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Factors influencing the infestation rate of Epoicocladius flavens Malloch on nymphs
of the mayfly Ephemera danica Miiller were analyzed by means of multiple regres-
sion. Host density proved to be the most important factor. It is assumed that a
differential utilization of the most suitable hosts at different host densities accounts
for increased reproductive success and a higher average infestation rate with host
density. The relationship between population density and the utilization of the
optimal habitat in E. flavens is compared to that of a pest species, and is incorporated
into a more general theory. A model is formulated exploring the relationship be-
tween population size and the probability of a female E. flavens of obtaining a mate.
The conclusion to be drawn from the model is that the only means by which to
increase this probability is by dispersal, since such behaviour will increase the effec-
tive population size.

B. S. Svensson, Dept of Animal Ecology, Univ. of Lund, Ecology Building, S-223 62
Lund, Sweden.

$aKTOpEl, BIMIANMe Ha CKOPOCTh 3apaxeHus Epoicocladius flavens wuMd no-
neHkn Ephemera danica NMpOaHAJM3WPOBaHE METONCM MHOXECTBEHHONM pEerpecCHH.
[IIOTHOCTE XO3fAMHA — Haubonee BaxHEM (aKTOp. YCTAHOBJIEHO, YTO mubdepeH—
LMPOBAHHOE HCNIOVIb30BaHUE HaUbOJIee MOOXOUAUMX XO3fE€B IMPH PAa3HOM IUIOTHO—
CTH XO3fIeB CTHMYJMpPYeT pPasMHOKEHHE M IOBELAET OBlYyl) WHTEHCHBHOCTL 3a-
paxeHusi. OTHOWEHHE MeXIY [IOTHOCTHIO MOMYJFIMA M HCTIOJIb30BAHUEM OINTHMAIIb—
HOI'O MeCTOOGMTaHuA y E. flavens CpaBHHUBA/M C TAKOBEMM Y BPEIMTENI, pe-—
3yJIbTaTH BKJIOUEHH B OBUy!0 TEOPHo. [IpM CO3NAHMM MONEIM YYTEHO OTHOWEHHe
MEXIY TUIOTHOCTHE) TMOMYJALMH W BEPOATHOCTHI) OIUIONOTBOPEHUsT CaMok E. fla-
vens. W3 MOONE/M BHITEKAET 3aK/IYEHHE, UTO EOMHCTBEHHHI CTIOCO6 MOBRIUEHMS
3TOM BEPOATHOCTH - pacCeSleHHe, T.K. 3TO MOXeT MOBHCUTH 3(PPEKTHUBHYI ILUIO—
THOCTB TIOMYJIALIMH .
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1. Introduction

Environmental heterogeneity leads to patchiness in the
spatial distribution of animal populations and this in
turn affects the ability of predators and parasites to find
their victims. Therefore environmental heterogeneity
influences the outcome of interactions between species.
These relationships are very complex, and not easily
incorporated into models of population dynamics.
Especially the efficiency of parasitoids at exploiting very
scattered host populations and their behaviour to avoid
complete reproductive failure are difficult to study in
the field, and the natural conditions hard to mimic in the
laboratory. Since parasitoids, by definition, cause some
mortality in the host populations and thereby influence
indirectly the extent of their habitat, complexity will
increase even more. To provide empirical insight, such
relationships may conveniently be investigated in a
mutualistic or commensalistic relationship.

An aquatic chironomid, Epoicocladius flavens Mal-
loch (= ephemerae Kieffer), has proven to be suitable
when studying this type of questions. In Europe it lives
commensalistically on two mayfly species, Ephemera
danica Miiller and Eph. vulgata (L.) (in North America
also on mayflies of the genus Hexagenia). In earlier ac-
counts the relationship was classified as phoresy, al-
though in the light of present knowledge it would more
accurately be termed commensalism. A description of
the life history of E. flavens follows below.

The present study is mainly concerned with the influ-
ence of host density on the success of E. flavens in
utilizing stream living Eph. danica. 1 also aim at a
theoretical model with particular reference to factors
allowing the midge to persist at low population den-
sities.

The main body of data derives from samples taken in
about 50 separate host-symbiont populations, including
thin as well as very dense populations. Such a range of
densities would scarcely have been encountered if a
single population had been followed through time.
However, fluctuations occur in most populations and
have essential importance for many interspecific re-
lationships. The approach used here is that density
fluctuations of Eph. danica can be regarded as a sepa-
rate factor influencing the degree of infestation by E.
flavens, provided the number of populations examined
is sufficient for average density conditions to be re-
flected when populations are treated together. In other
words, the approach used is to separate factors which
influence the deviations from the proposed equilibrium
densities of E. flavens populations.

2. The life history of E. flavens

The life history of E. flavens has been described by
Svensson (1976, 1979). A few important details will be
given below. The nymphs of the two host species in
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Europe, one (Eph. danica) being exclusively lotic and
the other (Eph. vulgata) predominantly lenitic, burrow
in sandy bottoms with comparatively low organic con-
tent. The larvae of E. flavens feed on organic particles
carried by the respiratory water current produced by the
gills of the mayfly nymphs. Such particles settle on the
hairy bodies of the hosts and are therefore abundantly
available to the midge larvae.

In my main study area, E. flavens is generally univol-
tine. However, the size frequency distribution of larvae
from other localities (see below) suggests that there
might be a second generation at times. The general
morphology of E. flavens does not differ in any impor-
tant respect from those of other orthocladiins. Fecun-
dity is about the same in E. flavens as in chironomids of
similar size. The most remarkable feature in the de-
velopment of the larva is its stereotypic choice of popa-
tion site on the fullgrown mayfly nymphs. This may be a
mechanism, by which the pupae are carried to the water
surface. Laboratory experiments have indicated that the
larvae of E. flavens are guided by olfactory stimuli to
locate the host nymphs.

3. Study area

The investigation was conducted in Skéne, the south-
ernmost province of Sweden. A total of 237 stream
localities were visited in May 1976 and 1977, a few
weeks before the emergence of E. flavens and Eph.
danica. Of these localities 78 were inhabited by Eph.
danica, and of these 49 provided enough material for
the present study. Five of these were also visited in
May/June 1978 and 1979. An additional 34 localities
were selected in lakes. Additional information derives
from Stampen (55°37’N, 13°35'E), a small stream
where more detailed research was conducted from 1973
until 1977 (see Malmqvist et al. 1978, for a description
of this stream).

There are considerable regional differences in the
water chemistry in Skdne. In the north, several streams
are acid, whereas in the south most waters are alkaline
due to the limestone bedrock. pH strictly limits the dis-
tribution of Eph. danica, which has never been recorded
in streams with pH < 6.0. It is also sensitive to strong
organic pollution, and consequently largely absent from
the most densely inhabited parts of the province.
Hence, most of the populations of Eph. danica and E.
flavens studied were found in the forested central parts
of Skéne.

4. Material and methods

Nymphs of Eph. danica with attached E. flavens larvae
were sampled by means of a hand net. Repeated sam-
pling of all discernible bottom types during a few hours’
time at each locality permitted a rough approximation
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Fig. 1. The relations between infestation rate and host density
with other known factors compensated for. Open circles de-
note values which were omitted in the multiple regression
analysis. Crosses represent the means within the host density
categories.

of the density of Eph. danica, as well as the degree of
clumping of the nymphs according to a standardized
classification.

All nymphs were preserved in ethanol and brought to
the laboratory for subsequent examination. All larvae
of E. flavens were removed from the nymphs and
counted. In addition, the relative number of sessile
Peritrichia on the nymphs was determined (see Tab. 1).

Environmental variables of potential importance for
Eph. danica or E. flavens were recorded and used in the
final analysis.

When calculating the infestation rate, which is de-
fined as the mean number of E. flavens per nymph,
hosts below 9 mm total body length were excluded, be-
cause E. flavens is rarely found on this nymph category.
This correction may introduce a discrepancy between
infestation rate and density of hosts, which include all

nymph sizes. By the time of sampling, small nymphs
were abundant at a few localities only, and therefore
insufficient to alter the figures produced.

Another potential source of error was the distribution
of Eph. danica along the streams. Localities having a
sparse host population may be assumed to receive
drifting nymphs from more densely populated localities,
where E. flavens is also abundant. When this situation

‘prevailed, the locality was excluded from the analysis.

Consequently, most of the samples included have been
taken in the upper reaches of watersheds or below im-
poundments or lake outlets.

In general, more than 50 nymphs have been used for
the calculation of infestation rate. However, the rate
from 8 of the sparse host populations were based on as
few as 20 nymphs. In lakes a careful inspection of at
least 100 nymph exuviae for larvae or pupal remnants
of E. flavens was considered sufficient for establishing
whether the species was present or not. The abundance
of Eph. vulgata in the lakes was not estimated.

The importance of a number of factors on the infes-
tation rate was established by means of a multiple re-
gression analysis. When the infestation rate was trans-
formed to a '°log scale the highest correlation coeffi-
cients were obtained. This is probably because of the
non-linear relationships between environmental factors
and the biological variables (Green 1977). Extreme de-
viations from the mean infestation rate in each host
density category were excluded from the analysis but
are presented in Fig. 1.

5. Results and discussion
5.1. Empirical studies

The most important factor influencing the infestation
rate of E. flavens was host density, which explained
53% of the observed variation (Tab. 2). The other fac-
tors together made up 15%-of the variation. The effect
of aggregation of the host nymphs was insignificant. The
correlation between individual variables was weak
(Tab. 1). The relatively low correlation coefficients are

Tab. 1. Partial correlation coefficients of variables used in the multiple regression analysis. Significance levels are denoted by

asterisks.
X, X, X; X, Xs X
%log host density ................... (X4) 1
Bottom substrate® ................... (X2) 0.150 1
Stream width (m) ................... (X3) -0.315* 0.150 1
Conductivity®> (uSem™).............. (X4) 0.288 -0.014 0.107 1
Relative number of
Peritrichia on hosts* ................. (Xs) —0.394* -0.299 0.059 0.392* 1
Stream type® ..., (Xe) -0.102 —-0.188 -0.152 0.127 0.036 1
Degree of clumping of hosts® ......... (X7) —0.402**  -0.278 0.129 0.392** 0.566***  0.344**

1. integer values only, 2. Soft or hard bottom dominating, 3. grouped into the following intervals: 0-200, 200—400, >400 pS
cm™, 4. Based on examination of 25 nymphs. Calculations according to Tab. 3, 5. lake or spring fed, 6. Standardized classifica-

tion: highly clumped, clumped, scattered.
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Tab. 2. The influence of various factors on the '°log infestation
rate of E. flavens on Eph. danica as calculated by multiple
regression. Significance levels are denoted by asterisks. See
Tab. 1 for definitions of the factors.

Factor R? Standardized
regression
coefficient

%og host density .......... 0.529%** 0.421

Bottom substrate .......... 0.049** 0.215

Stream width ............. 0.029*** -0.302

Conductivity .............. 0.015** 0.286

Relative number of

Peritrichia ................ 0.021** -0.289

Stream type . .............. 0.031** -0.212

Degree of clumping of

hosts ............oouviinn. 0.004 n.s. 0.096

Residual .................. 0.322

probably a result of the fact that populations are not
stable, but fluctuate around a mean.

Two of the variables used in the analysis were in-
cluded as measures of nutritional conditions, namely
conductivity and the relative number of Peritrichia on
the nymphs. The last mentioned was included because
small host nymphs, which carried comparatively few E.
flavens larvae harbored the relatively largest number of
Peritrichia. In addition, large nymphs living in streams
receiving organic pollutants, and where E. flavens was
not found, were almost completely covered by the
ciliates. The comparatively faster moulting in smaller
nymphs, and hence the more frequent elimination of
sessile peritrichians, would imply an inverse relationship
between the relative number of these organisms and the

size of the nymphs. The fact that the opposite relation-
ship was found suggested that the larvae of E. flavens
also fed upon the ciliates, so that the lower number on
the large nymphs was a grazing effect. Comparisons of
the relative number of Peritrichia between large and
small nymphs from 9 localities showed that small
nymphs carried a larger number than did the large
nymphs. In 4 cases this difference was significant (Tab.
3). Thus, it might be that the Peritrichia are consumed
by the midge larvae. Still, however, since conductivity is
unaffected by grazing effects it probably provides the
best estimate of the nutritional status of the streams.
The increase in R* by only 1% due to this variable
suggests nutrition to be of minor importance in the
present context.

Nymphs on a predominantly stony bottom carried
more larvae than nymphs living in a homogeneous soft
bottom substrate. This was possibly related to the larger
frequency of larvae being dislodged, due to movements
of the sand during spates.

In larger streams the larvae may have greater dif-
ficulties of locating nymphs, especially since they rely on
olfactory stimuli to find nymphs. Hence, one would as-
sume lenitic Eph. vulgata nymphs to have comparatively
fewer midge larvae. As a matter of fact, E. flavens is
rarely found in lakes. Of 18 localities in still waters from
which adequate material is available only one was inha-
bited by the species. In running waters, E. flavens
occurred on 60 localities and was absent from 3. This
difference between the two habitat types of course, is
highly significant (p < 0.001, x> = 61). However, other
factors which differ between lotic and lenitic environ-
ments could also contribute to the difference observed.

As was indicated above the host size category used by

Tab. 3. The relative number of Peritrichia on large and small host nymphs.

Relative number of Peritrichia

Locality Host size Not Few Frequent Covering
category detected most of
(mm) the body
0 1 2 3
1 =12 6 8 6 =242
.................. <12 8 5 12 n.s.

1 =12 10 6 4 x> = 9.19
................. <12 1 7 9 E)<001
- =12 1 11 8 X =495
................ <12 5 14 n.s.

v =12 6 10 4 x> = 11.28
................ <12 7 13 ?<0.01
v =12 7 11 2 X = 13.98
................. <12 9 7 4 ?<0.0l
VI =12 2 8 8 2 X = 3.04
................ <12 1 7 2 , ns.

=12 13 7 x* = 0.006
VII................ <12 7 4 , b
=12 1 7 8 x' =373
VII ............... <12 5 14 1 n.s.
X =12 5 7 8 ¥’ =5.94
................ <12 11 9 p<0.05
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Tab. 4. Environmental characteristics and biological data for 5 populations of E. flavens. Wing length measurements and

distribution of larval instars derive from samples taken in 1978.

Locality
A B C D E

Water pH 8.31 7.71 7.56 7.28 6.84
chemistry conductivity
(mean annual) (uS cm™) 495 492 373 208 148
Water supplied from spring lake spring spring lake
Infestation rate 1977 0.58 (-1) 3.55(0) 1.85 (3) 142 (1) 2.16 (1)
(*log host density) 1978 0.62 (0) 1.42 (1) 1.48 (3) 1.14 (1) 1.81 (1)

1979 0.82 (1) 449 (1) 2.57 (2) 3.04 (1) 2.51 (1)
Female wing length (mean + S.D.) 1.554+0.095 1.550+0.069 1.521+0.140 1.510+0.090 1.594+0.072
Frequency distribution of 1 0 0 0 0 2
larval instars of E. flavens 11 0 3 3 36 28
in the beginning of its 11 38 33 35 40 27
emergence period v 62 64 62 24 43

an E. flavens larva prior to pupation (i.e. a small vis a vis
a fullgrown nymph) could have a major impact on the
emergence success of the midge. Since the flight period
of Eph. danica is comparatively short, the extent of
emergence of the midge outside this period will influ-
ence the overall survival of E. flavens. In order to eluci-
date the conditions in different populations of the
species, 5 localities (A—E) were chosen. For obvious
reasons very thin populations were excluded. Im-
mediately prior to the emergence period most of the
larvae were in the last instar at three of the localities
while most larvae were in the second or third instar at
the other two (Tab. 4). The last mentioned localities are
oligotrophic suggesting that nutrition may play a role
for the growth rate. Female E. flavens from the
localities were about equally sized. A significant differ-
ence in wing length was observed between D and E only
(p < 0.05, twworaitea = 2.14). At Stampen the size of
female E. flavens decreases rapidly towards the end of
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Fig. 2. Female wing lengths of E. flavens at Stampen in 1975.
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the emergence season (Fig. 2). Since fecundity is related
to female wing length (Svensson 1979) it follows that
larvae in the second and third instar at the beginning of
the emergence period probably have a lower fecundity
as adults, than those able to emerge earlier.

Fecundity may also be affected by the probability of
mating and hence will be related to population density
(see below). In E. flavens oogenesis takes two days. In
several other species of Chironomidae it is completed at
emergence, but species have also been found which, like
E. flavens, emerge with less developed oocytes (Oliver
1971). The factors which control the development of
the oocytes in Chironomidae are unknown. A reasona-
ble explanation for the delayed oogenesis in E. flavens
may be as follows:

If the probability of becoming mated is low, the
midge may have to wait for several hours or even days
before encountering an individual of the opposite sex.
The energy used for staying alive during this period and
for egg maturation probably derives from the same
source, namely the trophic tissue because dissection of
females of Epoicocladius has shown that they do not
eat. Hence, an extended flight period might lead to
lower fecundity. In some chironomids the eggs become
resorbed if the females are not inseminated within a
certain time (Downe 1973). In many dipterans the total
number of eggs laid is higher after mating, as compared
to that in virgins (Engelmann 1970). The flight activity
of E. flavens, to judge from light trap catches, is prob-
ably highest soon after emergence, because the females
trapped in this way always had their abdomen elongated
as in the pupal stage, and the oocytes were minute. It
seems advantageous to delay oogenesis until after mat-
ing, because the energy required for flying is then di-
rectly available, as compared to the indirect way of
gaining energy for this purpose by resorbing already
developed oocytes. On the other hand, when the popu-
lations are dense and the probability of copulation is
high, it is advantageous to have fully developed eggs

OIKOS 34:3 (1980)
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Fig. 3. The relationship between host size and mean number of
attached E. flavens larvae for S populations. Letters refer to
Tab. 4.

already at emergence, because this will minimize the
time between mating and oviposition and thus the risk
of succumbing, for example, to predators before repro-
duction.

Evidently the average infestation rates in the above
populations cannot be directly related to environmental
factors and differences in population characteristics as

Tab. 5. The numerical distribution of E. flavens on the hosts, compared with a calculated Poisson

outlined above. However, they could perhaps interact
with such factors as fluctuations and spatial distributions
of the host populations to produce the observed levels
of infestation.

Recalling the assumption given in the beginning of
this paper, that the mean value of the infestation rate
within a particular host density category reflects average
or equilibrium conditions, the interpretation of the
obvious increase in the number of larvae on each indi-
vidual host in relation to host density as seen in Fig. 1, is
that the environmental capacity (sensu Milne 1962) for
E. flavens per unit habitat area increases with the
number of available hosts. There are two possible exp-
lanations of this change of capacity: (a) the ability of the
larvae to find and to make use of the most suitable hosts
increases with high host density, and (b) a relationship
between the amplitude of fluctuations of the host
populations, caused for example, by stochastic changes
in the environment, and the average population size of
the host population. The latter hypothesis, however, is
not supported by the data in Tab. 4.

To test the first explanation I have used data on the
populations listed in Tab. 4. The analysis is based on the
fact that large host nymphs carry more midge larvae
than do small nymphs. The reason for this is that large
host nymphs possess a larger surface area suitable for
attaching, but also that they supply more food particles
to the larvae, and, perhaps most important, that they
are much easier to find for the larvae (see below).

Since survival of E. flavens may be enhanced on the
large nympbhs, it would be propitious for a larva always
to select as large a host as possible. The relationship
between nymph length and average number of attached
larvae for 5 populations is illustrated in Fig. 3. To elimi-
nate the direct effect of the difference in mean infesta-
tion rate on the relationship, the ordinate has been

and a negative binomial

distribution. Localities are those in Tab. 4. The samples from 1979.

Number of E. flavens per host

Locality 0 1 2 3 4 S 6 =7
observed ..................... 31 19 7 4 1

A Poisson .............. ... 281 222 88 23 0S5 ¥ =2.89 0.5>p>0.3
neg. binomial ................. 30.7 19.2 8.0 28 1.2 ¥’ =068 0.75>p>0.70
observed ..................... 8 4 8 7 3 2 0 5

B Poisson ................ ... 13 43 7.3 8.1 6.8 4.6 2.5 2.1 ¥ = 44 .86 0.001>p
neg. binomial . ................ 6.2 7.8 7.0 5.4 38 2.6 1.7 2.6 x> = 6.64 0.2>p>0.1
observed ..................... 15 19 22 19 15 6 4 4

C Poisson .............coiiiin. 83 210 265 224 141 7.1 3.0 14 ¥ =12.04 0.1>p>0.05
neg. binomial ................. 123 224 236 187 124 72 39 35 ¥ =2.05 0.9>p>0.8
observed ................ ... 10 20 22 13 10 6 9 7

D Poisson ...................... 5S4 156 225 217 156 9.0 43 2.4 ¥ = 25.63 0.001>p
neg. binomial . ................ 103 195 201 17.0 123 80 49 59 x> =4.70 0.5>p>0.3
observed ................ ... 8 8 9 3 1 4 0 2

E Poisson ..............covin. 4.1 8.8 9.4 6.7 3.6 1.5 06 02 ¥ =13.69 0.05>p>0.02
neg. binomial ................. 79 8.7 6.8 4.7 2.9 1.8 1.0 1.2 ¥> =550 0.25>p>0.20
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transformed to a °log scale. As can be seen the slope of
the lines varies greatly but the intercepts are about the
same. This means that at high mean infestation rate the
larger nymphs are preferred, as opposed to a more uni-
form distribution of larvae among the host size
categories at low infestation rates. The distribution of E.
flavens among the nymphs was best described by a
negative binomial distribution (Tab. 5) although in the
populations with the lowest infestation rate the dis-
tribution was not significantly different from a Poisson.
This pattern was caused by aggregation of larvae on the
largest nymphs and unexpectedly few larvae on the
small nymphs. Notably, the hosts at loc. B were highly
clumped, being confined to the edge of the stream. At
loc. D, with a steep gradient and a stony bottom, Eph.
danica was restricted to sandy patches downstream of
larger stones and in alcoves. At the other localities the
hosts were more uniformly distributed. These
observations indicate that the midge larvae, in situations
of aggregated host populations, “select” the large
nymphs, whereas in more sparse host populations, they
settle also on smaller nymphs. These findings support
the above explanation for the increased infestation rate
with host density. It should be pointed out that the
maximum number of larvae observed on a single host in
any wild population was much lower than the number
that has been kept alive on a single host in the labora-
tory.

This conclusion differs from the general opinion,
documented for several species, that less favourable
habitats are used only when the density dependent ef-
fects in the optimal habitats make them profitable to
exploit (Fretwell 1972, Partridge 1978). The relatively
high utilization of a habitat at low population densities
is also regarded as a reason why the recovery from espe-
cially density-dependent population crashes may be so
rapid (e.g. Whittaker and Goodman 1979). However,
these interpretations may stem from studies of com-
paratively dense populations. In very sparse popula-
tions, for example, when pest species are below the
“building up phase”, or in species with limited dispersal
capacity, the suboptimal habitat may be more utilized.
Thus, the gypsy moth, Lymantria (Porthetria) dispar
(L.), is found on less preferred host trees after popula-
tion collapses in the optimal habitats (Leonard 1974).
The dispersal in this species mainly occurs in the im-
mature stage and is passive by wind (Leonard 1974),
which suggests large losses and a low probability of
finding the optimal habitat. That immigration is essen-
tial for rapid increases of populations of this species
seems clear (Campbell 1976 and references therein).
Notably, the outbreak foci for L. dispar are open cop-
pices and forest edges along pastures and roads (refer-
ences in Leonard 1974). The above idea is summarized
in Fig. 4.

From both theoretical and empirical studies of
biological control substantial evidence has emerged that
the spatial distribution of hosts and the searching image
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100 A

% occurrence in optimal habitat

Population density

Fig. 4. A model of the relationship between the degree of
utilization of the optimal habitat, expressed as percent of total
habitat occupied by a population, and the size of the popula-
tion. The complete cycle (A) is assumed to be found in some
insect pest species. Arrows denote the direction of the popula-
tion cycle when mortality is caused only by intraspecific com-
petition and overexploitation of resources. The rectangle (B)
encloses the truncated cycle to be found in some ‘‘rare”
species, e.g. E. flavens. K is carrying capacity.

used by their natural enemies are most important in
determining the efficiencies of the latter in reducing the
former (Beddington et al. 1978). As was pointed out by
Varley (1941) a random distribution of parasites on the
hosts is the most likely result of random search. The
reverse, however, is not necessarily true (Rogers 1972).
For example, if parasite eggs are deposited in areas of
aggregated hosts, the resulting distribution will be
clumped, even if the parasites search at random. Simi-
larly, if the search is random, but some hosts are re-
jected for any reason, the final numerical distribution
will also be non-random. Usually, two different search-
ing events underlie the observed overall distribution of
parasitoids on the hosts. The first concerns the way in
which the parasitoids distribute themselves between the
patches in which the hosts are to be found. With respect
to E. flavens, this event may be visualized as the dis-
persal of the females prior to egg-laying. Secondly,
having chosen a certain patch, the parasitoid will exhibit
a certain attack distribution; in the case of E. flavens the
pattern of movements undertaken by the newly hatched
larvae to reach the host nymphs.

Assuming a random search within each patch, May
(1978) argues that the overall or compound distribution
most often will conform to a negative binomial. How-
ever, the observed overall distribution does not allow
any conclusions as to the searching behaviour of, in this

OIKOS 34:3 (1980)



case, the adult female or the newly hatched larvae
(Pielou 1978). It could nevertheless be worthwhile to
speculate around the observed compound distributions
on the localities investigated. Reasonably, the ability of
an egg-laying female to detect aggregates of hosts must
be limited, because the value of volatile oviposition at-
tractants as has been found for example in Aedes
(McDaniel et al. 1979) must be insignificant in running
waters, where the current effectively carries odours
away. In most of the streams studied it would probably
be sufficient to deposit the eggs near the edges, where
the majority of hosts are found.

If chemical stimuli are used by the midge larvae to
locate hosts, search cannot be random. The increased
proportions of exploited large hosts at high densities or
in aggregated host populations does not necessarily,
however, depend on more active or preferential
search. Observations suggest that larvae only acciden-
tally leave their host if this is above a certain minimum
size. The following mechanism may account for the
observed distributional pattern. If the amount of host
substance released by the host which attracts the larva,
e.g. a metabolic product, is proportional to the size of
the host, the area within which a large host nymph may
attract a midge larva is, on average, larger than that for
a small nymph, because dilution tends to reduce the
concentration with the square of the distance from the
source (host). Therefore, the probability of a small
nymph attracting a midge larva will be relatively larger
at low than at high host densities, provided the size
composition of the host population remains the same.
The relationship depicted in Fig. 3 will then arise. The
above mechanism also implies that the numerical dis-
tribution of larvae on all hosts taken together will
change from a near Poisson at low host densities to a
negative binomial at high host densities, irrespective of
the host distribution (although aggregates will promote
the tendency). This means that although the searching
behaviour of the larvae even if being random will result
in a numerical distribution which is either random or
clumped depending on the density of the host popula-
tion.

The reason why the degree of clumping was found to
be insignificant in the multiple regression analysis was
probably the complexity of this kind of distribution, and
consequently the failure of a single parameter to accu-
rately describe its biological importance (e.g. Taylor et
al. 1979), especially if the chosen parameter interferes
with host density in a non-linear way.

Conclusion

Host density seems to be the most important factor in
determining the level of infestation by E. flavens. A
differentiated utilization of the largest hosts and its ef-
fect on the number of adult females produced, is the
most likely cause of this pattern.
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5.2. A theoretical interpretation of mating success and
density

The probability that a midge larva will find a host
nymph at different densities defines one of two possible
density dependent factors operating below the carrying
capacity. The other is the probability of finding a mate
when the adults are scarce.

Andrewartha and Birch (1954) calculated the prob-
ability of mating for a female tick when the distribution
of the tick population on their hosts was gaussian. Rohlf
(1969) expanded their model to situations of the ticks
being randomly and contagiously distributed on the
hosts. His model may be extended to many other popu-
lations, one important limitation, however, being the
relatively long life span of ticks. When the time availa-
ble for mating in a female is short, and the maturation of
individuals takes place during extended periods, the
probability of copulation may be low even under large
population densities. This is the situation in several in-
sect populations and it patently applies to E. flavens.

At Stampen, adult E. flavens from the same genera-
tion emerge throughout most of the summer, but the
maximum time an unmated adult has been kept alive
under laboratory conditions is only four days. Clearly,
therefore, a parameter related to the adult life span
must be incorporated in Rohlf’s model.

His model is built on the following assumptions: (1)
The basic adult sex ratio is 1:1. This is the case for E.
flavens. (2) Successful mating invariably takes place as
soon as two individuals of opposite sexes occur on the
same day (in the original model: on the same host). This
assumption weakens the model. An adjustment which
takes into account synchronized emergences without
matings is given below. In addition to these conditions I
have assumed that the maximum adult life span of E.
flavens is 4 d (cf. above) and that the pattern of
emergence follows a standardized normal distribution,
not strictly true under field conditions, and that the
emergence lasts for 3 wk (cf. Svensson 1979). The
model may, however, be adjusted to account for any
other adult life span or pattern of emergence.

If the number of individuals in a population that
emerges on a particular day (k) is given by (n,), the
probability that a female will find a potential mate (p’,, )
can be written

Ny -n
— KM
(%) ’
5 ) !
If emergence takes place over m days, the probability

that a female emerges and finds a male on the first day
(p1) is given by

(Rohlf 1969).
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According to the assumptions given above, individuals
which remain unmated after the first day are of the
same sex. Since the adults may live for 4 d, one has to
consider the probability that they acquire a mate on any
of the following 3 d. Thus, the joint probabilities of
emergence and mating of a female on the second day

(p2) is given by
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(where is the probability that unmated indi-

viduals from day 2 are of the opposite sex as those left
over from day 1).

Similarly, the corresponding probability for the third
day (ps;) becomes

'

pk:p“L
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For large n (with the present distribution of emergence:
n = 10) most of the terms in this series are close to zero.
In practice, therefore, px reduces to

ng 3

= +
IS
k=1

'

pl"k

The probability that a female obtains a mate when the

population size equals an thus becomesz px. The

k=1 k=1
m

effect of population size on 2 px, when the frequen-
k=1

cy of emergence follows a standardized normal dis-
tribution and lasts for 3 wk, is shown in Fig. 5. I have
also constructed the corresponding curve for the situa-
tion when the adults mate and die the same day they
emerge. In this case

m m '
SPoSE
k=1 k=1 ng

k=1

If the males can mate more than once, then p', =
1-2'"" (Rohlf 1969). The resulting curves descrlbmg
the relationship between the probability of a female
mating and population size, when maximum adult life
spans are 1 and 4 d, respectively, are also given in Fig. 5.

1.0

Probability of a female being mated
@)
T

0 20 50 100 400

Population  size

Fig. 5. The effect of population size on the probability of a
female becoming mated. Solid lines: when the males mate
once. Dotted lines: when the males mate repeatedly. Closed
and open circles refer to an adult life span of 1 and 4 d, respec-
tively. The irregular pattern of the curves at low densities re-
flects the discrepancy between the calculated discrete distribu-
tion and the underlaying continuous distribution.
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The generality of the above formulae can be in-
creased by multiplying p’, with a constant C (0 < C =
1), which denotes the fraction of encounters between
pairs which result in successful matings. The value of C
is probably higher in a situation of promiscuity, than
when males mate only once.

Downe (1973) using an autoradiographic technique,
studied the incidence of insemination in laboratory
swarms of Chironomus riparius Meigen. His data allow
the calculation of C for this species. If the midges were
allowed to swarm only once, irrespective of the sex
ratio, the number of inseminated females was slightly
lower than the number of individuals of the sex that was
in short supply. The total number of individuals making
up the swarm had no significant effect on the fraction of
females that were inseminated: this observation seems
to justify the above treatment. Using only the results
from experiments in which the sex ratio was unity, the
calculated average values of C were 0.74 and 0.91 after
1 and 2 swarming periods, respectively. The value of C,
however, cannot influence the following conclusions.

5.2.1. Conclusion

If one accepts the assumptions presented above, an
obvious interpretation of Fig. S is that, in a restricted
population, a slight increase in adult life span (from 1 to
4 d) will add very little to an individual’s probability of
mating. Only at quite low densities is the difference
between the resulting curves significant. But at that
level the probability of becoming mated is probably in-
sufficient for keeping up with mortality for other
reasons, because fecundity is clearly limited in E. fla-
vens.

However, as already suggested, the pattern of
oogenesis in E. flavens, may reflect an optimal use of
energy deposits in situations where the probability of
finding a mate is low. In terms of range of dispersal,
therefore, the difference between an adult life span of 1
and 4 d may be important, because it might considera-
bly increase the area from which the adults are re-
cruited, that is the effective population size (cf. den
Boer 1970).

In chironomids and most other Diptera, the adults
usually form mating swarms. The formation of such a
swarm is facilitated by the use of swarm markers, i.e.
landmarks around which the midges gather. It is likely
that individuals forming a mating swarm by the use of
swarm markers and other visual as well as olfactory
signals may be recruited from comparatively large areas
so that the effect of dispersed populations is reduced
(Downes 1969). The formation of a mating swarm has
also been regarded as a mechanism, whereby short-
lived chironomids are prevented from leaving the
breeding site (reference in Downes 1969). In many
species mating seems to occur at the emergence site
(Nielsen 1962, Andersson 1974). These apparently
contradictory hypotheses may be unified if we regard
the mating swarm or the mating site, not as a constant in
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space and time, but as a function of population density
and distribution. At present, evidence for the validity of
this view is lacking.

5.3. Final conclusion

As was concluded above, host density, through a dif-
ferentiated utilization of the most suitable hosts, may
influence the per capita reproductive success. In addi-
tion, the pattern of dispersal of adult E. flavens may
influence the number of eggs per female as well as the
prospects of encountering an individual of opposite sex.
Dispersal for mating may also, in an indirect way, influ-
ence the selection of an oviposition site.

Finally, the importance of the host distribution on the
success of E. flavens in exploiting Eph. danica must be
stressed. Although all of the above conclusions bear on
analyses of static conditions, nothing but the tendency
for Eph. danica to form aggregates can explain the very
slight increase in efficiency of the symbiont with in-
creasing host density. Or expressed in another way, the
average infestation rate at high host densities, obviously
far below the carrying capacity, implies a limited ability
of the midge larvae to colonize sparse host populations.
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