 20 60.526 3.026 
Total 29 1880.651 64.85 

Mayflies (females) 
Model (a): constant + distance 1 161.677 161.677 223.05 <0.001 
Model (b): model (a) + catchment 2 2.5608 1.2804 1.77 0.213 
Model (c): model (b) + catchment. distance 2 3.3277 1.6639 2.3 0.143 
Residual 12 8.6981 0.7248 
Total 17 176.2637 10.3685 

Mayflies (males) 
Model (a): constant + distance 1 228.644 228.644 46.9 <0.001 
Model (b): model (a) + catchment 2 3.983 1.991 0.41 0.674 
Model (c): model (b) + catchment. distance 2 30.341 15.171 3.11 0.082 
Residual 12 58.499 4.875 
Total 17 321.467 18.91 
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Appendix III c Lateral distribution of stoneflies in relation to land use, examined at species level. 
Accumulated analysis of deviance: The numbers in the deviance column give the incremental 
variability (as 'deviance') attributable to the factors in the model added sequentially. Approx. P 
indicate whether the model represents a significant improvement on the previous model (McConway et 
aL 1999). 

Models d. f. deviance mean deviance approx. P 
deviance ratio 

Amphinemura sulcicollis 
Model (a): constant + distance 1 1522.627 1522.627 322.31 <0.001 
Model (d): model (a) + land use 2 568.943 284.471 60.22 <0.001 
Model (e): model (d) + land use. distance 2 30.136 15.068 3.19 0.055 
Residual 30 141.721 4.724 
Total 35 2263.427 64.669 

Leuctra hippopus 
Model (a): constant + distance 1 748.377 748.377 79.13 <0.001 
Model (d): model (a) + land use 2 422.023 211.012 22.31 <0.001 
Model (e): model (d) + land use. distance 2 49.193 24.596 2.6 0.091 
Residual 30 283.714 9.457 
Total 35 1503.307 42.952 

Leuctra inennis 
Model (a): constant + distance 1 3553.06 3553.06 102.71 <0.001 
Model (d): model (a) + land use 1 969.67 969.67 28.03 <0.001 
Model (e): model (d) + land use. distance 1 0.35 0.35 0.01 0.921 
Residual 20 691.84 34.59 
Total 23 5214.91 226.74 

Leuctra nigra 
Model (a): constant + distance 1 2230.89 2230.89 152.38 <0.001 
Model (d): model (a) + land use 2 684.19 342.1 23.37 <0.001 
Model (e): model (d) + land use. distance 2 0.66 0.33 0.02 0.978 
Residual 30 439.21 14.64 
Total 35 3354.95 95.86 

Prolonemura meyeri 
Model (a): constant + distance 1 408.20 408.20 138.83 <0.001 
Model (d): model (a) + land use 1 27.93 27.93 9.5 0.006 
Model (e): model (d) + land use. distance 1 5.39 5.39 1.83 0.191 
Residual 20 58.81 2.94 
Total 23 500.33 21.75 

Nemurella picteld 
Model (a): constant + distance 1 183.585 183.585 34.39 <0.001 
Model (d): model (a) + land use 4 290.256 72.564 13.59 <0.001 
Model (e): model (d) + land use. distance 4 29.138 7.285 1.36 0.282 
Residual 20 106.773 5.339 
Total 29 609.753 21.026 
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Appendix III d Uteral distribution of stoneflies and caddisflies in relation to land use, examined at 
order level. Accumulated analysis of deviance: The numbers in the deviance- column give the 
incremental variability (as 'deviance') attributable to the factors in the model added sequentially. 
Approx. P indicate whether the model represents a significant improvement on- the previous model 

_(McConway 
et aL 1999). 

Mpdels d. f. deviance mean deviance approx. P 
deviance ratio 

Sioneflies 
Model (a): constant + distance 1 12552.88 12552.88 193.12 

ý0.001 

Model (d): model (a) + land use 2 3646.31 1823.16 28.05 <0.001 
Model (e): model (d) + land use. distance 2 12.07 6.04 0.09 0.912 
Residual 30 1950.05 65 
Total i 35 18161.32 518.89 

Stoneflies excluding datafrom LI 6 
Model (a): constant + distance 1 7784.69 7784.69 116.03 <0.001 
Model (d): model (a) + land use 2 3052.96 1526.48 22.75 <0.001 
Model (e): model (d) + land use. distance 2 53.43 26.71 0.4 0.676 
Residual 24 1610.15 67.09 
Total 29 12501.23 431.08 

Caddisflies 
Model (a): constant + distance 1 1658.933 1658.933 396.81 <0.001 
Model (d): model (a) + land use 2 111.789 55.895 13.37 <0.001 
Model (e): model (d) + land use. distance 2 9.592 4.796 1.15 0.334 
Residual 24 100.337 4.181 
Total 29 1880.651 64.85 
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