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2The Life-Cycle 

Mark A. Jervis, Michael J. W. Copland, 
K. S. Shameer, and Jeffrey A. Harvey 

2.1 Introduction 

This chapter is concerned with approaches and 
techniques used in studying those aspects of 
parasitoid and predator life-cycles that are rele-
vant to the topics covered by other chapters in 
this book. To illustrate what we mean, consider 
the female reproductive system of parasitoids, 
discussed in some detail in Sect. 2.3. As pointed 
out by Donaldson and Walter (1988), at least 

some knowledge of its function, in particular of 
the dynamics of egg production, is crucial to a 
proper understanding of foraging behaviour in 
parasitoids. The state of the ovaries may deter-
mine: (1) the duration of any pre-oviposition 
period following eclosion; (2) the rate of ovipo-
sition, (3) the frequency and duration of non-
ovipositional activities, e.g., host-feeding, and 
(4) the insect’s response to external stimuli, e.g., 
odours, hosts (Collins & Dixon, 1986) 
(Sect. 1.5.1). Note that egg load (defined in 
Sect. 1.2.2) is now often incorporated into for-
aging models, as it has become clear that key 
foraging decisions depend upon the insect’s 
reproductive state (Jervis & Kidd, 1986; Mangel, 
1989; Chan & Godfray, 1993; Heimpel & 
Rosenheim, 1995; van Baalen, 2000; Heimpel & 
Casas, 2008). It also follows from the above that 
a female parasitoid’s searching efficiency 
depends upon the functioning of its reproductive 
system and this may in turn influence parasitoid 
and host population processes (Chap. 7). 
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Comparative studies have provided useful 
insights into the factors that determine patterns of 
cross-species variation in the life-history traits of 
parasitoids, predators and spiders. The results of 
these investigations are only touched upon in this 
chapter; for further details, see Blackburn 
(1991a, b), Gilbert and Jervis (1998), Mayhew 
and Blackburn (1999), Strand (2000), Jervis et al. 
(2001, 2003), Mayhew and Glaizot (2001), 
Traynor and Mayhew (2005) and Mayhew 
(2016) on parasitoids, Dixon (2000, and
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references cited therein) on predatory coccinel-
lids and Prenter et al. (1999); Lowe et al. (2020); 
Macías-Hernández et al. (2020). Godfray (1994) 
and Quicke (1997) should also be consulted for 
information on comparative aspects of parasitoid 
biology. 
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Much of the chapter is devoted to methods of 
recording variation in key life-history traits. 
Investigators should be mindful of the potential 
for trade-offs to occur between life-history vari-
ables, as predicted by general life-history theory 
(e.g., Roff, 2002). Examples of phenotypic trade-
offs are given in the various sections on fecun-
dity, adult longevity, development and growth 
and immature survival. Partly because of such 
trade-offs, caution should be exercised in using 
individual life-history traits as proxy measures of 
fitness (Roitberg et al., 2001). Genetic aspects of 
trade-offs are discussed in Chap. 3. 

2.2 Anatomical Studies on Natural 
Enemies 

2.2.1 Introduction 

A general introduction to insect structure and 
function can be found in most standard ento-
mological texts, e.g., Wigglesworth (1972), 
Chapman (1998, 2013), Richards and Davies 
(1977), Commonwealth Scientific and Industrial 
Research Organisation (1991). Individual topics 
are covered in texts such as Snodgrass (1935) on  
morphology, and Engelmann (1970) and Kerkut 
and Gilbert (1985) on insect reproduction. There 
are also texts such as Hodek (1973), Gauld and 
Bolton (1988), Quicke (1997), McEwen et al. 
(2001), Quicke (2014) and Ramírez and Micha-
lik (2019) that deal with aspects of the anatomy 
and morphology of particular taxonomic groups 
of insect natural enemy. This section is con-
cerned with methods used for investigating the 
internal anatomy of predators and parasitoids, the 
emphasis being placed on the female reproduc-
tive system. 

2.2.2 Techniques 

2.2.2.1 Dissection 
Many insect natural enemies, particularly para-
sitoids, are so small that routine investigations of 
their internal anatomy might, at first sight, seem 
impossible to undertake. One approach to 
anatomical investigation is to fix and then embed 
insects in wax or resins, and then to cut, using a 
microtome, serial sections of the body. This 
method is, however, technically difficult and 
there usually arise problems such as distortion 
(e.g., due to hardness of the cuticle), inadequate 
fixation and the difficulty of reconstructing sec-
tions into a three-dimensional model. A far easier 
approach is to dissect the insect. 

In order to carry out dissection, the following 
equipment will be required: a stereomicroscope 
with incident lighting (preferably fibre optics, see 
below), ordinary or cavity microscope slides, 
insect saline (e.g., 7.5 g NaCl/L) and some fine 
pins. The latter are best securely mounted either 
in glass tubes (4 mm diameter and approx. 
50 mm long) or in matchsticks. 

For parasitoid wasps (Trichogrammatidae, 
Mymaridae and others up to 25 mm long), place 
one droplet of insect saline on to a microscope 
slide and place the insect in the droplet. Use 
insects that have been recently killed either with 
ether, carbon dioxide, with some other suitable 
killing agent, or by freezing. Individuals that 
have been dead for more than an hour at room 
temperature, and also those that have been pre-
served in alcohol, are very difficult to dissect, so 
storing insects in a deep freeze is highly recom-
mended. When dissecting, ensure that the 
insect’s body is dorsal side up, feet down. With 
one pin, restrain the insect from floating or 
otherwise moving in the saline, either by piercing 
its thorax, or by holding the pin across the 
female’s petiole. With the second pin, make 
small lateral incisions in the distal part of the 
gaster, preferably where there is an interseg-
mental membrane. Place the point of the second 
pin firmly upon the tip of the insect’s gaster and



pull the latter gently away from the remainder of 
the gaster. The abdominal wall should part in the 
region of the incisions, and the abdominal con-
tents should then spill out into the saline droplet. 
With a little practice, this technique will permit 
examination of the entire reproductive system, 
and also of the mid and hind gut. By carefully 
noting the positions of all the various organs 
during dissection, it should be possible to 
reconstruct the spatial arrangement of the organs 
and associated structures (Fig. 2.1). More diffi-
cult manipulation may be required in the case of 
parasitoid wasps with long ovipositors that are 
housed within the body as a spiral (e.g., Eury-
tomidae) or extended forward in a ‘horn’ above 
the thorax (e.g., Inostemma species 
(Platygastridae)). 
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Three points need to be borne in mind when 
using the aforementioned technique. First, the 
insect must be kept covered in saline solution at 

all times. If it dries out, it cannot be satisfactorily 
reconstituted. Second, if water rather than saline 
is used, some structures may expand and become 
seriously distorted. Finally, unless a fibre-optic 
system is being used, avoid using an under-stage 
light source (useful for assisting the examination 
of some structures) for periods longer than a few 
minutes, as the specimen will dry out very 
quickly. 

Fig. 2.1 Dissection of the gaster of female Nasonia 
vitripennis (Pteromalidae). The point of a micropin is 
used to pull away the tip of the gaster and reveal the 
internal organs 

The above technique can be used for small 
predators and small dipteran parasitoids, but with 
large insects such as carabid beetles and hover-
flies a small, water-filled, wax-bottomed dish 
should be used instead of a microscope slide and 
saline droplet. Gilbert (1986) describes a tech-
nique for dissecting adult hover-flies (Syrphidae) 
(Fig. 2.2a) that can also be applied to dipteran 
parasitoids and predatory beetles and bugs. The 
insect is placed on its back (dorsal surface) (on a 
slide or wax-bottomed dish, dry or under saline) 
and is secured with an entomological pin inserted 
through the thorax. Using a second entomologi-
cal pin, a small tear is made in the intersegmental 
membrane at the junction of the thorax and 
abdomen. The end of one arm of a fine forceps is 
then inserted into this hole and the forceps are 
then used to grip the first abdominal sternite. 
Then, using a micropin (preferably one having a 
point that has been slightly bent near its tip), 
make lateral incisions in the abdomen, following 
the line of the pleura to the terminalia. Finally, 
peel back the abdominal sternites to reveal the 
internal organs (Fig. 2.2b, c). The crop (very 
large in hover-flies) can be removed in its 
entirety using forceps, and its contents (pollen 
and/or nectar) subsequently examined and anal-
ysed. The reproductive system can be examined 
in situ, under saline. Carabid beetles are dissected 
in a similar fashion, except that the insect is 
placed on its front (ventral surface). Figure 2.3 
shows the gut of a typical carabid beetle. 

It is very difficult to interpret the structure of 
an insect’s reproductive system, or that of other 
organs, if the structure has been fixed and pre-
served. If a permanent record of a dissection is 
needed, the insect’s organs are best photographed 
or drawn as soon as possible. Semi-permanent 
mounts can be made with water-soluble



mountants such as polyvinyl pyrrolidone (Bur-
stone, 1957) or glycerol, but anatomical features 
are better observed in freshly dissected insects. 
Anatomical features are enhanced by the use of 
specialist optics such as phase contrast, interfer-
ence and dark ground illumination, with a 
transmission compound microscope. 
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Fig. 2.3 The gut of a typical carabid beetle. Source 
Forsythe ( ). Reproduced by permission of The 
Richmond Publishing Co. Ltd. 

1987

Fig. 2.2 Dissections of hover-fly (Syrphidae) abdomen: 
a dissection procedure; b internal anatomy of female, 
c internal anatomy of male. Source Gilbert (1986). 
Reproduced by permission of Cambridge University Press 

2.2.2.2 Microscopy 
There is a limit to the information that can be 
obtained from dissection. Histological and histo-
chemical techniques will reveal the location of 
lipids, carbohydrates, nucleic acids and many more 
specific materials in, for example, the reproductive 
organs (see also Sect. 2.14). Such techniques have 
been crucial to our understanding of oögenesis in 
parasitoids (King et al., 1971;  Davies  et  al.,  1986; 
Reed et al., 2007, Huang et al., 2008 and Bodin 
et al., 2009). Combined with electron microscopy, 
they can reveal the detailed structure of secretory 
tissues, egg oöplasm (e.g., Le Ralec, 1995), and 
can demonstrate the effects of diet and temperature 
on structures such as mitochondria and cell mem-
branes. Davies (1974), for example, showed how 
in Nasonia vitripennis the ultrastructure of flight 
muscle alters with the age of the adult insect and 
with variations in adult diet.
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2.2.3 Ovipositor and Male Genitalia 

The ovipositor of female parasitoids may need to 
be examined in detail in order to understand the 
mechanics of oviposition, while the secondary 
genitalia of male dragonflies may need to be 
examined in order to study sperm competition 
(Sect. 4.5.2). Light microscopy and scanning 
electron microscopy (SEM) are usually 
employed to study these structures. In order to 
examine whole mounts with light microscopy, 
clear and stain them following standard proto-
cols, whereas to examine sections, e.g., of 
ovipositors, embedding, sectioning and staining 
needs to be carried out; standard protocols (em-
bedding in Spurr’s medium and staining, e.g., 
with Toluidine Blue) were followed, for exam-
ple, by Austin (1983) and Quicke et al. (1992). 
Greater detail of external morphology can be 
seen using SEM (e.g., King & Fordy, 1970; 
Jervis, 1992; Quicke et al., 1992). Specimens of 
small Hymenoptera and of Diptera are best pre-
pared for SEM by critical-point drying them 
(Postek et al., 1980), whereas specimens of larger 
and more hard-bodied insects require only air 
drying. 

Snodgrass (1935) described the basic structure 
of both male and female insect genitalia, while 
Scudder (1971) interpreted the structure of the 
ovipositor in hymenopterans. For details of 
ovipositor structure and function in parasitoids, 
including in some cases the mechanism of egg 
movement, see Jervis (1992), Field and Austin 
(1994), Quicke et al. (1994), Le Ralec et al. 
(1996), Austin and Field (1997), Kozanek and 
Belcari (1997), Gerling et al. (1998), van Len-
teren et al. (1998), Rahman et al. (1998), Le 
Lannic and Nenon (1999), Vilhelmsen et al. 
(2001), Heraty and Quicke (2003), Zacaro and 
Porter (2003), Vilhelmsen (2003), van Lenteren 
et al. (2007) and Cerkvenic et al. (2017). 

Parasitoids, in common with other insects, 
possess a diversity of sensilla on the ovipositor 
(Gutierrez, 1970; King & Fordy, 1970; Weseloh, 
1972; Hawke et al., 1973; Greany et al., 1977; 
van Veen, 1981; Jervis, 1992; Kozanek & Bel-
cari, 1997; Cônsoli et al., 1999). The function (i. 
e., mechanoreception, chemoreception) of the 

sensilla can be provisionally inferred from their 
external morphology, but corroboration needs to 
be obtained by examining them in detail using 
transmission electron microscopy, by observing 
female oviposition behaviour, and by carrying 
out electrophysiological studies. The role of 
ovipositor sensilla in host acceptance by para-
sitoids (Sect. 1.5.5) has long been appreciated. 

The functional morphology of male genitalia 
in dipteran and hymenopteran parasitoids has not 
been extensively studied (Domenichini, 1953; 
Sanger & King, 1971; Teder, 1998 and Chiappini 
& Mazzoni, 2000). Recent research in this area 
has been performed with some egg parasitoids 
(Paoli et al., 2013; Ramírez-Ahuja et al., 2020). 
The structure and function of the genitalia of 
male dragonflies (Waage, 1979, 1984; Artiss, 
2001 and Cordoba-Aguilar, 2002), spiders 
(Eberhard et al, 1998; Rivera-Quiroz et al., 2020) 
and other insects (Huber et al., 2007) is better 
understood. 

2.3 Female Reproductive Organs 

2.3.1 Ovaries 

The reproductive organs of hymenopteran 
(Figs. 2.1, 2.4a, b, d, 2.5) and dipteran 
(Fig. 2.4c, e) parasitoids comprise a pair of 
ovaries which themselves comprise several 
ovarioles in which the eggs (oöcytes) develop. In 
parasitoid wasps (King & Richards, 1969) and 
flies (Coe, 1966) the ovarioles are of the poly-
trophic type. Within each follicle, nurse cells 
(trophocyte cells: fifteen or more in hyme-
nopteran parasitoids) surround the developing 
oöcyte, providing it with nutrients (Fig. 2.6a). 
The oöcyte becomes increasingly prominent as it 
passes down the ovariole. Each oöcyte, together 
with its associated trophocyte cells, originates 
from a single cell. It seems that, in order to 
develop eggs as rapidly as possible, the protein 
production machinery of all the trophocyte cells 
passes materials into the oöcyte. The follicle 
cells, which may also pass materials from the 
haemolymph, secrete the chorion (egg mem-
brane). As the oöcyte matures, the trophocyte
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Fig. 2.4 The reproductive systems of some parasitoid 
wasps and flies: a gravid female Coccophagus atratus 
(Aphelinidae) 24 h after emergence (source Donaldson & 
Walter, 1988); b Trachysphyrus albatorius (Ichneu-
monidae) (source Pampel, 1914, in Price, 1975); c Hyper-
ecteina cinerea (Tachinidae) (source Clausen et al., 1927, 

in Price, 1975); d Enicospilus americanus (Ichneu-
monidae) (source Price, 1975); e Leschenaultia exul 
(Tachinidae) (source Bess, 1936 in Price, 1975). a Repro-
duced by permission of Blackwell Publishing; b, c, d and 
e by permission of Plenum Publishing Corporation
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Fig. 2.5 The reproductive 
systems of some parasitoid 
wasps: a Gonatocerus sp. 
(Mymaridae); b Cotesia 
sp. (Braconidae); 
c unidentified Eulophidae



cells break down. The follicular epithelium cre-
ates a small pore (the micropyle) in the chorion, 
through which the sperm enters to penetrate the 
egg membrane and effect fertilisation.
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Fig. 2.6 Examples of 
ovariole structure in natural 
enemies: a polytrophic type, 
in Nasonia vitripennis 
(Pteromalidae) (source King 
& Ratcliffe, 1969); 
b telotrophic type as found in 
coccinellid beetles and 
heteropteran bugs (source de 
Wilde & de Loof, 1973). 
a Reproduced by permission 
of The Zoological Society of 
London; b by permission of 
Elsevier Science 

To examine the ovarioles of a dissected insect, 
remove the ovaries (their attachment to the 
abdominal wall may need to be severed), place 
them on a microscope slide in a drop of insect 
saline, and tease the ovarioles apart with micro-
pins. Then gently place a cover-slip over the 
ovaries. The number of ovarioles can then be 
counted and their contents viewed. 

In both hymenopteran and dipteran para-
sitoids, the number of ovarioles per ovary varies 
both interspecifically (Flanders, 1950; Price, 
1975; Jervis & Kidd, 1986; Quicke, 1997; 

Harvey et al., 2014) and intraspecifically (e.g., 
van Vianen & van Lenteren, 1986; Harvey et al., 
2014; Liu et al., 2014; Ameri et al., 2015). 
Ovarian structure often differs markedly between 
koinobiont and idiobiont parasitoids. For 
instance, koinobionts are often much more 
highly fecund than idiobionts, and this is reflec-
ted in the number of ovarioles per ovary, which 
is often far greater than in idiobionts (Flanders, 
1950; Price, 1972; Jervis et al., 2001, 2008; 
Harvey, 2008). Many chalcidoid wasps have an 
average of three ovarioles per ovary (Encarsia 
formosa has an average of eight to ten, depend-
ing on the population studied), whereas in ich-
neumonoid wasps the range of interspecific 
variation is much wider (Iwata, 1959, 1960,



1962; Cole, 1967; Quicke, 1997). In some spe-
cies of Ichneumonidae ovariole number alters 
according to whether the females are of the first 
or the second field generation, female body size 
being taken into account, i.e., there is a seasonal 
dimorphism (Cole, 1967). In predatory coc-
cinellids, as in parasitoids, there is both intra- and 
interspecific variability in ovariole number 
(Iperti, 1966; Stewart et al., 1991). Welch (1993) 
reviews ovariole number in Staphylinidae. 
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Fig. 2.7 Schematic 
representation of reproductive 
system in female Chrysopa 
septempuncata (Neuroptera), 
dorsal aspect. Source Principi 
(1949). Reproduced by 
permission of W. Junk, 
Publishers 

Predator ovaries fall into several categories. 
Those of chrysopid lacewings and carabid and 
gyrinid beetles have polytrophic ovarioles (e.g., 
Fig. 2.7), but coccinellid beetles and predatory 
heteropteran bugs have telotrophic ovarioles 
(Fig. 2.6b). In the latter, the trophocyte cells, 
instead of accompanying the oöcyte as it moves 
down the ovariole, remain in the swollen distal 
end and remain attached to the egg by a length-
ening cytoplasmic strand that conveys the nutri-
ents. Telotrophic ovarioles are therefore short, 
but they are often numerous. 

A measure of female reproductive potential 
can be obtained by counting the total number of 
oöcytes (mature and immature) within the 
ovaries and oviducts (Sect. 2.7.1). It is a fairly 
simple procedure to count the number of mature 
eggs in species that possess enlarged lateral 
oviducts in which the eggs accumulate 
(Sect. 2.3.2), but care is needed in the case of 
species that store (albeit for a brief period) some 
or all of their eggs within the basal part of the 
ovariole. With practice, it is possible to recog-
nise mature eggs by their slightly opaque 
appearance resulting from the presence of yolk 
within (i.e., in anhydropic species, Sect. 2.3.4). 
Immature oöcytes, particularly the smaller ones, 
are more difficult to count. A stain such as 
acetocarmine can be used to reveal them more 
clearly: the stain is taken up by these oöcytes, 
because they lack a chorion (in mature oöcytes, 
only the surrounding follicle becomes stained; 
the follicle is eventually lost prior to the mature 
egg entering the oviduct).
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Fig. 2.8 The calyx region of lateral oviduct in: a Cotesia 
sp. (Braconidae); b Aprostocetus sp. (Eulophidae) (also 
showing one pair of colleterial glands); c Torymus 
sp. (Torymidae) (also showing two pairs of colleterial 

glands); d Macroneura vesicularis (Eupelmidae) (show-
ing calyx lobes, i.e., the very long structures, and two 
pairs of colleterial glands) 

2.3.2 Oviducts 

The ovarioles empty into the lateral oviducts 
(Figs. 2.4, 2.5, 2.8). In most Hymenoptera, each 
lateral oviduct includes an obvious glandular 
region, the calyx (Fig. 2.8), which secretes mate-
rials onto the egg as it is laid (Rotheram, 1973a, b). 
In some Braconidae and Ichneumonidae, the calyx 

is the source of polydnaviruses (baculoviruses of 
the family Polydnaviridae) (Stoltz & Vinson, 1979; 
Stoltz, 1981;  Strand  et  al.,  1988; Fleming, 1992; 
Bézier et al., 2009; Herniou et al., 2013). The latter, 
which replicate in the cells of the calyx, play a role 
in preventing encapsulation of the parasitoid egg 
(Sect. 2.10.2) and in modifying the host’s  growth,  
development, morphology and behaviour (Vinson



& Iwantsch,  1980a; Stoltz, 1986; Strand et al., 
1988; Beckage,  1998a, b; Webb,  1998; Strand & 
Burke, 2014; Ye et al.,  2018). Chelliah and Jones 
(1990) raised an antibody against the extracted 
polydnaviral proteins of Chelonus sp. and then used 
it to reveal the location of such proteins in the 
wasp’s reproductive system. 
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In some synovigenic parasitoid wasps the 
lateral oviducts can accommodate a small num-
ber of eggs, e.g., 9–12 per oviduct in Coccoph-
agus atratus (Donaldson & Walter, 1988) 
(anhydropy, Sect. 2.3.4). In others the oviducts 
are greatly elongated, to form distinctive ‘uteri’, 
and can accommodate very large numbers of 
small eggs (Figs. 2.4d and 2.5b) (hydropy, 
Sect. 2.3.4). 

The lateral oviducts join to form the common 
oviduct, a largely muscular structure that in turn 
becomes confluent with the vagina and (in 
wasps) the ovipositor stylets. In some tachinid 
parasitoids, egg storage (and incubation) occurs 
in the common oviduct, e.g., Cyzenis albicans 
(Hassell, 1968). In wasps, forward-pointing 
spines in the vagina push the egg into the 
ovipositor at or before oviposition (Austin & 
Browning, 1981). As it passes down the 
ovipositor, the egg is squeezed to a small diam-
eter, a process that has been shown to trigger 
embryonic development (Went & Krause, 1973). 
Embryonic development of haploid (male) eggs 
of the ichneumonid parasitoid Pimpla turionellae 
can also be triggered by experimental injection, 
not involving egg deformation, of calcium 
ionophore A23187 (Wolf & Wolf, 1988). The 
chorion of the hymenopteran egg is remarkably 
flexible, so experiments on the initiation of 
embryogenesis can be carried out on mature eggs 
that have been removed from the ovarioles or 
lateral oviducts of a wasp. The eggs can be 
manipulated in various ways on a microscope 
slide, in saline solution, to show, for example, 
what degree of compression is required to trigger 
embryogenesis. In the tachinid Cyzenis albicans 
eggs, when laid, contain a fully formed first-
instar larva (Hassell, 1968). 

2.3.3 Shape, Size and Number 
of Eggs 

The shape of eggs in parasitoid wasps and flies 
varies considerably between groups (Iwata, 1959, 
1960, 1962; Hagen, 1964; Quicke, 1997). Egg 
types found among parasitoid wasps include 
those with a simple ovoid shape, those that are 
greatly elongated (Fig. 2.9a, b), those with a 
distinctive stalk at the micropyle end, and those 
with a double-bodied appearance (Fig. 2.9c). For 
a review of the range of egg types found among 
parasitoids, see Hagen (1964) and Quicke (1997). 

Some eggs (hydropic-type eggs, Sect. 2.3.4) 
characteristically increase greatly in size follow-
ing deposition in the host’s haemocoel. Among 
Braconidae, for example, eggs of Euphorinae 
expand in volume a thousand times (Ogloblin, 
1924; Jackson, 1928), and those of Praon pali-
tans (Aphidiinae) over six hundred times (Sch-
linger & Hall, 1960). 

Within a parasitoid wasp species, the number 
and the size of mature oöcytes in the ovaries are, in 
general, positively correlated with the size of the 
female (e.g., O’Neill & Skinner, 1990; Rosenheim 
& Rosen, 1992; Visser, 1994; but see Fitt, 1990). 
This observation has important implications for 
foraging models, since larger females may, theo-
retically, obtain larger fitness returns per host and 
also, compared with smaller females, they can 
utilise a series of hosts in more rapid succession 
(Skinner, 1985; O’Neill & Skinner, 1990). 

The number of mature oöcytes in the ovaries 
is a function of the number of ovarioles, which is 
also correlated with body size within a species 
(e.g., Branquart & Hemptinne, 2000). Data on 
oöcyte number, oöcyte size and ovariole number 
have been gathered for a limited number of 
species. In spiders, it was shown that the amount 
of metabolic energy invested per egg is species 
specific and strongly influences egg size 
(Anderson, 1990). 

In the damselfly Coenagrion puella, the 
carabid beetle Brachinus lateralis, and the hover-
fly Episyrphus balteatus, egg size is not



b

correlated with female size (Juliano, 1985; Banks 
& Thompson, 1987a; Branquart & Hemptinne, 
2000), but it is positively correlated with body 
size across species of Gerridae and predatory 
Coccinellidae (Kaitala, 1991; Dixon, 2000). 
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Fig. 2.9 Eggs of parasitoid Hymenoptera. Eggs dissected 
out of the reproductive systems of parasitoid Hymenop-
tera: a unidentified Mymaridae; b Cotesia sp. (Bra-
conidae); c unidentified Encyrtidae. Stereomicroscopic 
images of laid eggs: d Habrobracon hebetor (Braconi-
dae); e Goniozus nephantidis (Bethylidae) (Photographs 
d and e: K.S. Shameer) 

The size of a female’s eggs may alter during 
her lifetime. Giron and Casas (2003b) demon-
strated that Eupelmus vuilletti reduces egg pro-
visioning with age: with increasing age, there is a 
marked decrease in reproductive investment with 
respect to egg size, and sugar, protein, lipid and 
energy content. Egg size was a good predictor of 
offspring fitness, measured as survival of neonate 
larvae. Wallin et al. (1992) showed that in cara-
bid beetles egg size decreases with increasing 
oviposition rate. 

Between parasitoid species, ovariole number 
is a good predictor of fecundity, as Price (1975) 
has shown for Ichneumonidae and Tachinidae 
(Fig. 2.10). It remains to be tested whether or not 
a correlation exists between body size and 
ovariole number, on a broad, between-species 
basis. 

Blackburn (1991a) and Jervis et al. (2003) 
showed, through comparative analyses, that 
among parasitoid wasps there is not a positive 
relationship between adult size and lifetime fe-
cundity (fecundity is defined in Sect. 2.7.1), 
although Blackburn (1991a) detected such a 
relationship when he controlled for egg size. 
When adult size is controlled for, species with a 
high fecundity (the maximum number of eggs 
reported to have been laid by an individual of a 
species) tend to have smaller eggs, indicating a 
trade-off between fecundity and egg size (small 
eggs require less of a material investment) (fur-
ther discussed in Blackburn, 1991a). Mayhew 
and Blackburn (1999) showed, also through a 
comparative analysis, that koinbionts produce 
smaller eggs than do idiobionts.
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Fig. 2.10 The relationship between fecundity (note log 
scale) and the number of ovarioles per ovary in species in 
the Ichneumonidae and in the Tachinidae. Data points 
represent means for individual species. Source Price 
(1975). Reproduced by permission of Plenum Publishing 
Corporation 

The interspecific relationships among preda-
tory Syrphidae and among Coccinellidae with 
respect to ovariole number, mature oöcyte num-
ber, oöcyte size and female body size, and their 
biological significance, are discussed by Gilbert 
(1990) and Dixon and Guo (1993). Note that in 
predatory coccinellids large species produce 
proportionately smaller eggs, relative to their 
body size, than smaller ones. For a discussion of 
the adaptive significance of the egg size‒body 
size relationship in the Coccinellidae, see Dixon 
(2000). 

2.3.4 ‘Ovigeny’ and Related Traits 

2.3.4.1 Ovigeny Index 
Among insects, even among members of the 
same order, there may be considerable variation 
in the degree to which the female’s lifetime 
potential egg complement is mature when she 
emerges into the environment following pupal 

development. For example, the orders Lepi-
doptera and Hymenoptera each include, at one 
extreme, species that emerge with a fully devel-
oped lifetime egg complement and, at the other 
extreme, species that emerge with only immature 
oöcytes (Flanders, 1950; Dunlap-Pianka et al., 
1977; Jervis et al., 2001). There are even in-
traspecific, intra-population genetic variations in 
this trait (Wajnberg et al., 2012). The ‘ovigeny 
index’, which is expressed as the proportion of 
the initial mature egg load that make up the 
lifetime potential fecundity (Sect. 2.7.1), was 
devised by Jervis et al. (2001) to quantify vari-
ation in the degree of egg development shown by 
insects both interspecifically and intraspecifi-
cally. Ovigeny index = 1 (‘strict pro-ovigeny’ 
sensu Jervis et al., 2001) indicates that all the 
female’s oöcytes are mature upon emergence, 
whereas ovigeny index = 0 (‘extreme syn-
ovigeny’) denotes emergence with no mature 
oöcytes. A continuum of ovigeny index values 
exists among parasitoid wasps, ranging from 
strict pro-ovigeny, through weak then strong 
synovigeny, to extreme synovigeny (Jervis et al., 
2001); the same probably applies to parasitoid 
Diptera and also insect predators as a whole. 

The numerator in the calculation of ovigeny 
index—initial egg load (the number of mature, 
i.e., fully chorionated [layable] eggs in newly 
emerged females)—is in many species easily 
measured through dissection. Lifetime potential 
fecundity, the denominator in the calculation of 
ovigeny index, is measured by adding the num-
ber of immature oöcytes (also measured through 
dissection) to the initial egg load. Alternatively, it 
can be approximated by measuring the average 
lifetime realised fecundity (Sect. 2.7.1) achieved 
under conditions of high host abundance (hosts 
supplied ad libitum) and high food 
availability/quality. 

The ovigeny index can be used as a simple 
measure of the allocation of resources to repro-
duction at the start of adult life (Sect. 2.13.2), and 
thus to seek some of the classic trade-offs pre-
dicted by general life-history theory (Bell & 
Koufopanou, 1986; Smith, 1991; Stearns, 1992; 
Roff, 2002). For example, in parasitoid wasps, 
ovigeny index and life-span are negatively



correlated both within species (Jervis et al., 2001, 
using data in Ellers & van Alphen, 1997) and 
across species (Jervis et al., 2001, 2003), sug-
gesting that there is a cost, to life-span, of con-
centrating reproductive effort into early adult life 
(Jervis et al., 2001). At least within species, the 
negative correlation is attributable to the differ-
ential allocation of capital resources between 
initial eggs on the one hand, and fat body 
reserves (which contribute to maintenance 
metabolism) on the other (Ellers & van Alphen, 
1997) (Sect. 2.13.2). Ovigeny index has also 
been used to explore the body size-related trade-
off between current and future reproduction 
(Ellers & Jervis, 2003). 
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Other life-history variables found to be cor-
relates of ovigeny index are: egg resorption 
capability (associated with a low index), egg type 
(hydropy is associated with a high index, anhy-
dropy with a low index), and body size (nega-
tively correlated with ovigeny index, both 
between and within species) (Jervis et al., 2001, 
2003; Ellers & Jervis, 2003). Host-feeding spe-
cies tend to have a low index, as do idiobionts 
(Jervis et al., 2001). Ovigeny index is hypothe-
sised to be correlated with the degree of resource 
carry-over (i.e., from pupa to adult) 
(Sect. 2.13.2): an index of 1 indicates that the 
materials used for lifetime reproduction derive 
entirely from larval resources, whereas indices of 
<1 indicate that the materials used for lifetime 
reproduction derive only partly from carried-over 
resources, the females relying upon external 
nutrient inputs to mature their remaining 
oöcytes). This difference in life-history strategy 
closely parallels the concept of ‘capital’ versus 
‘income’ breeding (Drent & Daan, 1980; Boggs, 
1992, 1997a). The ovigeny index can also be 
affected by abiotic factors such as temperature. 
For example, Moiroux et al. (2018) found that 
ovigeny index in the synovigenic parasitoid 
Aphidius ervi increased when immature stages or 
adults were exposed to higher temperatures. If 
more broadly applicable, these results could have 
implications on parasitoid reproductive be-
haviour and demographics in the field, especially 
under conditions experienced during climatic 
extremes (Harvey et al., 2020; Ma et al., 2021). 

For details of the criteria used in deciding 
whether a species is strictly pro-ovigenic or 
synovigenic, see Jervis et al. (2001). Note that 
some species categorised by authors as pro-
ovigenic are, in reality, weakly synovigenic 
(Mills & Kuhlmann, 2000; Jervis et al., 2001). 

2.3.4.2 Autogeny/Anautogeny 
in Synovigenic Insects 

Presumably due to there being insufficient 
resource carry-over from the larval stage, some 
synovigenic species can mature some eggs 
without first feeding (i.e., are autogenous), 
whereas others must feed (i.e., are anautoge-
nous). It is likely that the vast majority of 
koinobiont endoparasitoids that produce hy-
dropic eggs are autogenous (Jervis & Kidd, 
1986; Harvey, 2005; Pennacchio & Strand, 2006; 
Jervis et al., 2008). Hover-fly (Syrphidae) species 
are synovigenic-autogenous (Gilbert, 1991). The 
tachinid Cyzenis albicans is synovigenic-
autogenous (Hassell, 1968). Predatory coccinel-
lids are synovigenic-anautogenous. The green 
lacewing Chrysoperla carnea is anautogenous 
when reared only on prey, but is autogenous 
when given a non-prey food, together with prey, 
during larval life (McEwen et al., 1996). In 
anautogenous host-feeding species, the females 
must consume host haemolymph in order to 
mature eggs (Jervis & Kidd, 1986). 

2.3.4.3 Hydropy and Anhydropy 
Flanders (1942) distinguished between two types 
of egg in parasitoid wasps, hydropic and anhy-
dropic, based on the function of the chorion. 
Hydropic eggs, which are restricted to endopar-
asitoid species, usually swell to a considerable 
degree within hours or a few days of being 
deposited within the host’s haemolymph (Sch-
linger & Hall, 1960). Compared with the mature 
ovarian eggs, the swollen eggs in euphorine 
Braconidae are 1000 times larger in terms of 
volume. The swelling occurs as a result of the 
uptake, via the thin, permeable chorion, of 
components of the host’s haemolymph (Ferko-
vich & Dillard, 1987). In hydropic egg-
producing parasitoids, the permeable chorion is 
connected physically to the embryo via an extra-



embryonic membrane, which absorbs nutrients 
from host haemolymph during embryogenesis 
(Grbić & Strand, 1998). Anhydropic eggs, which 
occur among ectoparasitoid as well as endopar-
asitoid species, have a relatively thick, rigid, 
impermeable chorion, and any apparent swelling 
they undergo is slight and mostly the result of the 
embryo having developed into the first-instar 
larva. 
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Hydropic eggs contain little yolk, which is 
mainly comprised of lipids (Le Ralec, 1995). 
Their oöplasm contains numerous ribosomes and 
mitochondria, both organelles apparently being 
derived from the female’s trophocytes, via the 
nutritive pore (King et al., 1971; Le Ralec, 1995). 
Proteins, rather than being acquired from the 
host’s haemolymph, are synthesised de novo 
within the oöplasm, from amino acids which 
have been obtained from the host (Ferkovich & 
Dillard, 1987). The major contribution by the 
mother to its progeny is thus a protein synthesis 
apparatus to enable complete embryonic devel-
opment (Le Ralec, 1995). Anhydropic eggs, by 
contrast, contain much yolk. Their oöplasm 
contains numerous lipoid bodies. Proteins, 
mainly composed of vittelin, are also present, but 
their character varies among species. In species 
whose females consume host haemolymph 
(‘host-feed’, Sect. 1.8), the protein bodies are 
typical of insects generally (King & Richards, 
1969; Kunkel & Nordin, 1985; Le Ralec, 1995) 
but in species that do not host-feed they appear to 
be atypical, although their biochemical compo-
sition has yet to be clarified (Le Ralec, 1995). In 
anhydropic egg-producing species, the mother 
contributes to its progeny sufficient sources of 
both energy-rich (lipid) and nitrogen-rich (pro-
tein) materials to enable embryonic development 
to be completed. Harvey (2008) compared 
reproduction and development in two species of 
closely related secondary (hyper)parasitoids in 
the ichneumonid subfamily Cryptinae, Lysibia 
nana and Gelis agilis, both of which attack 
cocoons of Cotesia glomerata. Each species 
produces anhydropic eggs and both have ovigeny 
indices of 0. However, whereas adult female G. 
agilis obligatorily host-feeds before producing 
eggs, L. nana does not. This reveals that 

phylogeny plays some role in explaining the 
expression of some reproductive traits but not 
others. 

It is reasonable to conclude from the above that 
the greatest degree of parental (female) investment 
per egg is made by anhydropic egg-producing 
species. Indeed, Godfray (1994) and Mayhew and 
Blackburn (1999) assumed the selection pressures 
for divergence in egg size among parasitoids to be 
linked to the selection pressures for divergence in 
egg type (hydropy/anhydropy), with the result that 
small egg size is associated with hydropic egg 
production, and large egg size associated with 
anhydropic egg production. Jervis et al. (2001, 
2003, 2008) therefore took hydropy and anhy-
dropy to be proxy measures of such investment 
when seeking a link between egg type and the 
timing of egg production (ovigeny index). In a 
comparative analysis of over 60 parasitoid wasp 
species, hydropic egg-producing species were 
shown to have, on average, a significantly higher 
ovigeny index than anhydropic species. Given that 
Jervis et al. (2003) have shown ovigeny index to 
equate with initial egg load, the aforementioned 
result accords well with the trade-off, between egg 
number and egg size across species, predicted for 
animals generally by life-history theory (Smith & 
Fretwell, 1974), and established empirically for 
parasitic (mainly parasitoid) wasps by Berrigan 
(1991). Therefore, the hydropy/anhydropy dis-
tinction would seem to be a valid comparative 
measure of parental investment per egg. A more 
convincing case in support of this assumption 
could be made if egg type and egg volume were 
shown to be positively correlated. An alternative 
approach would be to show that hydropy and 
anhydropy are linked to cross-species variation in 
body size. The rationale behind the existence of 
such a relationship is that in parasitoid wasps, egg 
volume and body size are positively correlated, 
irrespective of the method by which volume is 
calculated (Berrigan, 1991; Blackburn, 1991a). 
Ideally, future research into interspecific patterns 
of maternal egg provisioning should involve 
measuring allocation per egg in terms of total 
energy and of the amounts of key nutrients, using 
the techniques applied by Giron and Casas 
(2003b)  to  Eupelmus vuilletti.
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2.3.4.4 Egg Resorption 
In synovigenic-anhydropic parasitoids, oöcytes, 
when they become mature, are not immediately 
discharged into the lateral oviduct. Usually a 
maximum of only a few (three in Encarsia for-
mosa; van Lenteren et al., 1987) mature eggs can 
be stored per ovariole at any moment in time. 
These eggs, however, can be retained for only a 
brief period of time, as they have limited storage 
life, and space has to be made for other mature 
oöcytes to enter the lateral oviduct. If a female is 
deprived of hosts for a sufficiently long period 
(i.e., hosts are absent or are otherwise very 
scarce), she does not jettison such eggs but 
begins resorbing them, commencing with the 
oldest (see below) (see also Stokkebo & Hardy, 
2000). In Nasonia vitripennis only the pycnotic 
residue of the follicle cell nuclei remains after 
resorption (King & Richards, 1968), although in 
a few species females may deposit partially 
resorbed eggs (Flanders, 1950). In some cases, 
even developing oöcytes may be resorbed (re-
viewed by Jervis & Kidd, 1986, and van Len-
teren et al., 1987). By resorbing eggs, the female 
can use the energy and materials obtained from 
the eggs to maintain herself and to sustain ovi-
genesis until hosts are again available. Through 
egg resorption, eggs are returned to the body of 
the wasps with only a partial loss of energy and 
materials, instead of the total loss that would 
occur if the eggs were jettisoned. In the mymarid 
parasitoid Anaphes nitens, the rate of egg re-
sorption is higher in starved wasps than wasps 
fed with honey (Carbone et al., 2008). This 
suggests that the presence of carbohydrates 
(sugars) inhibits the need for parasitoids to resorb 
nutrients in their eggs, and suggests that egg re-
sorption is a last-resort survival tactic (Jervis & 
Kidd, 1986). Egg resorption can be a form of egg 
limitation in synovigenic parasitoids, since whilst 
a female is in the process of resorbing eggs, she 
may be temporarily incapable of ovipositing 
even if hosts become available (Jervis & Kidd, 
1986, 1999; Heimpel & Rosenheim, 1998). 

Eggs that are undergoing resorption can be 
detected at the proximal ends of the ovarioles by 
their unusual shape (and sometimes colour in 
hemipteran bugs) compared with unaffected eggs 

(Fig. 2.11a, b). Because of the partial removal of 
the chorion, eggs that have recently begun to be 
resorbed may, unlike unaffected eggs, increase in 
size when dissected out in water, and will certainly 
take up stains such as acetocarmine or trypan blue 
more readily (King & Richards, 1968). 

As they are being resorbed, eggs shrink and 
finally disappear, leaving remnants of the exo-
chorion. The latter are probably voided through 
the egg canal at the next oviposition, although in 
some Encyrtidae part of the chorion (the aero-
scopic plate) remains in the ovariole or is voided 
into the haemocoel (Flanders, 1942). 

The time of onset of resorption in host-deprived 
wasps varies, depending on the availability of 
food. A female Nasonia vitripennis or Goniozus 
nephantidis that is starved will begin resorbing 
eggs earlier than a female that is given honey 
(Edwards, 1954; Stokkebo & Hardy, 2000). 
Heimpel et al. (1997a) recorded egg resorption in 
starved Aphytis melinus but not in honey-fed ones 
over the 36-h experimental period. In host-
deprived, honey-fed females of Nasonia vitripen-
nis oöcyte development continues, albeit slowly. 
Among starved female Phanerotoma franklini, 
some females apparently did not live long enough 
to resorb eggs, whereas sugar-fed females moni-
tored to natural death began to resorb eggs after 
around 30 days, and by 40 days had resorbed all 
of their eggs (Sisterton & Averill, 2002). 

The rate of egg resorption can be measured 
using the chemical colchicine, which stops cell 
division by interfering with microtubule forma-
tion, and therefore halts production of further 
mature eggs. Rates measured for parasitoids vary 
from one to several days (Edwards, 1954; Bar-
tlett, 1964; Benson, 1973; Anunciada & Voegelé, 
1982; van Lenteren et al., 1987). In completely 
starved Nasonia vitripennis, when the terminal 
oöcyte of one ovariole has begun to be resorbed, 
it is followed by those in other ovarioles. With 
continued starvation, the penultimate oöcyte will 
also start being resorbed, first in one ovariole and 
then in the others, and so on (King & Richards, 
1968). 

If a female parasitoid is deprived of hosts for a 
long enough period for resorption to commence, 
the number of mature oöcytes in the ovaries (egg



load), will depend on both: (a) the rate of oögen-
esis (which will be much lower in starved females 
than in females that have access to non-host foods, 
Sect. 2.7.3) and (b) the rate of resorption (King, 
1963; van Lenteren et al., 1987). 
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Fig. 2.11 Egg resorption in synovigenic-anhydropic 
parasitoid wasps: a Nasonia vitripennis (Pteromalidae) 
(source King & Richards, 1968); b Habrobracon hebetor 
(Braconidae). (source Grosch, 1950) [In both cases, the 
ovarioles of a non-resorbing female are shown on left, and 

those of a resorbing female are shown on right]. 
a Reproduced by permission of The Zoological Society 
of London; b by permission of The Marine Biological 
Society, Woods Hole, Massachusetts 

2.3.5 Egg Limitation 

As discussed in Chaps. 1 (Sect. 1.16.2)  and  7, the 
degree to which a parasitoid is egg limited is an 
important consideration when studying parasitoid



foraging behaviour, from the standpoints of fit-
ness gain and searching efficiency. The size of 
the parasitoid’s mature egg load determines the 
number of eggs the female can lay at a given 
moment in time (Heimpel & Rosenheim, 1995) 
(Fig. 2.12). What, then, sets the upper limit to 
egg load: is it the rate of ovigenesis or the storage 
capacity? 

122 M. A. Jervis et al.

Fig. 2.12 The changes in egg load and the cumulative 
number of eggs laid by a strictly pro-ovigenic and a 
strongly synovigenic species in relation to successive 

oviposition events. From Heimpel and Rosenheim (1998). 
Reproduced by kind permission of Elsevier Science 

If, in a species that is not currently resorbing 
eggs, not all the ovarioles are found to contain a 
mature egg at any instant in time when ovigen-
esis is at its maximum, i.e., there is asynchrony 
among ovarioles, then the ceiling to egg load is 
set by the rate of ovigenesis, not by the storage 
capacity. On the other hand, if at any time all the 
ovarioles contain a full-sized egg and the lateral 
oviducts are also full of eggs, then the ceiling is 
likely to be set by storage capacity (in which case 
one must ask: does ovigenesis cease when the 
maximum storage capacity is reached?). Coc-
cophagus atratus apparently belongs to the sec-
ond category. If females of this species are 
withheld from hosts but fed on honey following 
eclosion and are dissected after varying periods, 
the egg load is found to increase during the first 
24 h of adult life and thereafter remain constant 
(Fig. 2.13). Since in this species there is no 
evidence for egg resorption, egg numbers are 
probably limited by the storage capacity of the 
ovarioles/lateral oviducts, with ovigenesis ceas-
ing when there is no room for further eggs 

(Donaldson & Walter, 1988). In the solitary 
koinobiont endoparasitoid Venturia canescens, 
egg storage capacity in the oviducts is reached in 
host-deprived females around five days after 
eclosion (Harvey et al., 2001). At this point 
oögenesis ceases until females parasitise multiple 
hosts, when it resumes. By contrast, in some 
idiobiont parasitoids, egg limitation is taken to 
the extreme. For example, the cryptine faculta-
tive hyperparasitoid Gelis agilis has only two 
ovarioles per ovary and can store no more than 
two anhydropic eggs in them at a given time. As 
a result, daily and lifetime fecundity under

Fig. 2.13 The number of full-sized eggs in the ovaries of 
Coccophagus atratus (Aphelinidae), recorded at various 
intervals after female eclosion (mean ± SE, n = 10). 
Source Donaldson and Walter ( ), reproduced by 
permission of Blackwell Publishing

1988



optimal ‘good world’ laboratory conditions are 
still exceedlingly low, with females only able to 
lay a maximum of 2‒3 eggs a day and rarely 
more than 50 during a lifetime (Harvey, 2008). It 
would be interesting to know what conditions 
facilitate the switching on and off of ovigenesis 
under both natural and laboratory conditions, and 
if this is correlated with reproductive traits of the 
parasitoids being studied.
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To measure the rate of ovigenesis in a syn-
ovigenic parasitoid in relation to different treat-
ments, expose each of several large cohorts of 
standardised (e.g., newly emerged) females to a 
particular environmental condition, e.g., type of 
diet, temperature level, and follow the cohorts 
through until the last females die. Each day, 
dissect part of each cohort and examine the 
condition of the ovaries in the females, recording 
the number of mature eggs. The age-specific and 
average daily rate of ovigenesis (plotted as an 
ovigenesis schedule) can be compared for the 
different treatments. A detailed protocol for an 
investigation of this type, concerned with the 
effects of different temperatures, may be found in 
Kajita and van Lenteren (1982). 

2.3.6 Motivation to Oviposit 

A number of theoretical models indicate that the 
motivation to oviposit (and to host-feed) depends 
upon egg load. How does a parasitoid perceive 
the size of its egg load? Donaldson and Walter 
(1988), in a detailed study on ovipositional 
activity and ovarian dynamics in Coccophagus 
atratus, showed that when females were exposed 
to an abundance of hosts, they deposited eggs 
within defined bouts of ovipositional activity that 
were initiated only when the female had accu-
mulated approximately eighteen full-sized eggs 
(Fig. 2.4a). This finding suggests that egg load, 
possibly perceived via stretch receptors in the 
lateral oviducts (Collins & Dixon, 1986), affects 
the motivation to oviposit. 

2.3.7 Spermathecal Complex 

The spermatheca (Figs. 2.1, 2.2, 2.4, 2.7, 2.14 
and 2.15) is the sperm storage organ of females. 
Syrphidae, Tachinidae and Pipunculidae have 
three (Fig. 2.2b; Kozanek & Belcari, 1997), 
whereas Hymenoptera have only one (Quicke, 
1997). In Hymenoptera, the spermatheca is situ-
ated at or near the confluence of the lateral ovi-
ducts. The spermathecal complex comprises a 
capsule (the storage vessel or ‘spermathecal 
reservoir’), a gland or pair of glands which may 
help to attract, nourish and possibly activate 
sperm, and a muscular duct through which sperm 
are released (or witheld) as an egg passes along 
the common oviduct (vagina). 

In parasitoid wasps, the spermatheca is 
noticeably pigmented yellow, dark red or black 
(a possible adaptation for protecting sperm from 
the adverse affects of UV light), a useful feature 
to look out for when dissecting females. Using 
transmitted light, it is usually possible to observe, 
at high magnifications, the movement of any 
sperm present within the capsule. To detect such 
movement, observations must be made within 
5 min of dissecting the recently killed female. 
Hardy and Godfray (1990) determined whether 
or not field-caught foraging parasitoids were 
virgins, by examining the spermatheca of dis-
sected females. They were able to distinguish 
between empty spermathecae, those containing 
living sperm (present as a writhing mass) and 
those containing dead sperm (inadvertently killed 
by the dissection process). The spermathecae of 
Pipunculidae are enclosed within the sclerotised 
base of the ovipositor, and so are difficult to 
examine and dissect. 

Thus far, most empirical attention has focused 
on egg limitation in parasitoids as a possible 
impediment to achieving maximum fecundity 
(egg limitation in parasitoids is discussed in 
Chap. 1). However, more recently it has been 
shown that the number of sperm carried by some 
male parasitoids can also be a limiting factor in
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Fig. 2.14 The spermatheca 
in parasitoid wasps: 
a Aprostocetus sp. 
(Eulophidae) (showing 
pigmented capsule); 
b Eurytoma 
sp. (Eurytomidae) (capsule 
and gland united, showing the 
gland’s collecting duct); 
c Nasonia vitripennis 
(Pteromalidae) (showing 
sperm)



reproduction (Boivin, 2013). Suggested studies 
on sperm use, limitation, depletion and compe-
tition are described in Chap. 4 (Sect. 4.5).
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Fig. 2.15 The reproductive 
system of female Aphelinus 
(Aphelinidae), showing the 
position of the spermatheca, 
the venom gland, Dufour’s 
gland, the venom gland 
reservoir and other structures. 
Source Copland (1976). 
Reproduced by permission of 
Pergamon Press 

2.3.8 Accessory Glands 

In many female insects there are obvious glands, 
occurring as a pair or two pairs of pouches, 
associated with the anterior end of the common 
oviduct (vagina), which are termed accessory or 
colleterial glands (Figs. 2.4a, e, 2.7 and 2.8) 
(King & Ratcliffe, 1969; Quicke, 1997). It is 
generally understood that they produce secre-
tions which coat the egg as it is laid. These 
glands are present in nearly all chalcidoid para-
sitoids; different families have different numbers 
and arrangements (King & Copland, 1969; 
Copland & King, 1971, 1972a, b, c, d; Copland 
et al., 1973; Copland, 1976), but hardly anything 
is known about their function. They have been 
implicated in the formation of feeding-tubes of 
host-feeding Hymenoptera (Flanders, 1934) 
but they seem to be equally developed in 
species that do not host-feed. Some Torymidae 
have the largest glands, and Eupelmus urozonus 
(Eupelmidae) has both large glands and enor-
mous extensions from the calyx. Noting the 
condition of the glands in dissected females 
under various experimental treatments may be 
instructive as to their function. 

2.3.9 Dufour’s (Alkaline) Gland 

The Dufour’s or alkaline gland (Figs. 2.4a, b, d, 
2.15 and 2.16) is well developed in the Hyme-
noptera. It discharges into the anterior common 
oviduct at the base of the ovipositor. In para-
sitoids it is the source of the parasitoid marker 
substances (pheromones) discussed in 
Sects. 1.64 and 1.9.4. The Dufour’s gland is 
normally a thin-walled sac containing an oily 
secretion. It is a long tubular structure in most 
chalcids but may be extremely small in some 
braconid wasps, e.g., Cotesia glomerata, con-
cealed among the bases of the ovipositor stylets. 
Gas chromatography can be used to reveal the 
chemical composition of gland secretion; Marris 
et al. (1996) showed that in Venturia canescens 
there are quantitative between-strain differences 
in composition, indicating that different genetic 
lines produce characteristic cocktails of marker 
pheromone. 

2.3.10 Venom Gland (Acid Gland, 
Poison Gland) 

The venom gland (= acid gland, poison gland), 
like the Dufour’s gland, empties into the base of 
the ovipositor (Fig. 2.4a, b, d). It is either a simple 
structure as in Chalcidoidea (Fig. 2.17), a con-
voluted tubular structure as in Ichneumonidae, or



a structure of intermediate complexity as in some 
Braconidae (Fig. 2.17) (see also Quicke, 1997). 
The venom of some idiobionts induces permanent 
paralysis, arrested development or death in the 
host, whereas that of koinobionts induces tem-
porary paralysis or no paralysis at all (see Quicke, 
1997, for a discussion of these and other effects). 
Associated with the venom gland is a reservoir 
that has muscular walls; the reservoir may have 
additional secretory functions (Robertson, 1968; 
van Marle & Piek, 1986). The venom gland has 
been reported to be a source of viruses or virus-
like particles. The structure and function of the 
venom gland system of hymenopterans has been 
investigated by several workers (Ratcliffe & 

King, 1969; Piek, 1986; see also Quicke, 1997, 
and references contained therein), but there is 
considerable scope for further investigative work 
into gland structure and function. 
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Fig. 2.16 Dufour’s or  
alkaline gland in parasitoid 
wasps: a Eurytoma 
sp. (Eurytomidae); b Colastes 
sp. (Braconidae) 

2.4 Male Reproductive System 

An example of the reproductive system in male 
hymenopterans is shown in Fig. 2.18. The sys-
tem comprises a pair of testes and usually a pair 
of accessory glands. For further details, see 
Quicke (1997). The possible role of secretions 
from the latter in parasitoid mating behavior is 
discussed in Sect. 4.3.6.
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Fig. 2.17 The venom gland 
in parasitoid wasps: 
a unidentified Mymaridae, 
showing simple gland and 
reservoir; b Cotesia sp., 
showing more complex, (i.e., 
bifurcate) gland and reservoir 

2.5 Sex Ratio 

This aspect of parasitoid and predator biology 
(including the causes of biased primary and 
secondary sex ratios), is dealt with in Chaps. 1 
(Sect. 1.11) and 3 (Sect. 3.4) (see also Chaps. 4 
and 5). The role of Wolbachia endosymbionts in 
biasing sex ratios is touched upon in Chaps. 3, 4, 
and 6. Some of the biotic and physical factors 
discussed elsewhere in this chapter (below) may 
influence secondary sex ratio. For a protocol for 
studying the effects of (constant and variable) 
temperatures on progeny sex ratio in parasitoids, 
see Kfir and Luck (1979). 

2.6 Locating Eggs in Hosts 

Parasitoid eggs may need to be located, by 
researchers, in or on hosts for a variety of rea-
sons, including the measurement of fecundity and 
parasitism (Sects. 2.7.3, 7.2, and 7.3), investi-
gations of parasitoid behaviour (Sects. 1.6.6, 1.9, 
1.10, and 1.14) and studies of parasitoid com-
munities (Sects. 6.2.9, and 6.3.5). The degree of 
difficulty experienced in locating eggs will 
depend upon factors such as the relative sizes of 
the host and the parasitoid egg, the amount of fat 
body tissue, whether the eggs lie within organs or 
in the haemocoel, the size of other organs, and



the degree of sclerotisation of the host integu-
ment (Avilla & Copland, 1987). The eggs of 
endoparasitoids are generally much more difficult 
to locate than those of ectoparasitoids. 
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Fig. 2.18 Schematic 
representation of reproductive 
system in male Chalcidoidea. 
Source Sanger and King 
(1971). Reproduced by 
permission of The Royal 
Entomological Society of 
London 

Preferably, hosts should be killed either: 
(a) by narcotising them (e.g., using CO2, ethyl 
acetate), in which case they should be dissected 
shortly afterwards, or (b) by placing them in a 
deep freeze, in which case they can remain 

dissectable for several months. Attempting to 
locate eggs in hosts that have been preserved in 
alcohol is likely to prove very difficult indeed. 

If endoparasitoid eggs prove difficult to lo-
cate, parasitised hosts should be kept alive long 
enough for the eggs to swell (i.e., in hydropic 
species) and/or the first-instar larvae to form, the 
parasitoid immature stage in either case becom-
ing more easily visible.
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2.7 Fecundity 

2.7.1 Introduction 

The term fecundity refers to an animal’s repro-
ductive output, in terms of the total number of 
eggs produced or laid over a specified period, 
and should be distinguished from fertility which 
refers to the number of viable progeny that ensue. 
From the standpoint of population dynamics, 
fertility is the more important parameter, as it is 
the number of progeny entering the next gener-
ation. However, because fertility can be rela-
tively difficult to measure (Barlow, 1961), 
fecundity measurements are often used instead. 

A distinction is drawn between potential 
fecundity and realised fecundity. A species’ 
potential fecundity is usually taken to be the 
maximum number of eggs that can potentially be 
laid by females. For example, in the laboratory 
we might take a strictly pro-ovigenic parasitoid 
(Sect. 2.3.4), dissect its ovaries at eclosion and 
then count the number of eggs (all mature) con-
tained within. This number is the insect’s 
potential lifetime fecundity. Synovigenic para-
sitoids emerge with some immature eggs, so in 
these insects potential fecundity is the number of 
mature eggs (the initial egg load) plus the num-
ber of immature eggs. 

Potential fecundity can be compared with the 
number of eggs actually laid over the life-span 
when excess hosts are provided in the laboratory, 
i.e., lifetime realised fecundity. The figure for 
lifetime realised fecundity is likely to fall short of 
the estimate for lifetime potential fecundity. This 
applies especially to females whose realised fe-
cundity is measured in the field, where female 
life-span is likely to be significantly shorter 
(Leather, 1988). 

Fecundity is a variable feature of a species, 
influenced by a range of intrinsic and extrinsic 
(physical and biotic) factors. The evaluation of a 
natural enemy for biological control requires a 
study of the influence of these factors (and of 
possible interaction effects between certain fac-
tors) on potential and realised fecundity, and if 
possible, fertility. The data can be used in 

estimating a species’ intrinsic rate of increase 
which is discussed later in this chapter 
(Sect. 2.11). Fecundity (potential or realised) is 
also used as a measure of individual fitness in 
insects (e.g., Hardy et al., 1992; Visser, 1994; 
Ellers et al., 1998; Roitberg et al., 2001). 

When assessing the influence of a particular 
biotic factor on lifetime realised fecundity, it is 
important to determine to what extent variation in 
fecundity can be explained by variation in 
longevity. For example, take the positive rela-
tionship between female size and fecundity. The 
greater longevity of larger females compared 
with smaller females could be the sole reason 
why larger females are more fecund. Females 
may have the same average daily egg production 
irrespective of body size, but by living longer, 
larger females lay more eggs over their life-span 
(Sandlan, 1979). For a discussion of fecundity‒ 
longevity relationships within and among species 
of predatory coccinellids, see Dixon (2000). 

It is possible to obtain measures of realised 
fecundity without actually counting eggs: Takagi 
(1985) and Hardy et al. (1992) counted the 
number of adult offspring produced and took 
account of the intervening mortality processes, so 
deriving estimates of the number of eggs origi-
nally deposited. In some arthropod predators, 
such as spiders, it is easy to measure realised 
fecundity by rearing individual mated females 
and by removing and rearing out their egg sacs 
throughout the course of their adult life (Öberg, 
2009; Drapela et al., 2011). 

2.7.2 Cohort Fecundity Schedules 

A (realised) fecundity schedule for a parasitoid or 
predator species can be constructed by taking a 
cohort of standardised females (standardised in 
terms of physiological age, size, and oviposition 
and sexual experience) and exposing them indi-
vidually to some chosen set of constant envi-
ronmental conditions from adult emergence until 
death. The number of eggs laid per female per 
day is then plotted, giving the age-specific rea-
lised fecundity of the species (Fig. 2.19; see also



Fig. 2.65). The data obtained from the experi-
ment can also be used to calculate both the life-
time realised fecundity of the species (used by 
evolutionary ecologists as a measure of fitness, 
see Roitberg et al., 2001), and the average daily 
oviposition rate (lifetime realised fecundity 
divided by the average longevity). Using the 
same data, the cumulative realised fecundity of 
the parasitoids can also be plotted against either 
female age (Fig. 2.20) or cumulative degree-days 
(Minkenberg, 1989) (Sect. 2.9.3). It is expressed 
as the proportion of the highest mean total 
number of eggs laid by females of any one 

treatment (e.g., temperature or host density 
treatment), this total representing the maximal 
fecundity realisable by females. The usefulness 
of the cumulative realised fecundity measure is 
that it tells us to what extent parasitoids achieve 
their maximum lifetime fecundity (*fitness) 
under particular conditions, and allows easier 
comparison of the effects of different treatments. 
Using the data from a fecundity schedule, the 
parameters mx (age-specific fecundity) and lx 
(age-specific survival) can be used in the calcu-
lation of the intrinsic rate of increase (rm) of the 
parasitoid population (Sect. 2.11). If fecundity 
schedules are constructed for cohorts held under 
different host or prey availability regimes, the 
number of hosts or prey parasitised or eaten can 
be recorded and the data used to plot age-specific 
and lifetime functional responses (the numbers 
parasitised or eaten versus the numbers available; 
Sect. 1.14), as was done by Bellows (1985a). 
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Fig. 2.20 The cumulative realised fecundity of the 
dryinid wasp Dicondylus indianus, measured over the 
lifetime of females, at different levels of host availability. 
Fecundity is expressed as the proportion of the highest 
mean total number of eggs laid by females of any one 
treatment, this total representing the maximal fecundity 
that could be realised. Source Sahragard et al. ( ). 
Reproduced by permission of Blackwell Verlag GmbH 

Fig. 2.19 The age-specific fecundity schedule for two 
parasitoid species: a Aphidius matricariae maintained at 
different temperatures and at constant host density 
conditions (source Hag Ahmed, 1989); b Dicondylus 
indianus (Dryinidae) maintained at different host densities 
(4–60) and constant temperature conditions. The plot of 
host density 2 treatment is shown along with that of the 
host density 4 treatment (vertical bars = SE). (Source 
Sahragard et al. 1991). Reproduced by permission of 
Blackwell Verlag GmbH 

An important consideration when using the 
aforementioned experimental design is that as 
time goes on, the data are limited to progres-
sively fewer females. To obtain fecundity data 
that are statistically meaningful, particularly data 
for the latter part of adult life, a very large 
starting density of parasitoid or predator females 
may be required. This, however, may increase



the investigator’s workload to an unacceptable 
level. 

2 The Life-Cycle 131

In most parasitoids and in predators, the rea-
lised fecundity schedule (and also the ovigenesis 
schedule, see Sect. 2.3.5) will show a rise in the 
number of eggs produced or laid per day until a 
maximum rate of productivity is reached. 
Thereafter a gradual decrease occurs until 
reproduction ceases altogether at or shortly 
before the time of death (see Kindlmann et al., 
2001, for a discussion of this ‘triangular fecun-
dity function’) (Fig. 2.19) If there is a period of 
post-reproductive life, it is usually very short (see 
Jervis et al., 1994, for exceptions). Fecundity 
schedules vary between species, depending on 
the reproductive strategies of the insects, e.g., 
strict pro-ovigeny and different degrees of syn-
ovigeny (Sect. 2.3.4). As described below, 
environmental factors (temperature, humidity, 
photoperiod, light quality, light intensity, host or 
prey availability) modify these patterns in a 
number of ways, and ideally the role of each 
factor in influencing the schedule ought to be 
investigated separately. This, however, may not 
be practicable, in which case the usual procedure 
is to expose a predator or parasitoid to an excess 
of prey or hosts (replenished or replaced daily), 
at a temperature, a relative humidity, or a light 
intensity similar to the average recorded in the 
field (Dransfield, 1979; Bellows, 1985a). 

2.7.3 Effects of Biotic Factors 
on Fecundity 

2.7.3.1 Host Density (Parasitoids) 
If fecundity schedules are constructed for a par-
asitoid species over a range of host densities, 
females will be found to lay on average more 
eggs per day at higher host densities than at low 
densities (Fig. 2.21). Also, the lifetime pattern of 
oviposition, i.e., the shape of the curve, varies 
with host density. There may be a shift in the 
fecundity schedule, with wasps concentrating 
oviposition into the earlier part of adult life 
(Fig. 2.19b). At high host densities, hosts are 
more readily available for the wasps to attack, 
whereas at low densities oviposition rates are 

lower because the wasps have to search a greater 
area (and probably for a longer period of time), 
so expending energy that might otherwise be 
used in ovigenesis (Sahragard et al., 1991). 
Venkatesan et al. (2009) reported that in the 
laboratory a parasitoid:host ratio of 1:1 resulted 
in maximum fecundity and number of progenies, 
and increasing the densities of either of these two 
had an inverse effect on oviposition. As far as 
lifetime fecundity is concerned, the relationship 
with host density is either a curvilinear one, 
resembling a Type 2 functional response (defined 
in Sect. 1.14), or a sigmoid one, resembling a 
Type 3 functional response. 

A difficulty that may arise when using low host 
densities is ovicide, i.e., the removal of eggs from 
parasitised hosts, although the number of (ecto)-
parasitoid species that practice ovicide is con-
siderably smaller than the number of predator 
species that do so. Among parasitoids, ovicide 
has been observed in several families of primary 
parasitoids and hyperparasitoids (Strand & God-
fray, 1989; Mayhew, 1997; Netting & Hunter, 
2000; Pérez-Lachaud et al., 2004; Nakashima 
et al., 2016). Predaceous females of chrysopid 
lacewings are well known for eating their own 
eggs in laboratory cultures (Principi & Canard, 
1984), as are some coccinellids (Michaud, 2003). 
Where cannibalism is suspected, video-recording 
techniques may help in determining the number 
of eggs lost in fecundity experiments. 

Fig. 2.21 The relationship between fecundity (measured 
as both the mean number of eggs laid per day and the total 
number of eggs laid over adult life) and host availability 
in the parasitoid Aphidius smithi (Braconidae) (Error 
bars = SE). Based on data taken from Mackauer (1983)
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This model predicts that fecundity will rise at a
decreasing rate (i.e., will decelerate) towards an
upper asymptote as prey density increases, in the
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2.7.3.2 Food Consumption 

Non-predaceous Females 

The females of many parasitoid and some 
predator species (e.g., Chrysoperla carnea 
(Chrysopidae) and adults of all aphidophagous 
Syrphidae) feed as adults solely on materials 
such as honeydew, nectar and pollen (Chap. 8), 
and consume substitute foods such as diluted 
honey in the laboratory (Chap. 8; see also Benelli 
et al., 2017). Even arthropod taxa that are often 
to be considered as wholly predaceous, such as 
spiders, often consume pollen or nectar to sup-
plement dietary prey (Taylor & Foster, 1996; 
Taylor & Pfannestiel, 2009; Kuja et al., 2012). 
Females that are either deprived of food or ex-
perience a reduced intake (but are given water) 
lay fewer eggs or no eggs at all. Some non-
host/prey foods have a more beneficial effect on 
fecundity than others (Krishnamoorthy, 1984; 
Principi & Canard, 1984; Wratten et al., 2003; 
Heimpel & Jervis, 2004; Jervis et al., 2004; 
Heimpel, 2019). 

For an experimental investigation into the 
effects of adult nutrition on the fecundity 
schedule of a parasitoid to be ecologically 
meaningful, the effects of food provision need to 
be considered in the light of variations in host 
availability. This is done by taking a cohort of 
standardised females and providing the insects 
with one of a range of host densities (see Host 
Density, above) and with a chosen diet for the 
duration of their lives, the hosts and food being 
replenished daily. If the effects upon ovigenesis 
of combined host deprivation/food provision are 
to be investigated, then, obviously, hosts are not 
provided to one set of females. One likely effect 
of providing food to females is that, at low host 
densities, females maintain a higher rate of 
oviposition than they can when deprived of food. 
As far as the effects of food provision on lifetime 
fecundity are concerned, it will be necessary to 
carry out a statistical analysis to show whether or 
not any improvement in lifetime fecundity 
brought about by feeding is simply a result of an 
increase in longevity and not an increase in the 
daily rate of ovigenesis (Sect. 2.8.3). 

Predaceous Females 

We would expect the fecundity of predaceous 
females to be strongly influenced by prey avail-
ability. This relationship was modelled in a 
simple way by Beddington et al. (1976) and 
Hassell (1978). If it is assumed firstly that some 
of the food assimilated by the female needs to be 
allocated to maintenance metabolism (and will 
therefore be unavailable for ovigenesis), and 
secondly that there is insufficient carry-over of 
food reserves from larval development for the 
laying of any eggs (i.e., synovigeny-anautogeny), 
then there will be a threshold prey ingestion rate, 
c, below which reproduction ceases, but above 
which there is some positive dependence 
between fecundity F and ingestion rate I. If  it is  
assumed thirdly that this relationship is linear, 
then (Beddington et al., 1976): 

F ¼ k 
e 
ðI - cÞ 2:1Þ

where e, k and c are constants; e is the average 
biomass per egg. There is empirical support 
for this model (Mukerji & LeRoux, 1969; 
Mills, 1981; Fig. 2.22). In Mills’ (1981) experi-
ment five feeding levels were used, the daily 
ration of individual females corresponding to 
between 1 and 2 times the average female 
weight. 

To express fecundity in terms of prey density, 
we first assume ingestion rate to be proportional 
to the number of prey eaten, Na, such that: 

I ¼ kNa ð2:2Þ

where k is a constant which depends upon the 
biomass (size) of each prey. Combining Eqs. 2.1 
and 2.2 with the simplest functional response 
model, Holling’s (1966) disc equation 
(Sect. 1.14), gives: 

F ¼ k 
e 

ka0N 
1 þ a0ThN

- c

[
ð2:3Þ



manner of the Type 2 functional response
(Sect. 1.14), and also that the curve will be dis-
placed forwards along the prey axis, i.e., away
from the origin. There is empirical support for
this relationship, both from laboratory studies
(Dixon, 1959; Ives, 1981; Matsura & Morooka,
1983 (Fig. 2.23a, b) and from field studies
(Wratten, 1973; Mills, 1982) (Fig. 2.24a, b).
Anautogenous, obligate host-feeding parasitoids
will have a similar fecundity/host density curve.
In autogenous predators, however, ovigenesis
and oviposition can occur without the female first
feeding on prey, so the curve of these insects will
not be displaced along the prey axis.

(Beddington et al., 1976). If this assumption is 
correct, then the relationship between fecundity 
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In the bug Anthocoris confusus, the viability 
(fertility) of eggs also varies with prey avail-
ability (Evans, 1973; Beddington et al., 1976). 
This relationship may be due to the female 
allocating less biomass per developing egg at 
lower prey densities, i.e., e in Eq. (2.1) is not a 
constant (Beddington et al., 1976). In the Wes-
tern black widow spider, however, urban-living 
spiders were in worse physical condition, laid 
fewer eggs, and invested less metabolic resources 
per egg than desert-living widow spiders despite 
greater prey availability in the former habitat. 
Therefore, resource abundance is not always a 
reliable indicator of fecundity and fitness in 
predatory arthropods (Johnson et al., 2012). 

1976

Fig. 2.23 Fecundity as a function of prey density 
(functional response): a in the coccinellid beetle Adalia 
decempunctata (source Beddington et al., , who used 
data from Dixon, 1959); b in the mantid Paratenodera 
angustipennis: (i) first ovipositions, (ii) second oviposi-
tions (oötheca = egg mass). Below the intercept of the 
curve (fitted by eye) with the prey axis, the insects 
allocate matter to maintenance processes only (source 
Matsura & Morooka, 1983). a Reproduced by permission 
of Blackwell Scientific Publications Ltd; b by permission 
of Springer Verlag 

Fig. 2.22 Fecundity as a function of ingestion rate in the 
predatory pentatomid bug Podisus maculiventris. Source 
Beddington et al. (1976), who used data from Mukerji and 
LeRoux (1969). Reproduced by permission of Blackwell 
Publishing 

There are also grounds for questioning the 
assumption that k in Eq. (2.2) is a constant



and the number of prey actually killed will be 
rectilinear, which is the case for Coccinella un-
decimpunctata aegyptiaca (Fig. 2.25). However, 
as noted in Chap. 1 (Sect. 1.14), when the rate of 
encounter with prey is high, some predators 
consume proportionately less of each prey item. 
This behaviour will alter the shape of the 
fecundity versus prey killed curve, from recti-
linear to curvilinear (Beddington et al., 1976). 
The shape of the fecundity versus prey density 
curve will also be altered, having an earlier 

‘turnover’ point and also being more ‘flat-
topped’ (Beddington et al., 1976). 
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Fig. 2.25 The relationship between fecundity and prey 
consumption rate in Coccinella undecimpunctata aegyp-
tiaca. Source Beddington et al. ( ), who used data 
from Hodek (1973). Reproduced by permission of 
Blackwell Publishing 

Fig. 2.24 Fecundity as a function of prey density: a 
relationship between logarithm of number of eggs laid by 
the coccinellid Adalia bipunctata, and logarithm of 
density of aphids in the field (data from Wratten, 1973); 
b relationship between number of eggs laid per adult 
Adalia bipunctata and aphid density in the field (source 
Mills, 1982). a Reproduced by permission of Blackwell 
Scientific Publishing Ltd; b by permission of The 
Association of Applied Biologists 

Supplying predators with non-prey foods 
together with prey might lower the ingestion rate 
threshold, since less of the prey biomass assim-
ilated by the female needs to be allocated to 
maintenance metabolism. If so, the fecundity‒ 
prey density curve of an anautogenous species 
will be shifted backwards along the prey axis, 
i.e., towards the origin. The shape of the curve is 
also likely to be altered. 

2.7.3.3 Prey and Host Quality 
Prey quality is likely to affect fecundity, as has 
been shown for Coccinellidae, Carabidae, 
Anthocoridae, and host-feeding Aphelinidae 
(Hariri, 1966; Blackman, 1967; Hodek, 1973; 
Wilbert & Lauenstein, 1974; Spieles & Horn, 
1998; Evans et al., 1999; Venzon et al., 2002). 
Some coccinellids and carabids are unable to 
reproduce at all if confined to a diet of certain 
prey species (Hodek, 1973; Spieles & Horn, 
1998; Evans et al., 1999). Among parasitoids, 
Goniozus nephantidis, a larval parasitoid of 
Opisina arenosella, laid the most eggs and pro-
duced the most progeny on largest caterpillars of 
both the natural and a factitious host species 
(Shameer et al., 2002). 

Blackman (1967) found that adults of the 
coccinellid beetle Adalia bipunctata fed on Aphis



fabae during both larval development and adult 
life were less than half as fecund as those fed on 
Myzus persicae. Also, their eggs were smaller 
and less fertile. By carrying out another experi-
ment in which adult beetles were fed on the 
opposite prey species to that fed upon by the 
larvae, Blackman (1967) tested whether the prey 
species given to larvae affected the fecundity of 
the adult. It did not: fecundity depended strongly 
upon the species fed upon by the adult. Similarly, 
Sigsgaard et al. (2001) tested growth, survival 
and fecundity of the dwarf spider Atypena for-
mosana (Linyphiidae) fed on different prey spe-
cies, and found that the spiders performed 
significantly better and produced more progeny 
when reared on some prey species than others. 
However, it is not clear from either study whe-
ther the effects of prey availability were moni-
tored. The results of a study by Hariri (1966) are 
shown in Fig. 2.26. Evans et al. (1999) showed 
that when two species of predatory coccinellids 
are exposed to limited numbers of their preferred 
aphid prey, fecundity is enhanced if females are 
supplied with an additional prey species (a 
weevil), despite the fact that females given 
weevils alone cannot produce eggs. In predators 
such as coccinellids the pre-oviposition period 
may be either shortened or prolonged, depending 
on the prey species fed upon by the female 
(Hodek, 1973). 
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Fig. 2.26 Fecundity of the 
coccinellid beetle Adalia 
bipunctata maintained on 
different prey species, 
Acyrthosiphon pisum and 
Aphis fabae. Source Hariri 
(1966). Reproduced by 
permission of W. Junk 
Publishers 

2.7.3.4 Consumption of Food 
Supplements 
and Substitutes 
(Predaceous Females) 

As we have suggested, fecundity is very likely to 
vary with the availability (and the quality) of 
plant-derived and other non-host/prey foods 
(especially so in the case of species having a high 
requirement for such nutrient input), taken either 
as supplements (when prey are available) or as 
substitutes (when prey are absent). Several 
predators have been shown to have a higher rate 
of egg production when given non-host foods as 
a supplement (e.g., Cocuzza et al., 1997a; Crum 
et al., 1998), but except for some artificial diets, 
non-prey foods are a poor substitute for prey 
materials, in terms of their effects on fecundity 
(e.g., Cocuzza et al., 1997a; Evans et al., 1999) 
(this may not apply to predator species whose 
diet is normally comprised largely of plant 
materials). In Aphytis melinus the benefit, to fe-
cundity, of host-feeding cannot be realised unless 
females also feed on sugar (Heimpel et al., 
1997a; Chap. 8). 

2.7.3.5 Mutual Interference 
Mutual interference between female parasitoids 
results in a reduction in individual searching 
efficiency (Sect. 1.15.3) which will result in a 
reduction in the rate of oviposition, i.e.,
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fecundity. In the predator Anthocoris confusus 
fecundity declined with increasing adult density, 
despite the fact that prey density was high at all 
times and was unlikely to limit egg production 
through prey exploitation (Evans, 1976; 
Fig. 2.27). To determine whether mutual inter-
ference was a result of confining predators in his 
experimental cages, Evans (1976) measured 
fecundity in relation to predator density in 
females in a large cage within which they were 
free to move from plant to plant. A significant 
decrease in fecundity with increasing predator 
density was still recorded. 

136 M. A. Jervis et al.

Fig. 2.27 The relationship between fecundity and preda-
tor density in the predator Anthocoris confusus. There was 
a decline in fecundity despite aphid prey density being 
high at all times, i.e., the cause of the decline was mutual 
interference, not exploitation of prey. Source Evans 
(1976). Reproduced by permission of Blackwell 
Publishing 

Mutual interference, and therefore 
interference-mediated reductions in fecundity, 
cannot be assumed to occur in all predators. For 
example, Hattingh and Samways (1990) found 
no evidence for mutual interference in adults of 
three species of Chilocorus (Coccinellidae). 
Feeding rate did not decrease and dispersal did 
not increase with increasing beetle density. 
Among parasitioids, mutual interference between 
adult females during the host- and clutch-
guarding phases in the bethylid G. nephantidis 
led to considerable reductions in the number of 
offspring produced, even though each female was 

experimentally provided with a host (Sreenivas 
& Hardy, 2016). 

2.7.3.6 Female Body Size 
In the laboratory, lifetime fecundity, and also 
reproductive correlates such as ovariole number 
and egg load (the latter usually recorded either at 
or shortly after eclosion), have been shown to 
increase with increasing body size within species 
(Fig. 2.28) (e.g., Sandlan, 1979; Mani & 
Nagarkatti, 1983; Ernsting & Huyer, 1984; 
Nealis et al., 1984; Scott & Barlow, 1984; Waage 
& Ng, 1984; Bellows, 1985b; Juliano, 1985; Liu, 
1985a; Takagi, 1985; Collins & Dixon, 1986; 
Opp & Luck, 1986; van Vianen & van Lenteren, 
1986; Banks & Thompson, 1987a; Moratorio, 
1987; van den Assem et al., 1989; Heinz & 
Parrella, 1990; O’Neill & Skinner, 1990; l  
Masurier, 1991; Hardy et al., 1992; Rosenheim 
& Rosen, 1992; Sequeira & Mackauer, 1992b; 
Croft & Copland, 1993; Zheng et al., 1993b; 
King & King, 1994; Visser, 1994; Weisser et al., 
1997; Ellers et al., 1998; Olson & Andow, 1998; 
Taylor et al., 1998; Harvey et al., 2000b, 2001; 
Mills & Kuhlmann, 2000; Martínez-Martínez & 
Bernal, 2002; Pexton & Mayhew, 2002). There 
are, however, a few exceptions to this pattern 
(e.g., Rotheray & Barbosa, 1984; Bigler et al., 
1987; Corrigan & Lashomb, 1990; Visser, 1994; 
Coombs, 1997; Mills & Kuhlmann, 2000). 

Some of the restricted number of field studies 
conducted to date have demonstrated a positive 
intraspecific relationship between body size and 
fecundity (Visser, 1994; Kazmer & Luck, 1995; 
Ellers et al., 1998, 2001; Lauzière et al., 2000; 
Bezemer & Mills, 2003; Kasamatsu & Abe, 
2015; Wang & Keller, 2020). 

In Nasonia vitripennis the slope of the egg 
load‒body size relationship recorded 48 and 72 h 
after emergence was steeper in unfed females 
than in fed ones (Rivero & West, 2002). This 
result could explain why at least some re-
searchers have recorded a difference between the 
size‒fecundity plots of field and laboratory pop-
ulations of a species. Small-sized wasps emerge 
with smaller fat reserves, and so rely more than 
large wasps upon obtaining food to fuel ovige-
nesis (Rivero & West, 2002). Because in the field



food can often be limiting (Heimpel & Jervis, 
2004), small-sized wasps suffer disproportion-
ately in terms of their realised fecundity. 
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Fig. 2.28 The positive correlation between fecundity 
measures (egg load, lifetime fecundity) and body size in 
females: a egg load in Nasonia vitripennis (source 
O’Neill & Skinner, 1990); b lifetime fecundity in 
Notiophilus biguttatus; elytra width is expressed in 
micrometer units (100 units = 5.0 mm) (source Ernsting 

& Huyer, 1984); c lifetime fecundity in Lariophagus 
distinguendus (Pteromalidae) (source van den Assem 
et al., 1989). a Reproduced by permission of The 
Zoological Society of London; b by permission of 
Springer Verlag; c by permission of E.J. Brill (Publishers) 
Ltd 

In some species, the relationship between 
fecundity and body size correlates over only part 
of the size range, with fecundity reaching a 
maximum in insects above a threshold size, e.g., 
Aphidius ervi (Sequeira & Mackauer, 1992b). It 
is therefore important, in experiments, to provide 
the complete field range of host sizes to para-
sitoids, so as to avoid obtaining a misleading 
impression of the ‘true’ size‒fecundity 

relationship. In predators, larger females have a 
shorter pre-oviposition period than smaller ones 
(Zheng et al., 1993b), and this may contribute to 
their higher lifetime fecundity. 

Body size is usually measured in terms of the 
width or length of some body part, such as the 
head, thorax, or hind tibia. Some authors also 
assess size by dry or fresh body weight. More 
recently, a new estimate of body condition has 
been devised, which combines linear and volu-
metric parameters of body size into a single 
scaled mass measurement (Peig & Green, 2009).



Body size, mass or condition is influenced, 
within species, by: 
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1. Larval feeding history, i.e., prey availability, 
host size, host species during development, 
quality of host diet (note that this includes 
plant resistance effects, i.e., bottom-up ef-
fects), clutch size, superparasitism (Dixon, 
1959; Russel, 1970; Hodek, 1973; Dransfield, 
1979; Sandlan, 1979; Cornelius & Barlow, 
1980; Beckage & Riddiford, 1983; Principi & 
Canard, 1984; Scott & Barlow, 1984; Waage 
& Ng, 1984; Juliano, 1985; Liu, 1985a; Sato 
et al., 1986; Eller et al., 1990; Bai & Mack-
auer, 1992; Harvey et al., 1993, 1994, 2000b; 
Zheng et al., 1993a, b; van Dijk, 1994; Bernal 
et al., 1999; Martínez-Martínez & Bernal, 
2002) (Fig. 2.29). 

2. The temperature during larval development 
(Ernsting & Huyer, 1984; Nealis et al., 1984; 
van Dijk, 1994) (Fig. 2.30). 

If an experiment, for whatever purpose, 
requires females to be of different sizes/ 
fecundities, by far the simplest way of sorting 

insects according to size is to measure the para-
sitoids or predators when they are pupae (pupal 
and adult size being strongly correlated), so 
avoiding any difficulties and/or harmful side 
effects associated with handling the adults. 

1984

Fig. 2.30 The effect of temperature during larval devel-
opment upon adult size (as measured by pronotum width) 
in two species of carabid beetle and for males and 
females. Means and the corresponding 95% confidence 
limits are shown, expressed in micrometer units (100 
units = 2.5 mm). The data show a decline in adult size at 
either side of an optimum temperature for total biomass 
production. The effects upon size are translated into 
variations in fecundity. Source Ernsting and Huyer 
( ). Reproduced by permission of Springer Verlag 

Fig. 2.29 The effect of larval feeding history on 
fecundity in the lacewing Chrysoperla carnea. The data 
points indicate the average number of eggs laid, per 2-day 
period, of females provided with different levels of prey 
availability as larvae. Zheng et al. (1993b) showed that 
when lacewing larvae are fed fewer prey than they can 
potentially consume, they develop into smaller and less 
fecund adults than when they are given an overabundance 
of prey. Adults of C. carnea are non-predaceous, feeding 
on nectar, pollen and honeydew, and fecundity is also 
affected by consumption of these foods. Therefore, female 
fecundity is determined both by larval feeding history and 
by adult food consumption. Source Zheng et al. (1993b) 

2.7.3.7 Mating 
Female predators and dipteran parasitoids, if they 
are either unmated or sperm depleted, lay much 
smaller numbers of eggs (e.g., very few in coc-
cinellids, Dixon, 2000, half as many in the bug 
Podisus maculiventris, De Clercq & Degheele, 
1997) or none at all. Eggs, if laid, are infertile. To 
achieve their full reproductive potential, females 
of some species may need to mate several times 
(Sem’yanov, 1970; Ridley, 1988). By contrast, if 
a female arrhenotokous hymenopteran parasitoid 
lacks sperm for whatever reason, she can lay 
viable (male) eggs, so her fecundity should not 
be affected by mating. Mating was found not to 
affect egg load in the braconid wasp Phanero-
toma franklini, but in this case mating was not



confirmed to have occurred in all cases (Sisterton 
& Averill, 2002). 
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In experiments aimed at testing for the effects 
of mating, it is essential to establish that mating 
really has taken place. Caging females with a 
male is no guarantee that the insects have either 
engaged in mating behaviour or that the females 
have been inseminated. Some species or arthro-
pod groups are easier to observe mating than 
others. For instance, some parasitoid wasps and 
spiders readily mate when males are placed with 
females, whereas in other species females 
repeatedly resist mating attempts made by males 
or mating takes place out of sight within the 
confines of cocoons (Chap. 4). It is therefore 
imperative to visually observe successful mating 
to ensure that it has taken place. If an effect of 
mating upon fecundity is found, the question 
arises, in the case of females, as to whether 
ovigenesis has been enhanced because of the 
nutrient contribution made by the male, in the 
form of sperm or spermatophore. 

2.7.3.8 Field Predation 
Predator-induced mortality of adult parasitoids 
and predators may cause realised fecundity to be 
reduced well below the level achieved under 
laboratory conditions. The extent of the reduction 
can be estimated by marking and releasing indi-
viduals and cohorts of parasitoids and predators, 
recording predation events (Heimpel et al., 
1997b), and then relating the field survivorship 
data to the natural enemies’ fecundity schedule 
recorded under optimum laboratory conditions. 
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Fig. 2.31 The number of mature oöcytes per ovariole in 
the parasitoid Encarsia formosa (Aphelinidae) kept for 
several days after eclosion without hosts, either without 
food or on a diet of honey, at two different temperatures. 
Source van Lenteren et al. ( ). Reproduced by 
permission of Blackwell Verlag GmbH 

2.7.4 Effects of Physical Factors 
on Fecundity 

2.7.4.1 Temperature 
The rate of egg production, and hence the age-
specific and the lifetime fecundity of predators, 
and parasitoids, will vary in relation to temper-
ature (van Lenteren et al., 1987; Braman & 
Yeargan, 1988; Miura, 1990; Li & Jackson, 
1996; Hentz et al., 1998; Ellers et al., 2001; 
Pervez & Omkar, 2004; Pandey & Tripathi, 

2008; Murthy et al., 2008; Aung et al., 2010; 
Watt et al., 2016; Fig. 2.31). The influence of 
temperature on the fecundity schedule of a nat-
ural enemy species can be investigated by taking 
cohorts of standardised females and exposing 
each of them to one of a range of temperatures 
for their lifetimes. Females of all the cohorts are 
exposed to the same conditions of host/prey, 
food and water availability (hosts and prey need 
to be replaced daily), humidity and photoperiod, 
etc. A constant humidity will probably be the 
most difficult of all these factors to maintain. 
Temperature may influence the rate of prey 
consumption (Mills, 1981; Pickup & Thompson, 
1990), so temperature-related variation in prey 
consumption should be looked for. 

The effect of temperature upon egg load in a 
synovigenic insect can be investigated by fol-
lowing the protocol, used for Aphytis parasitoids, 
of Rosenheim and Rosen (1992). Parasitoid 
pupae are isolated, and adults, when they 
emerge, are kept with a supply of food (honey), 
at each of a range of temperatures for 24 h. The 
adults are then dissected and the numbers of 
mature eggs they contain are counted. The results



of Rosenheim and Rosen’s (1992) study are 
shown in Fig. 2.32, which also shows the influ-
ence of body size upon early-life potential 
fecundity (Sect. 2.7.3). 
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1964

Fig. 2.33 Comparison of mean lifetime fecundity of the 
aphid parasitoids Praon palitans, Trioxys utilis (Bra-
conidae) and Aphelinus semiflavus (Aphelinidae), over a 
range of constant temperatures. Source Force and Mes-
senger ( ). Reproduced by permission of The Eco-
logical Society of America 

Fig. 2.32 The influence on egg load of parasitoid size 
and the temperature at which females have previously 
been held from eclosion, in Aphytis lingnanensis (Aphe-
linidae). Source Rosenheim and Rosen (1992). Repro-
duced by permission of Blackwell Publishing 

The effects of climate warming and especially 
climate extremes are making studies exploring 
the effects of temperature and other abiotic 
parameters more and more relevant in the studies 
of natural enemy-prey/host and multitrophic 
interactions. The frequency, duration and inten-
sity of climate extremes, such as heat waves, has 
increased markedly over the past 30 years (Per-
kins et al., 2012). Because insects and other 
arthropods are ectotherms, they are potentially 
exposed to stresses that are becoming unprece-
dented in their recent evolutionary history (Har-
vey et al., 2020; Ma et al., 2021). Temperature 
can alter functional responses in parasitoids and 
predators and reduce their ability to exploit and 
suppress their hosts or prey (Romo & Tylianakis, 
2013; Kalinkat et al., 2015; Chen et al., 2019a). 
Over time, this can lead to phenological mis-
matches between the natural enemies and their 
prey or hosts (Damien & Tougeron, 2019). 

It is generally the case that there is an opti-
mum temperature range outside of which the 
insect either cannot maintain ovigenesis and 
oviposition or is unable to do so for long (Force 

& Messenger, 1964; Greenfield & Karandinos, 
1976; Figs. 2.19a and 2.33). Although there is 
great variation from species to species, the limits 
to the favourable range for oviposition are often 
narrower than those for ovigenesis (Bursell, 
1964). Within the optimum range, one effect of 
higher temperature on the pattern of oviposition 
is to shift the fecundity schedule, with the 
ovigenesis/oviposition maximum occurring ear-
lier in life (Siddiqui et al., 1973; Ragusa, 1974; 
Browning & Oatman, 1981; Miura, 1990). 

In the coccinellid Adalia bipunctata fecundity 
increases up to 2 °C, correlating well with the 
increase in food consumption rate. However, 
above that temperature fecundity declines despite 
a continued increase in consumption. 

Higher temperatures may constrain fecundity 
through increased metabolic costs i.e., daily 
maintenance requirement (Mills, 1981; Ellers 
et al., 2001), although Ives (1981) found no 
significant influence of temperature on the 
maintenance requirement of the two Coccinella 
species he studied. More recently, it has been 
shown that exposure to higher temperatures can 
induce sterilisation in male parasitoids by killing 
their sperm, thus preventing their ability to 
inseminate females (Nguyen et al., 2013). Upper 
thermal limits on insect survival and fecundity



have been extensively discussed by Bowler and 
Terblanche (2008) and Walsh et al. (2019). 
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No attempts appear to have been made to 
describe mathematically the relationship between 
oviposition rate and temperature, as has been 
done with development. Several workers have 
found that alternating temperatures increase in-
sect fecundity (Messenger, 1964a; Barfield et al., 
1977a; Ernsting & Huyer, 1984), and thus it may 
be invalid to estimate oviposition rates in the 
field directly from constant temperature data. 
A similar approach to that used for estimating 
development based on cyclical temperature 
regimes might give more meaningful results but 
has not yet been attempted (Sect. 2.9.3). 

Some adult predators may be able to maintain 
maximal levels of ovigenesis through ther-
moregulation achieved either by thermal prefer-
ence behaviour (including basking), by 
employing physiological mechanisms, and by 
employing physical adaptations such as melani-
sation of the integument (Dreisig, 1981; Brake-
field, 1985; Miller, 1987; Stewart & Dixon, 
1989). 

Temperature is known to influence the length 
of pre-oviposition period in parasitoids and 
predators (e.g., Stack & Drummond, 1997; Seal 
et al., 2002). Acclimation to temperature 
extremes may be useful in inundative releases, 
but any benefits could be offset by fitness costs 
(Scott et al., 1997). 

2.7.4.2 Light Intensity 
and Photoperiod 

The deleterious effects of light pollution on 
insects are increasingly being acknowledged 
(Eisenbeis et al., 2009; Grubisic et al., 2018; 
Firebaugh & Haynes, 2019). For instance, the 
intensity, duration and quality of light have an 
important influence on the biology and behaviour 
of most insects. High light intensity seems to 
increase the general activity of diurnal predators 
and parasitoids. For example, adults of the coc-
cinellid beetle Cryptolaemus montrouzieri spend 
a greater proportion of their time walking and 
make more attempts to fly in bright light than 
under dim light conditions (Heidari, 1989). Light 
quality and intensity may also influence the 

close-range perception of hosts. Care must 
therefore be taken in fecundity experiments to 
provide sufficient light for normal activity, but 
bear in mind that in the field, bright light con-
ditions are normally associated with increased 
radiant heat. Laboratory experiments that involve 
varying light intensity alone will require the 
radiant heat component of light to be removed, 
using suitable glass and water filters. Even cold-
fibre optic lamps used in microscopy can raise 
the body temperature of dark-coloured insects by 
at least 2 °C above ambient. A thermocouple 
(Unwin & Corbet, 1991) inserted into the body 
of a dead insect will enable the heat absorbed 
from a light source to be measured and suitable 
infra-red filters to be devised (Heidari & Cop-
land, 1993). Owens and Lewis (2018) reviewed 
studies examining the effects of different kinds of 
artificial night lights (e.g., incandescent and 
halogen bulbs) on insects. More studies are 
needed in order to elucidate the extent to which 
artificial light disrupts trophic interactions and 
biological control. 

Most natural enemy species will show strong 
diurnal peaks of behavioural activity, foraging 
being mainly confined to the photophase, as in 
many parasitoids and some carabid beetles (Luff, 
1978; Ekbom, 1982; Ruberson et al., 1988; 
Fig. 2.34). The photophase in fecundity experi-
ments should therefore be the same as that 
experienced in the field; a continuous light 
regime may result in a higher fecundity than 
would be achieved in the field (Lum & Flaherty, 
1973). Because of its effects on food consump-
tion, photoperiod length may also influence lar-
val growth and development rates in larval 
predators (which in turn will influence adult 
fecundity, Sect. 2.7.3) and the rate of ovigenesis. 

Weseloh (1986) showed that the egg load of 
females of the egg parasitoid Ooencyrtus kuva-
nae (Encyrtidae) kept under long-day conditions 
increases more rapidly than that of females kept 
under short-day conditions, and that this is 
reflected in differences in progeny production. 
Anagyrus kamali, an encyrtid parasitoid of the 
hibiscus mealybug, is unusual in that its lifetime 
fecundity is highest under conditions of contin-
uous darkness: this life-history characteristic



would help to keep mass-rearing costs to a 
minimum (Sagarra et al., 2000b). Hentz et al. 
(1998) found no significant effect of photoperiod 
on fecundity in Chelonus sp. near 
curvimaculatus. 
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Fig. 2.34 Diurnal flight activity patterns in Encarsia 
formosa (Aphelinidae) in the greenhouse (data for May– 
June). Percentage of the mean daily catch (by air suction 
trap) of wasps for each hour (histograms) and mean 
temperature (curve). Source Ekbom (1982). Reproduced 
by permission of Elsevier Science 

Photoperiod and light quality and intensity 
should also be investigated for their effects on 
reproductive diapause induction (Sect. 2.12.3), 
particularly where parasitoids and predators are 
being employed in artifically lit environments 
(e.g., Stack & Drummond, 1997). 

2.7.4.3 Humidity 
Decreasing humidity may increase potential and 
realised fecundity in predators, through an 
increase in prey consumption by juveniles and 
females (e.g., Heidari, 1989), but it may also 
decrease realised fecundity in predators and 
parasitoids by reducing searching efficiency and 
longevity (see below). In fecundity experiments 
care must therefore be taken to control humidity, 
so that it is around the field average. 

2.7.4.4 Field Weather Conditions 
The influence of field weather conditions upon 
the realised fecundity of insect natural enemies 
has rarely been investigated, undoubtedly 
because of the often immense practical difficul-
ties involved. Weather can affect fecundity in a 
variety of ways, through its effects on foraging 

activity (Fink & Völkl, 1995; Weisser et al., 
1997), host/prey and non-host/prey food avail-
ability and quality, larval growth rate and sur-
vival, ovigenesis, and female survival. Weisser 
et al. (1997) estimated the lifetime reproductive 
success (lifetime realised fecundity) of the para-
sitoid Aphidius rosae in relation to wind and rain 
conditions by means of simulation modelling. 
They first developed a simulation model to pre-
dict patterns of parasitism of aphid colonies in 
the field as a function of weather conditions, then 
they parameterised the model using data from 
both laboratory and field experiments on para-
sitoids. Periods of relatively ‘good’ and relatively 
‘bad’ weather were simulated using real weather 
data. They showed that only a small proportion 
of females was able to realise oviposition levels 
close to the maximum lifetime realised fecundity, 
as measured in the laboratory. Barometric pres-
sure is also likely to affect fecundity in insect 
natural enemies; Roitberg et al. (1993). 

2.8 Adult Longevity 

2.8.1 Introduction 

The life-span of an individual insect can be 
divided into two phases: (1) the development 
period from hatching of the egg until adult 
eclosion (Sect. 2.9), and (2) the period of adult 
life, usually referred to as longevity (Blackburn, 
1991a, b). An obligatory or facultative period of 
dormancy may intervene during the lifetime of 
an individual to extend either development or 
adult longevity for a variable period of time 
(Sect. 2.12). 

Adult longevity may be studied from a variety 
of standpoints. For evolutionary biologists, it is a 
component of individual fitness (Waage & Ng, 
1984; Hardy et al., 1992; Roitberg et al., 2001; 
Rivero & West, 2002; Tylianakis et al., 2004; 
van Baalen & Hemerik, 2008; Jervis et al., 2008; 
Snart et al., 2018), the assumption being that: 
(1) the longer a male can live, the more females 
he can inseminate, and therefore the more eggs 
he can fertilise; and (2) the longer a female can 
live, the more eggs she will lay. In both cases, the



proviso ‘all else being equal’ applies. Adult 
longevity is also studied from the point of view 
of population dynamics, because of its relation-
ship to female fecundity, the prey death rate and 
the predator rate of increase. Most studies on 
natural enemies measure adult longevity in the 
laboratory: there is a dearth of studies that mea-
sure it under natural conditions. Individual 
marking techniques that can be used to measure 
adult survival in the field are discussed in 
Chap. 6 (Sects. 6.2.10, and 6.2.11). 
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Longevity, like fecundity, is a highly variable 
species characteristic, influenced by a range of 
physical and biotic factors. The commonest 
experiments into the effects of these factors 
involve taking a cohort of standardised females 
(Sect. 2.7.2) and exposing each of them to one of 
a range of constant environmental conditions 
from eclosion until death. Mean length of adult 
life can be plotted against variables such as body 
size, temperature, humidity, host or prey density, 
sugar concentration (in diet), and pesticide or 
other toxin (e.g., Bt, allelochemical) concentra-
tion. However, this method of expressing long-
evity data has major drawbacks (see below). 

Evidence for a reproduction‒survival trade-off 
has been found in some predators and parasitoids 
in relation to prey availability (Ernsting & Isaaks, 
1991; Kaitala, 1991; Kopelman & Chabora, 
1992; Valicente & O’Neill, 1995; Ellers et al., 
2000; Jervis et al., 2008; Scharf et al., 2013). A 
cross-species trade-off was also observed in the 
gerrids that Kaitala (1991) studied. See Dixon 
(2000) for a discussion of the reproduction-
survival trade-off within and among species of 
Coccinellidae. A cross-species trade-off between 
ovigeny index and life-span (Sect. 2.3.4) was 
recorded by Jervis et al. (2001, 2003). 

Fig. 2.35 The three main types of survivorship curve: 
Type I—mortality concentrated in the oldest age classes; 
Type II—constant risk of death; Type III—mortality 
concentrated in the youngest age classes. Note the 
logarithmic scale for the vertical axis 

2.8.2 Survival Analysis 

Frequently, in the literature, longevity data are 
presented as the mean length of adult life plus or 
minus its 95% confidence limit or standard 
deviation or standard error. However, when sta-
tistical comparisons between treatments are 

made, authors overlook the fact that individual 
longevity data are rarely normally distributed. 
For statistical comparisons between treatments to 
be biologically meaningful, the data are best 
presented in other ways such as cohort sur-
vivorship curves, which show the fraction of 
each cohort surviving at a particular moment in 
time (Fig. 2.35). Such curves fall into 3 cate-
gories: Type I, in which the risk of death 
increases with age; Type II, in which there is a 
constant risk of death, i.e., the risk is independent 
of age; and Type III, in which the risk of death 
decreases with age. 

Survival data have been compared by plotting 
survivorship curves and calculating the time to 
50% mortality (LT50) for each treatment and 
assessing the statistical significance of differ-
ences in this quantity. A major difficulty with this 
approach is that, at a particular point on the time 
axis, one or more of the curves might comprise 
few observations. Also, the 50% mortality level 
is subjective. As pointed out by Crawley (1993), 
generalised linear modelling techniques (avail-
able in many statistical software packages) offer 
one of the best means of analysing survival data. 
The data can be analysed statistically in terms of



ð

survivorship (proportion of individuals from the 
cohort still alive at a particular point in time), the 
age at death, and the instantaneous risk of death 
(also termed the ‘age-specific instantaneous 
death rate’ by biologists or ‘hazard rate’ by 
statisticians). Generalised linear modelling can 
be used to determine which of a variety of 
available models (exponential, log-normal, Wei-
bull) best describe the observed data. Having 
decided upon the most appropriate model, the 
effects of different experimental treatments can 
then be compared. For details of the procedure, 
see Crawley (1993, 2002). 
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The Weibull model has been used to analyse 
survival data for parasitoids (e.g., Tingle & 
Copland, 1989; Hardy et al., 1992; Núñez-
Campero et al., 2012; Amante et al., 2017; 
Snart et al., 2018; Jucker et al., 2020). The 
Weibull frequency distribution was originally 
considered as a model of human survivorship 
(Gehan & Siddiqui, 1973) and has commonly 
been used in engineering as a ‘time to failure’ 
model. The Weibull distribution is extremely 
flexible, possessing either positive or negative 
skewness, so allowing all three types of survival 
curve (I, II, III) to be analysed (Cox & Oakes, 
1984). The advantage of using the Weibull 
model to describe survival curves is that it 
summarises the information contained in a curve 
as both a rate parameter and a shape parameter. 
The fraction (F) of the cohort surviving at time 
t is given by: 

F ¼ 1- exp - ðt=bÞcf gð Þ 2:4Þ

Statistical packages estimate the most appropri-
ate value of the shape parameter c, and allow the 
rate (or scale) parameter b to be a linear combi-
nation of explanatory variables. Hardy et al. 
(1992) examined survivorship in females of the 
bethylid wasp Goniozus nephantidis, and found 
that for each of two treatments a curve based on a 
Weibull distribution showed some systematic 

deviation from the observed curve. Having noted 
a relationship between longevity and body size in 
females (see below), they allowed the logarithm 
of the distribution’s rate parameter to be a linear 
function of female size. Incorporation of female 
size significantly improved the fit, and therefore 
the explanatory power, of the model in the two 
treatments. 

If you are dealing with a particularly long-
lived species, you do not have to wait until all the 
individuals have died in order to terminate an 
experiment. The experiment can be terminated 
earlier, and certain statistical analyses can be used 
to take account of individuals that die at an 
unknown time (after the end of experimental 
observations), i.e., insects that are ‘censored’, 
statistically speaking (Crawley, 1993, 2002). 
Such analyses can also be used to take account of 
individuals that are accidentally lost or killed 
during the experiment. However, censoring 
effectively loses information on longevity that it 
would be better to have and thus offers a means of 
dealing with a situation that is ideally avoided in 
the first place. If there are, unavoidably, individ-
uals in the data set with unknown times of death, 
it is better to use what information is available on 
their longevity (the time they were known to have 
lived) by including them as censors than to 
exclude them from the analysis altogether (the 
latter approach introduces a bias towards 
excluding those individuals that live longest). 

Siekmann et al. (2001) applied Cox’s pro-
portional hazards model (which is available in 
several statistical software packages) to longevity 
data obtained for Cotesia rubecula given a single 
meal, the concentration and timing of which 
varied among treatments. Their analysis showed 
that the risk of sugar-fed females starving to 
death was reduced by up to 73% in comparison 
with unfed wasps, depending on sugar concen-
tration and timing, and that wasps need to locate 
food at least once a day if they are to avoid 
starving to death.
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2.8.3 Effect of Biotic Factors on Adult 
Longevity 

2.8.3.1 Host and Prey Density 

Non-predaceous Females 

In some studies, host/prey density appears to 
have had little or no effect upon adult survival in 
such insects; at least when average longevity is 
used as the measure of survival (Mackauer, 1983; 
Liu, 1985b). Visual inspection of survival curves 
suggests the same, although a survival analysis 
of the type discussed above needs to be carried 
out on such data. Nevertheless, there is evidence 
for an effect of host availability on survival in 
some parasitoids. In some species, host-deprived 
females are able to live longer than undeprived 
ones kept under otherwise identical conditions 
(e.g., Tran & Takasu, 2000); presumably they are 
able to do so because they obtain energy for 
maintenance from egg resorption, and/or they do 
not incur the life-span costs of oviposition (see 
above). A host density-related trade-off between 
reproduction and adult life-span has been recor-
ded in a few parasitoids. Ellers et al. (2000) ex-
posed Asobara tabida to different host density 
regimes and found that: (1) the total number of 
eggs produced (those laid in hosts plus those 
remaining in the females upon death) correlated 
with host density, and (2) there was a negative 
linear correlation between physiological life-span 
and the number of eggs produced—each egg that 
was produced decreased life-span by an equal 
amount. The significance of the shape of the 
trade-off function in A. tabida and in insects 
generally is discussed by Ellers et al. (2000). 
Another parasitoid species in which there is a 
host availability-related trade-off between repro-
duction and life-span is Leptopilina boulardi 
(Kopelman & Chabora, 1992). Apparently in this 
species life-span declines in relation to increased 
oviposition rate, given that the species is pro-
ovigenic (this rules out an effect of ovigenesis 
rate) and females in the different host density 
treatments produced the same number of progeny 
(see discussion in Jervis et al., 2001). 

Predaceous Females 

Most information on predaceous females relates 
to cases where the longevity of females deprived 
of hosts or prey (deprived for either the whole or 
part of an experimental period) is compared with 
that of undeprived females. As one might expect, 
longevity is found to be shortest in the deprived 
females: they cannot satisfy their metabolic 
requirements for maintenance. For instance, in 
the host-feeding parasitoid Dicondylus indianus, 
female longevity increased with host density 
(Sahragard et al., 1991). Bellows (1985b) also 
found that longevity in the host-feeding bruchid 
parasitoid was greater in wasps provided with 
mature hosts than wasps with young hosts or no 
hosts. By contrast, juvenile food limitation 
extended longevity in the bridge spider, Larin-
ioides sclopetarius. 

There are few published studies in which the 
longevity of predaceous females has been related 
to either availability of prey/hosts or consump-
tion rate. Longevity is positively related to prey 
consumption rate in ovipositing Coccinella 
undecimpunctata over a wide range of prey 
densities (Ibrahim, 1955). In nonovipositing 
Thanasimus dubius (Cleridae), longevity 
becomes a direct function of prey density only at 
low levels of prey availability (Turnbow et al., 
1978); the probable reason for the lack of a 
relationship at higher levels of prey/host avail-
ability in this case is that at these levels the 
predators’ maintenance requirements are fully 
satisfied. By varying prey availability, Ernsting 
and Isaaks (1991), Kaitala (1991) and Nakashima 
and Hirose (1999) obtained evidence for a re-
production‒survival trade-off in the predators 
they studied. 

2.8.3.2 Prey and Host Quality 
In predatory Coccinellidae and Anthocoridae 
adult longevity may be significantly affected by 
the prey species fed upon by the adult (Hodek, 
1973; Chyzik et al., 1995; Mendes et al., 2002). 
This also applies to destructively host-feeding 
parasitoids (Wilbert & Lauenstein, 1974). The 
host stage fed upon influences longevity in the



host-feeding bethylid Cephalonomia stephan-
oderis (Lauzière et al., 2000). With both host/prey 
species and host/prey stage effects, it is important 
to establish whether they are attributable to dif-
ferences in the quantity of prey/host materials 
ingested or differences in host/prey quality sensu 
stricto. In parasitoids, host species affects long-
evity via its effect on body size (see above). 
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2.8.3.3 Host-feeding by Parasitoids 
Consumption of host haemolymph improves 
longevity in some host-feeding wasp species 
(e.g., Eupelmus vuilletti: Giron et al., 2002; 
Neochrysocharis formosa: Liu et al., 2015) but 
not in others (e.g., Diadromus subtilicornis: Tran 
& Takasu, 2000; Gelis agilis: Harvey, 2008), 
while in the host-feeding parasitoid wasp Aphytis 
melinus, consumption of host blood positively 
influences longevity only if sugar-rich food is also 
taken (Heimpel et al., 1997a) (see Jervis & Kidd, 
1986, and Heimpel & Collier, 1996, for reviews). 
Kapranas and Luck (2008) found that host-
feeding had differing effects in two congeneric 
parasitoids of scale insects. In Metaphycus flavus, 
resources obtained during host-feeding were used 
primarily for egg production, whereas resources 
obtained by M. luteolus during host-feeding were 
used also for maintenance. By directly injecting 
females with the sugars that are abundant in host 
blood (trehalose, sucrose), Giron et al. (2002) 
showed that these sugars are solely responsible 
for the greater longevity of host-fed females. 

2.8.3.4 Non-host and Non-prey Foods 
Many studies have shown that, in the absence of 
hosts or prey, many parasitoids and predators 
given carbohydrate-rich foods, e.g., diluted honey 
solutions, live significantly longer than insects 
that are either starved or given only water (see 
reviews by Hagen, 1986; Jervis & Kidd, 1986; 
van Lenteren et al., 1987; Heimpel & Jervis, 
2004; Jervis et al., 2008; see also Chap. 8). 

Several studies have also revealed that long-
evity varies with the quality of food consumed. 
A simple experiment involves providing preda-
tors or parasitoids with one of a range of different 
diets, e.g., different sugars or combinations of 
sugars in solution, or even different nectars or 

honeydews, and comparing the effects of these 
on survival. However, for investigations of the 
effects of non-host food consumption on long-
evity (and fecundity) to have relevance to the 
field situation (particularly in biological control), 
they should involve first identifying the natural 
diet of parasitoids and predators, and then pro-
viding insects with the same or very similar 
foods (Chap. 8). 

For details of protocols for determining the 
effects of biochemical components of non-host 
foods on longevity, see Finch and Coaker (1969) 
and Wäckers (2001). The effects of sugar-feeding 
on carbohydrate and lipid levels in parasitoids 
have been investigated by Olson et al. (2000), 
Fadamiro and Heimpel (2001) and Casas et al. 
(2003) (see Sect. 2.13 for biochemical 
techniques). 

2.8.3.5 Body Size 
A positive correlation between body size and 
longevity, at least across the lower range of host 
body sizes, has been shown for the adults (in 
some cases males as well as females) of several 
parasitoid species (e.g., Sandlan, 1979; Mani & 
Nagarkatti, 1983; Waage & Ng, 1984; Bellows, 
1985b; Hooker et al., 1987; van den Assem et al., 
1989; Hohmann et al., 1989; Heinz & Parrella, 
1990; Hardy et al., 1992; Harvey et al., 1994; 
West et al., 1996; Ellers et al., 1998; Fidgen 
et al., 2000; Rivero & West, 2002; reviewed by 
Visser, 1994). Exceptions include Goniozus 
nephantidis (in which larger females live longer 
than smaller ones if hosts are provided, but 
smaller females live slightly longer than larger 
ones if hosts are not available; Hardy et al., 
1992), and both Asobara tabida and Nasonia 
vitripennis (in which the body size effect does 
not occur in fed females; Ellers et al., 1998; 
Rivero & West, 2002). The size effect upon the 
longevity of unfed female A. tabida and N. vit-
ripennis is attributable to the smaller fat reserves 
of small females: such females can obtain addi-
tional energy for maintenance by feeding, but 
note that females cannot either supplement or 
replenish their fat body reserves (Ellers et al., 
1998; Rivero & West, 2002; see also Sect. 2.14). 
Interestingly, in the two Metaphycus species



studied by Bernal et al. (1999) the body size 
effect occurs in fed females and not in unfed 
ones; the amounts of lipid reserves were not 
measured in this case. 
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Because a size‒longevity relationship may not 
appear to exist for some species (e.g., Takagi, 
1985, on  Pteromalus puparum), it is important, 
in experiments, to provide parasitoids with a 
range of host sizes equivalent to that occurring in 
the field. Few studies have measured longevity in 
relation to body size under actual field conditions 
(West et al., 1996). 

Blackburn (1991a) showed through a com-
parative analysis (Sect. 1.2.3) of 474 hyme-
nopteran parasitoid species that, across the 
species within a taxon, there is no correlation 
between body size and life-span (see Blackburn, 
1991a, and Jervis et al., 2003, for discussion). 
Sokolovska et al. (2000) found positive correla-
tions between longevity and male and female 
body size among Odonata, but their meta-
analysis has been criticised by Thompson and 
Fincke (2002). 

Burkhard et al. (2002), used the degree of 
wing wear and injury to estimate size-specific 
survivorship in field populations of the predatory 
fly Scathophaga stercoraria, and showed that in 
females longevity increased with body size in 
both flight seasons but that in males it increased 
slightly in the spring and decreased in the 
autumn. Burkhard et al. (2002), however, urge 
caution in applying the method (see their paper 
for details). 
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Fig. 2.36 Survivorship of Anagyrus pseudococci (Encyr-
tidae) at four different constant temperature regimes. 
Source Tingle and Copland ( ). Reproduced by 
permission of Lavoisier Abonnements 

2.8.3.6 Mating 
As discussed in Chap. 4 (Sect. 4.5.3), frequent 
mating may shorten life-span in both females and 
males. Several laboratory studies have shown 
that in predatory coccinellids unmated females 
live longer than mated ones; the same also 
applies to males (Dixon, 2000; see also Taylor 
et al., 1998, on a predatory stonefly). However, 
there is no difference in longevity between mated 
and virgin females of the predatory bug Podisus 
maculiventris (De Clercq & Degheele, 1997). 

In experiments aimed at testing for the effects 
of mating on longevity, one must establish that 
mating really has occurred (see ‘mating’ in 

Sect. 2.7.3). If a positive effect of mating upon 
female longevity is found, the question arises as 
to whether longevity is enhanced due to the 
nutrient contribution made by the male, in the 
form of sperm or spermatophore. 

2.8.4 Effect of Physical Factors 
on Adult Longevity 

2.8.4.1 Temperature 
There will be an optimum range of temperatures 
outside of which survival is severely reduced 
(Jackson, 1986; Krishnamoorthy, 1989; Mohan 
et al., 2004). In general, and usually in males as 
well as females, longevity decreases with in-
creasing temperature within the optimum range 
(Sahad, 1982, 1984; Nealis & Fraser, 1988; 
McDougall & Mills, 1997; Hentz et al., 1998; 
Tran & Takasu, 2000; Liu & Tsai, 2002; Seal 
et al., 2002; Emana, 2007; Dhillon & Sharma, 
2009; e.g., Fig. 2.36), although for some species 
no more than a trend may be apparent (Barfield 
et al., 1977a; Cave & Gaylor, 1989; Miura, 1990). 

Most experiments designed to demonstrate the 
effect of temperature on adult longevity involve 
exposing insects to constant temperatures, which 
ignores the fact that in nature temperatures will 
fluctuate during each day, the lowest tempera-
tures occurring at night. Ideally, longevity ought 
to be studied at temperature extremes that are



part of a cyclical regime, but such an approach 
has rarely been adopted. Ernsting and Isaaks 
(1988) measured the survival of the carabid 
Notiophilus biguttatus, given excess prey, at a 
constant 10 °C regime compared with a daily 
fluctuating (20 °C day/10 °C night) regime. The 
lower survival of beetles held under the fluctu-
ating regime could simply be explained by the 
higher average daily temperature at that regime. 
Minkenberg (1989) incorporated a more realistic 
fluctuating temperature regime in his experi-
mental design. He exposed the eulophid Digly-
phus isaea to each of three constant temperatures 
(15°, 20°, 25 °C) and to a fluctuating regime that 
involved the temperature increasing linearly from 
0100 to 0300 h, decreasing from 1500 to 1700 h, 
and being fixed at 22 °C from 0300 to 1500 h 
and at 18 °C from 1700 to 0100 h. Survival of 
wasps held under the fluctuating regime (average 
daily temperature 20.3 °C) was much lower than 
at the constant 20 °C regime. 
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Some parasitoids and predators overwinter as 
adults and may be exposed to near- and/or sub-
zero temperatures. Cold tolerance of adult 
Bathyplectes curculionis (Ichneumonidae) was 
studied by Berberet et al. (2002), and that of 
Harmonia axyridis (Coccinellidae) by Watanabe 
(2002). 

2.8.4.2 Humidity 
It is clear from many experimental studies that 
natural enemy adults have particular humidity 
requirements for survival (Kfir, 1981; Hérard 
et al., 1988; Wysoki et al., 1988; Emana, 2007). 
Although it would appear to be quite easy to 
carry out an experiment designed to measure 
survival at different humidities, there is the 
problem of maintaining the insects for a suffi-
ciently long period for statistical comparisons to 
be made. Insects deprived of food are likely to 
die quite quickly, but if they are provided with 
honey or sucrose solutions (see above), it may be 
difficult to separate the effects upon longevity of 
the water content of the air and that of the food. 
Similarly, it may be difficult to set up an exper-
iment that incorporates some degree of biological 
realism in the form of a plant surface, since the 
latter will be actively transpiring. 

Small-bodied insects, because of their high 
surface area to volume ratio, will be more prone 
to desiccation at low humidities than large-
bodied insects; see Jervis et al. (2003) who dis-
cuss this, from a comparative perspective, in 
relation to parasitoid wasps. 

2.8.4.3 Photoperiod 
Little is known about the influence of photope-
riod on longevity. Given that some predaceous 
insects are active only during certain periods of 
the day or night, one might expect longevity to 
be influenced by photoperiod. In the parasitoid 
Ooencyrtus kuvanae, photoperiod experienced 
upon adult eclosion influences both longevity 
and the rate of progeny production. Short-day 
conditions resulted in females producing fewer 
progeny but living longer. Switching photoperi-
ods after twelve days failed to alter this once it 
had been established (Weseloh, 1986). In Ana-
gyrus kamali, longevity, like lifetime fecundity, 
is highest under continuous darkness (Sagarra 
et al., 2000a). Hentz et al. (1998), however, 
found no significant effect of photoperiod on 
longevity in Chelonus sp. near curvimaculatus. 
Note that some entomophagous insects are noc-
turnal, e.g., certain Ichneumonidae (Gauld & 
Huddleston, 1976), Vespidae, Pompilidae and 
Rhopalosomatidae (Gauld & Bolton, 1988). 

2.9 Growth and Development 
of Immatures 

2.9.1 Introduction 

Development refers to the morphological, 
anatomical and physiological changes shown by 
each individual insect from the time the egg is 
laid to the time the adult ecloses. Growth refers 
to the increase in biomass of the insect during the 
period between hatching from the egg and the 
end of the larval phase of the life-cycle 
(Fig. 2.37) or between instars. The larval phase 
in predators comprises long periods of feeding 
and brief periods of moulting. Typically, biomass 
increases steadily throughout each instar. At the 
time of the moult, biomass falls slightly due to



the loss both of the exuvium and of some water 
(which is not immediately replaced, as the insect 
is not feeding) (Chapman, 1998, 2013). In some 
aquatic insects there is no decrease in biomass at 
the moult; instead there is an increase due to 
absorption of water through either the cuticle or 
the gut; in Notonecta glauca this increase is very 
large (Wigglesworth, 1972). 
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Fig. 2.37 Development in the bug Blepharidopterus 
angulatus (Miridae) given excess prey, showing the 
length of time spent in each larval instar, the body weight 
at the start of each instar, and the cumulative wet weight 
of lime aphids consumed up to the start of each instar. 
Roman numerals denote instars. Points are shown ± SE. 
Source Glen (1973) 

In the field, as opposed to laboratory, mea-
surements of growth and development in preda-
tors and parasitoids have been made on few 
species (e.g., Griffiths, 1980, on ant-lions; Banks 
& Thompson, 1987b, on damselflies). 

For predators the protocols for measuring 
growth and development in relation to certain 
physical and biotic factors are relatively 
straightforward. For example, to study the influ-
ence of prey availability, take a series of cohorts 
of newly hatched larvae and present each insect 
with one of a range of chosen prey densities 
(prey of a fixed size), at a constant temperature, 

humidity, photoperiod, either for the duration of 
the insect’s life or for the duration of one or a few 
instars only. On each day of larval life, replace 
the prey. Larval development is measured simply 
in terms of the period of time between moults or 
other events (e.g., egg hatch and pupation). 
Larval growth can be measured as the dry or 
fresh weight gain, including exuvia weight, or 
the body size increase (e.g., measured in terms of 
head width) between instars, although the stan-
dard measure of growth rate is the mean relative 
growth rate (MRGR): 

MRGR = 
ln Wf

( )- ln Wið Þ
d

ð2:5Þ

where Wi is the initial weight of the insect, Wf is 
the final weight of the insect, and d is the period 
of time over which growth is measured. Some 
workers (Paradise & Stamp, 1990, 1991) have 
expressed growth rate differently, as the fresh 
weight gained/instar duration x the average 
fresh weight of the predator during the instar. 

For parasitoids, the protocols for measuring 
the influence of physical and biotic factors on 
growth and development may be rather more 
complex than for predators. Endoparasitoids are 
a particular problem, since the sizes and weights 
of larvae cannot easily be measured and the lar-
vae often cannot easily be assessed as to their 
stage of development (Mackauer, 1986; Sequeira 
& Mackauer, 1992b; Harvey et al., 1994). 
However, for ectoparasitoids and predatory 
arthropods, it is generally much easier to measure 
the growth and development of immature stages 
to adult (Harvey et al., 1998; Dmitriew and 
Rowe, 2003; Jespersen & Toft, 2003; Singh & 
Mishra, 2014; Harvey, 2021; see below). 

A necessary prerequisite for studying many 
aspects of larval development, particularly instar-
related aspects of biology, in predators and par-
asitoids is the ability to distinguish between the 
different instars. In some cases, it is relatively 
easy to tell the instars apart, using features such 
as mouthpart structure, head capsule width, the 
degree of wing development, the number and 
position of prominent setae, spines and other 
cuticular structures, the structure of the tracheal
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system and associated spiracles, and body colour 
patterns. However, in other insects, obvious 
distinguishing features may be lacking. Mor-
phometric techniques may therefore be required. 
Thompson (1975, 1978), for example, decided 
upon the instar of the damselflies larvae he 
studied (Ischnura elegans), by means of both a 
frequency distribution plot of head widths of 
randomly field-collected larvae and a regression 
of modal head width against probable instar 
number. Even better discrimination between 
instars was obtained by plotting head width 
against body length (Thompson, 1978). 
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2.9.2 Effects of Biotic Factors 
on Growth 
and Development 

2.9.2.1 Food Consumption 

Predator larvae need to consume several prey 
individuals during development, and each suc-
cessive instar will show a maximum rate of 
growth and development at different levels of 
prey availability. Generally, with increasing prey 
density, at least across the low and medium 
ranges, larval predators consume more prey, 
develop faster, gain more weight and so attain a 
higher final size (Dixon, 1959, 2000; Lawton 
et al., 1980; Scott & Barlow, 1984; Pickup & 
Thompson, 1990; Zheng et al., 1993a, b; Bom-
marco, 1998; Dmitriew & Rowe, 2007; Harvey, 
2021). Where development rate increases non-
linearly with prey consumption rate (see below), 
development rate stops increasing above a certain 
prey density while growth continues. Growth and 
development also vary in relation to prey quality. 

Food consumption by insects is a subject in 
its own right, and the associated literature is 
very large (Waldbauer, 1968; Beddington et al., 
1976; Kogan & Parra, 1981; Scriber & Slansky, 
1981; Slansky & Scriber, 1982, 1985; Slansky & 
Rodriguez, 1987; Farrar et al., 1989; Karowe & 
Martin, 1989). The approach we are 

recommending here is that of Beddington et al. 
(1976), as it provides one of the most useful bases 
for predicting predator‒prey population dynamics 
(Chap. 7). The various problems inherent in mea-
suring food consumption and utilisation by insects 
and other arthropods are discussed in Waldbauer 
(1968), Lawton (1970), Ferran et al. (1981) and  
Pollard (1988). 

The basic protocol for studying the effects of 
prey availability and prey consumption on 
growth and development in predators has already 
been outlined. Other measurements can also be 
taken in order that various nutritional indices can 
be calculated; these measurements are of: 
1. The biomass of the prey materials ingested 

(biomass is best measured in terms of dry 
weight, since prey remains are likely to lose 
water before retrieval). The predator’s effi-
ciency of conversion of ingested food into 
body substance (ECI) can then be calculated 
as follows: 

Conversion efficiency ¼ M 

C - D
x 100 

ð2:6Þ
where M is the increase in biomass of the 
predator, C is the biomass of captured prey, and 
D is the biomass of the captured prey that is not 
consumed (C–D is therefore the biomass of prey 
actually ingested). According to Cohen (1984, 
1989), predaceous insects with piercing, suctorial 
mouthparts (e.g., Heteroptera) ought to have 
higher ECI values than predators with chewing 
mouthparts, because they obtain a larger pro-
portion of highly digestible materials from their 
prey (a process assisted by pre-oral digestion) 
(see also Cohen, 1995, and Cohen & Tang, 
1997). The ECI is a measure of gross growth 
efficiency, since biomass losses in the form of 
faeces and excreta are not accounted for. 
2. C, D and the biomass which appears as faeces 

(F), and the products of nitrogenous excretion 
(U). The predator’s utilisation efficiency, i.e., 
the efficiency with which the prey biomass 
captured is converted into predator biomass, 
can then be calculated:



ð

ð

ð
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Utilisation efficiency ¼ C - D- F - U 

C
x 100 

ð2:7Þ

3. C, D, F and U (as in 1. and 2.). The predator’s 
assimilation efficiency, i.e., the efficiency 
with which the prey biomass consumed is 
converted into predator biomass, can then be 
calculated: 

Assimilation efficiency ¼ C - D- F - U 

C - D
x 100 

ð2:8Þ

4. C, D, and F (as in 1. and 2.). The predator’s 
digestive efficiency (also termed ‘approxi-
mate digestibility’), i.e., the efficiency with 
which the prey biomass ingested is digested 
and absorbed, can be calculated: 

Digestive efficiency = 
C- D- F 

C - D
x 100 

ð2:9Þ

Other nutritional indices used in studies of food 
consumption by insects are discussed by Wald-
bauer (1968) and Slansky and Scriber (1982, 
1985). 

Growth Rate 

At least some of the food a larva consumes 
needs to be allocated to maintenance 
metabolism. Because of this, growth will stop if 
consumption falls below a certain threshold 
(this threshold will become higher as the insect 
grows and its maintenance requirements 
increase). The energy allocated to growth can be 
assumed to be a linear function of food intake 
(Beddington et al., 1976): 

G ¼ dðI - BÞ 2:10Þ
where G is the growth rate (biomass accumulated 
per unit time, e.g., fresh weight gain, including 
exuvium weight, divided by the number of days 
spent in the instar) of each juvenile stage, I is the 

rate of ingestion of food (biomass of prey con-
sumed per unit time, in comparable units to G, see 
Eq. 2.6), and d and B (the threshold ingestion rate, 
analogous with parameter c in Eq. 2.1) are con-
stants. Mills (1981) gives an alternative model. 

Figure 2.38 shows the relationship between 
growth rate and consumption rate in larval 
Notonecta; the relationship conforms to that 
predicted by Eq. 2.10. As can be seen from the 
intercept of the line with the x-axis, the predator 
needs to consume a minimum amount of food for 
any growth to occur. 

Should the increase in respiratory rate be non-
linear, then growth rate will be non-linear and 
conform to the following model (Beddington 
et al., 1976): 

G ¼ d loge I - Bð Þ 2:11Þ

Development Rate 

If Wi is the initial weight (biomass) of an instar 
(teneral weight), Wf is the final weight achieved, 
and W is the total weight gain, then W = Wf – Wi. 
The ratio W/G will define the duration, d, of the 
instar, and development rate, 1/d, is given by the 
following linear model (Beddington et al., 1976): 

1 
d 
¼ d 

W 
ðI - BÞ 2:12Þ

Fig. 2.38 Growth rate as a function of ingestion rate in 
final instar of Notonecta undulata. Source Beddington 
et al. (1976), who used data from Toth and Chew (1972). 
Reproduced by permission of Blackwell Publishing
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If it is assumed, for simplicity’s sake, that W re-
mains a constant, then (Beddington et al., 1976): 

1 
d 
¼ aðI - BÞ 2:13Þ

where a and B are constants. Equation 2.13 still 
predicts a simple, linear relationship between 
development rate and consumption rate. 

As pointed out by Beddington et al. (1976), 
Eq. 2.12 ignores the fact that the larvae of some 
predators may, under conditions of food scarcity, 
moult to the next instar at significantly lower 
body weights than when food is abundant. Wi, Wf 

and W are therefore functions of consumption 
rate and thus of prey availability: weight gain in 
each instar cannot be assumed to be constant. 
Figure 2.39 shows how, in the damselfly Isch-
nura elegans, larvae fed at low prey densities 
moulted to smaller individuals, i.e., they moulted 
earlier than better fed larvae, having gained less 
weight. Mills (1981) demonstrated, through a 
regression analysis of the relationship between 
W and consumption rate and teneral weight in 
Adalia bipunctata, a significant dependence in 
both cases; consumption rate explained 47–75% 
of the variance. 

Thus, the relationship in some predators is 
more complex than that described by Eq. 2.13. 
Lawton et al. (1980) provide the following non-
linear model:

Fig. 2.40 Development rates 
in Ischnura elegans (Odonata: 
Zygoptera) larvae as a 
function of the number of 
prey killed per day. Only 
larvae that successfully 
completed their development 
in each stage were included in 
the calculations. Source 
Lawton et al. (1980). 
Reproduced by permission of 
Blackwell Publishing 

Fig. 2.39 The effect of prey density on the percentage 
increase in head width at the moult in Ischnura elegans 
(vertical bars = ± SE). Source Lawton et al. (1980). 
Reproduced by permission of Blackwell Publishing 

1 
d 
¼ a loge Na - Bð Þ 2:14Þ

where Na is the number of hosts fed upon. An 
alternative non-linear model is provided by Mills 
(1981). Both models describe a decelerating 
curve for the relationship between development 
rate and consumption rate. Curves of this type 
were obtained in the laboratory for both Ischnura 
elegans (Fig. 2.40) and Adalia bipunctata 
(Fig. 2.41) Lawton et al. (1980) gave, as well as



a dependence of W on consumption rate, three 
other reasons to account for non-linearity in the 
case of Ischnura:
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1980

Fig. 2.42 The relationships between assimilation and 
utilisation efficiencies and prey density in the eleventh 
instar of Ischnura elegans (Odonata: Zygoptera). Utilisa-
tion efficiency clearly declines with increased prey 
density. Source Lawton et al. ( ). Reproduced by 
permission of Blackwell Publishing 

Fig. 2.41 The relationship between mean development 
rate and consumption rate for the four larval instars of 
Adalia bipunctata (Coccinellidae). Indicated is the fit of  
linear and non-linear models of development (see text). 
Source Mills (1981). Reproduced by permission of 
Blackwell Publishing 

1. Variation in k (Eq. 2.2) with prey availability. 
In Ischnura k declined with prey availability 
(Fig. 2.42), the predators wasting propor-
tionately more of each of the prey they kill at 
higher densities (adaptive behaviour in many 
predators, Sect. 1.14; Cook & Cockrell, 
1978; Giller, 1980; Sih, 1980; Kruse, 1983; 
Bailey, 1986; Dudgeon, 1990, although some 
predators may go to the extreme of not con-
suming any part of the prey, Yasuda, 1995). 
However, as Lawton et al. (1980) point out, a 

decline in utilisation efficiency in Ischnura 
cannot be the sole reason for the non-linear 
dependence of development rate upon prey 
consumption rate. If it is, daily growth rates 
plotted against prey biomass assimilated (C– 
[D + F]) ought to be linear (Eq. 2.10): they 
are not (Fig. 2.43). 

2. A decrease in assimilation efficiency with 
increasing consumption rate. Lawton (1970) 
had suggested that this can occur with over-
feeding at high levels of prey availability, 
causing defaecation to take place before di-
gestion is complete. Lawton et al. (1980) 
investigated whether assimilation efficiency 
varied with prey availability. Since it does not 
do so in Ischnura (Fig. 2.42), this hypothe-
sised effect could not account for the non-
linear dependence of development rate on 
consumption rate. 

3. A non-linear increase in respiratory rates with 
increasing consumption rate (Eq. 2.11). 
Lawton et al. (1980) concluded that this effect, 
together with the variation in k and W, 
accounted for the observed relationship in 
Fig. 2.40. Circumstantial evidence to support 
the conclusion regarding change in respiratory
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Fig. 2.43 The effect of daily rate of biomass assimilation 
on growth rate for instars X and XI of Ischnura elegans 
(Odonata: Zygoptera). Growth rate is measured as g/g/d 
increase in weight and is calculated by dividing weight 
gained during the instar-by-instar duration. These figures 
were corrected for the initial weight of the larvae. Wet 
weights were used for initial and final weights. Only 
larvae that successfuly completed their development in 
each instar were used in the calculations. Source Lawton 
et al. (1980). Reproduced by permission of Blackwell 
Publishing 

To obtain the relationship between develop-
ment rate and prey availability, both Eq. (2.13) 
and Eq. (2.2) can be incorporated into the simple 
functional response model (Holling’s (1966) disc 
equation; Sect. 1.14) (Beddington et al., 1976): 

1 
d 
¼ a 

ka0NT 
1 þ a0ThN

- B

( )
ð2:15Þ

Equation 2.15 describes a decelerating curve, 
like a Type 2 functional response (Sect. 1.14). 
As pointed out by Beddington et al. (1976), the 
curve is unlikely to go through the origin. Unless 
the weight at which a species is able to moult to 
the next instar is very flexible, the effect of B will 
be to displace the curve along the prey axis. Put 
another way, there will be a threshold prey 
density (and therefore consumption rate) below 
which growth and development cannot take 
place. Examples of this are shown in Fig. 2.44. 
In those species that consume proportionately 
less of each prey item when encounter rates, i.e., 
levels of prey availability, are high (k declines) 
the curve will be somewhat different in shape: 
flatter-topped, with an earlier ‘turnover’ point 
(Beddington et al., 1976; also see Yasuda, 1995). 

2.9.2.2 Variation in Growth 
and Development 
Between and Within 
Instars 

Figure 2.37 shows both the cumulative increase 
in prey biomass consumed and the increase in 
weight of nymphs of the bug Blepharidopterus 
angulatus as they develop. Later instars account 
for most of the total consumption and growth that 
occurs. In the green lacewing Chrysoperla car-
nea the third (final) instar accounts for 80.5– 
82.8% of the total consumption and 80.45– 
85.6% of the total growth that occurs (data from 
Zheng et al., 1993a). 

Figure 2.44 shows that the development rate 
versus prey availability curves differ between 
instars. As pointed out by Beddington et al. 
(1976), this is to be expected from the between-
instar differences that exist with respect to: 
(1) attack rate (a’) and handling time (Th), both of 
which are parameters in the functional response 
model); (2) metabolic rate, which will increase 
with instar by a certain power of the body weight 
—this affects B in Eq. (2.14); and (3) the con-
stants a and k (Beddington et al., 1976). 

Examination of the growth rate versus con-
sumption rate plots for Adalia bipunctata 
(Fig. 2.45) reveals that the slope (which represents



conversion efficiency) decreases as the insects pass 
through the instars. This change in the slope is 
partly attributable to increased metabolic costs in 
later instars, as can be seen from the intercepts with 
the y-axis, representing basal respiratory rates. 
However, the main cause is likely to be a decline in 
digestive efficiency, since compared with earlier 
instars, later instars of Adalia consume a greater 
proportion of each prey item, i.e., k increases with 
instar (Mills, 1981). To understand the relationship 
between the proportion of each prey consumed and 
digestive efficiency, consider the surface 
area/volume ratio difference between food boluses 
of different sizes. A larger bolus will have pro-
portionately less of its surface area exposed to 
digestive fluids than a smaller bolus. 
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Fig. 2.44 Development rates as a function of prey 
density in different instars of: a Ischnura elegans 
(Odonata: Zygoptera) (source Lawton et al., 1980); b 
Notonecta undulata. Source Beddington et al., 1976, who 
used data from Toth & Chew, 1972. Reproduced by 
permission of Blackwell Publishing 

Conversion efficiency can also vary with 
consumption rate within an instar. Third-instar 
larvae of Chrysoperla carnea provided with low 
prey densities have, as expected, a reduced 
consumption rate compared with third-instar 
larvae given high prey densities, but they have 
a higher conversion efficiency (Zheng et al., 
1993a). A similar difference in conversion effi-
ciency is shown by the early instars of the bug 
Blepharidopterus angulatus (Glen, 1973). Two 
possible reasons for this effect in the case of C. 
carnea were put forward by Zheng et al. (1993a): 
(1) digestive efficiency is increased, due to the 
smaller quantities of prey being ingested by lar-
vae given low prey densities; (2) third-instar 
larvae, like some spiders, reduce their metabo-
lism in response to prey scarcity. 

2.9.2.3 Feeding History 
Can predators recover from the deleterious 
effects upon growth and development brought 
about in previous instars by prey scarcity? To 
answer this question, a cohort of larvae can be 
exposed to high levels of prey availability 
throughout two instars, e.g., the third and the 
fourth in a coccinellid, and another cohort can be 
exposed to a prey availability regime that alters 
from low to high between these two instars. The



fourth-instar insects from the two regimes can 
then be compared with respect to weight gain and 
instar duration. In this experiment, consumption 
rate and the various nutritional efficiencies 
should be measured to determine whether the 
compensatory effects shown by the test cohort 
are a result of changes in one or more of these 
factors within the later instar. 
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Fig. 2.45 The linear dependence of average (± SE, 
n = 6–10) growth rates on food consumption rate for the 
four larval instars of the coccinellid beetle Adalia 
bipunctata. Note that the slope of the relationship, 
representing the gross food conversion efficiency, 
decreases as the insect develops. This is partly due to 
increased metabolic costs, as can be observed from the y-
axis intercepts representing basal respiratory rates, but it is 
mainly due to a decline in digestive efficiency with instar. 
Source Mills (1981). Reproduced by permission of 
Blackwell Publishing 

A similar experiment to the above was carried 
out by Paradise and Stamp (1991) on the mantid 
Tenodera sinensis. These authors showed that: 
(1) first- and second-instar mantids given a small 
quantity of prey attained a smaller size and spent 
more time in those instars than mantids provided 
with as much prey as they could eat, but that (2) in 
two out of three cohorts, mantids reared during 
the first instar on a poor diet recovered during the 
second instar when they were switched to a higher 
diet, gaining as much weight as, and spending 
less time in that instar than, those given a high 
diet throughout. The larvae of the later instar 
compensated for poor feeding in the earlier instar 
by having a higher consumption rate. 

Zheng et al. (1993a) conducted a similar 
experiment with the green lacewing, Chrysoperla 
carnea, but over the entire larval development 
period. Larvae were either provided with a large 
quantity of prey over all three instars (HHH 
regime), or they were given a low quantity over 
the first two instars and a large quantity during the 
third (LLH regime). No significant difference in 
the duration of the third instar was found between 
larvae in the two regimes, but the overall duration 
of development from eclosion to pupation was 
significantly longer in the LLH larvae, i.e., 
recovery in development rate was partial. The dry 
weight gain of third-instar larvae was not signif-
icantly different in the two treatments, and the 
same applied to the overall weight gain over the 
whole of larval development, i.e., recovery in 
growth was complete. Third-instar larvae in the 
LLH regime consumed as many prey as those in 
the HHH regime, and the same applied to larvae 
over the whole of their development. 

Limited recovery from suboptimal feeding 
conditions can, at least in the laboratory, be 
achieved in some Odonata (Lestes sponsa) by the 
larva passing through an additional instar. How-
ever, instar number is constrained and an increase 
in any linear dimension is limited to around 25– 
30% (D.J. Thompson, personal communication). 

Can predators with higher growth rates in one 
instar maintain the advantage through subsequent



instars? To answer this question, the aforemen-
tioned experimental design can be reversed, so 
that in the test cohort the prey availability regime 
alters from high to low. Experiments carried out 
by Fox and Murdoch (1978) on the backswim-
mer Notonecta hoffmani show that larvae can 
maintain a growth advantage during larval 
development. 
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2.9.2.4 Non-prey Foods 
As with the fecundity versus prey density rela-
tionship, two effects of providing non-prey foods 
together with prey might be to lower the prey 
ingestion rate threshold, thus shifting the devel-
opment rate versus prey availability curve nearer 
to the origin, and to alter the shape of the curve. 
Predator larvae may require a lower minimum 
number of prey items in order to develop at all, 
and they may develop more rapidly at and above 
this minimum. 

That development rate is increased by provi-
sion of non-prey foods is demonstrated by 
experiments conducted on larvae of the lacewing 
Chrysoperla carnea (McEwen et al., 1993). At 
the three test prey densities offered to the preda-
tors during development, larvae given an artificial 
honeydew with prey required significantly fewer 
prey, developed significantly more rapidly, and 
attained a significantly higher adult weight than 
larvae given water with prey. Some predators can 
complete larval development when prey are 
absent, if certain non-prey foods are available, e. 
g., the bug Orius insidiosus (Anthocoridae) 
(Kiman & Yeargan, 1985), and the coccinellid 
Coleomegilla maculata (Smith, 1961, 1965). 
Predators such as the bug Blepharidopterus 
angulatus cannot complete development on a diet 
of honeydew alone, but nymphs that are switched 
from honeydew to a diet of aphids after the third 
instar can complete development (Glen, 1973). 

2.9.2.5 Prey Species 
Larval growth and development might be 
expected to vary in relation to prey species. 
Examples of studies demonstrating this effect in 
coccinellids include those of Blackman (1967) 
and Őzder and Sağlam (2003) for Adalia 

bipunctata and Coccinella septempunctata, 
Michels and Behle (1991) for Hippodamia sin-
uata (in which the prey species effect on devel-
opment rate disappeared at temperatures 
exceeding 20 °C) and Wiebe and Obrycki (2002) 
for Coleomegilla maculata (and the lacewing 
Chrysoperla carnea). Sadeghi and Gilbert 
(1999), Mendes et al. (2002) and Petersen and 
Hunter (2002) studied larval performance in the 
hover-fly Episyrphus balteatus, in the anthocorid 
bug Orius insidiosus and in lacewings respec-
tively, in relation to prey species. 

Albuquerque et al. (1997) investigated and 
compared growth and development (and also 
reproduction) in two lacewings, one a specialist, 
the other a generalist, examining what alterations 
in these variables occurred when the predator 
species were given each other’s prey species (see 
their paper for details). 

Two main factors influence how prey species 
can affect the growth and development of 
immature stages of predators. The first is based 
on the size of the prey species relative to the 
nutritional requirements of the predator. Smaller 
prey clearly contain fewer resources than larger 
prey. Furthermore, prey availability is important: 
regardless of prey size, optimal growth may only 
occur if there are sufficient prey encountered 
during immature growth. A second factor is prey 
quality, and this in turn may vary among different 
prey species. For example, Strohmeyer et al. 
(1998) found that the growth of two generalist 
predators, a stink bug (Podisus maculiventris) 
and jumping spider (Phidippus audax) varied 
among generalist, novel and specialist herbivore 
prey species reared on ribwort plantain (Plantago 
lanceolata) as well as on powder diets containing 
chemical extracts from new or mature leaves. 
The authors suggest that plant allelochemicals 
(iridoid glycosides) that were sequestered by the 
specialist herbivore but not the novel or gener-
alist herbivores, may have impeded growth of the 
two predators, but that more factors were 
invariably responsible. Importantly, the effect of 
prey species on the growth of predators may be 
influenced by physiological interactions with 
plants across three trophic levels (Ode, 2006).
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2.9.2.6 Interference and Exploitation 
Competition and Other 
Interference Effects 

Ecologists distinguish between competition 
through interference and competition through 
exploitation. In interference competition indi-
viduals respond to one another directly rather 
than to the level to which they have depleted the 
resource. In exploitation competition individuals 
respond, not directly to each other’s presence, 
but to the level of resource depletion that each 
produces. With exploitation competition the 
intensity of competition is closely linked to the 
level of the resource that the competitors require, 
but with interference it is often only loosely 
linked (Begon et al., 1996; Amarasekare, 2002). 

Larval predators show interference in the form 
of behavioural interactions. For example, larval 
dragonflies may interfere with one another’s 
feeding through distraction (e.g., ‘staring 
encounters’ between dragonflies) and/or overt 
aggression (Baker, 1981; McPeek & Crowley, 
1987; Crowley & Martin, 1989; Fig. 2.46). Such 
interactions are likely to result in reduced feeding 
or increased metabolic costs and therefore 

ultimately will cause reduced growth, develop-
ment and survival. Despite a superabundance of 
prey, interference competition between the native 
ladybird, Coccinella undecimpunctata, and the 
invasive ladybird, Harmonia axyridis, in the 
Azores led to greatly reduced prey consumption 
in the native species, which had knock-on effects 
on reproduction and maintenance of body mass 
(Soares & Serpa, 2007). Interestingly, interfer-
ence competition was absent in the native lady-
bird species. 

Fig. 2.46 Aggressive interactions between damselfly 
larvae: a labial striking; b slashing with the gills. Larger 
larvae usually displace smaller ones, which may retreat by 

swimming off the perch. Source Williams and Feltmate 
(1992). Reproduced by permission of CAB Publishing 

Van Buskirk (1987) conducted an experiment 
to test whether density-dependent, interference-
mediated reductions in growth, development and 
survival occurred in larvae of the dragonfly 
Pachydiplax longipennis. First-instar larvae were 
raised in pools at initial densities of 38, 152 and 
608 larvae/m2 , under two levels of prey avail-
ability (extra prey added daily to those already in 
pool; extra prey not added, i.e., food depletion 
likely to occur, pools in both cases containing the 
same initial density of prey), in a 3 x 2 factorial 
design. Van Buskirk (1987) found that with 
increasing predator density there was a decrease 
in growth and development rates, but he did not



detect any statistically significant interactions 
between prey addition and predator density, 
suggesting that some form of interference, rather 
than prey exploitation, was important. Within the 
prey-added treatment, the per capita amount of 
prey available was greatest at low predator den-
sities (since identical amounts of prey were 
available at all predator densities). If larvae were 
competing by exploitation alone, prey availabil-
ity would have had a greater positive effect at 
low predator densities than at high predator 
densities, but this did not show up in the statis-
tical analyses. Instead, prey availability increased 
survival by a similar amount at all predator 
densities. The positive effect of prey availability 
on survival suggests that food stress in the prey-
absent larvae led to their becoming cannibalistic, 
the assumption being that larval dragonflies can 
survive long periods of time without prey, and 
thus mortality could not be attributed to starva-
tion (Lawton et al., 1980; Sect. 2.10). Direct 
evidence of cannibalism was not, however, 
obtained. 
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Baker (1989), using the ‘condition’ (an index 
of the relative mass per unit head width of larvae) 
of larval dragonflies, related larval growth to 
larval density in a series of field sites. He found 
that for most of the year there was little evidence 
of food limitation. His results are in contrast to 
those obtained in the study by van Buskirk 
(1987) and in studies by Pierce et al. (1985), 
Johnson et al. (1984) and Banks and Thompson 
(1987b), in which the data indicate aggressive 
interactions to be important in limiting food 
intake of larval Odonata in the field. Among the 
reasons for this discrepancy given by Baker 
(1989) are that in his study larval densities were 
not high enough for either exploitation compe-
tition or interference to occur. Baker (1989) also 
points to differences in methodology and inter-
pretation between his study and those of other 
workers (see discussion in his paper). 

Anholt (1990) points to ‘asymmetries in the 
burden of refutation’ in several studies of com-
petition in larval Odonata and other animals. 
Authors, when they have been unable to find 
evidence of prey depletion, have concluded by 
default that interference is the primary cause of 

density-dependent growth, development and 
survival. That is, they have made the assumption 
that if it is not competition through exploitation, 
then it must be competition through interference. 
Anholt’s  (1990) study represents a significant 
departure from previous work on Odonata, in 
that he attempted to disentangle the effects of 
interference and exploitation by manipulating the 
rates of the two processes. Anholt manipulated 
the frequency of interactions between larval 
Enallagma boreale by altering perch availability 
at a fixed density of predators. Anholt (1990) 
argued that increasing the abundance of perches 
(i.e., increasing habitat complexity) will reduce 
the frequency of larva‒larva encounters and 
thereby reduce the intensity of interference 
competition without affecting the supply of 
planktonic prey, i.e., without depletion occurring. 
Anholt’s  (1990) experimental design was a fixed-
effects analysis of variance: (1) with three factors 
(food availability, larval density, perch avail-
ability) completely crossed; (2) with two factors 
(larval density and food availability) crossed; and 
(3) with two factors (perch availability and 
starting instar) crossed. In Anholt’s  (1990) 
experiments, damselflies became more evenly 
distributed among available perches as the 
predator density per perch increased, demon-
strating that there were behavioural responses to 
the manipulation of habitat complexity (a pre-
diction made by Crowley et al., 1987). Food 
supply and predator density strongly affected 
survival, but the proportion of the variance in 
survival attributable to the habitat complexity 
manipulation, i.e., interference, was very small. 
Furthermore, whilst there were significant 
density-dependent alterations in growth or 
development, they were not attributable to food-
related interference competition. Thus, despite 
the overt nature of the interactions between 
individuals, their costs appear to be minimal. 
Anholt (1990) suggested that the density-
dependent reduction in larval growth and devel-
opment observed in his experiments could have 
been due to both ‘resource depletion’, i.e., 
exploitation, and resource depression. Resource 
depression is a term used to describe local 
reductions in prey availability that result from the
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prey minimising the risk of predation by 
becoming less active and/or altering their use of 
habitat space. 

160 M. A. Jervis et al.

Gribbin and Thompson (1990) conducted 
laboratory experiments in which individuals of 
two instars (ones which commonly occur toge-
ther in the field) of Ischnura elegans were 
maintained in small containers (transparent 
plastic cups) with a superabundance of prey (to 
avoid prey limitation) either: (1) in isolation, 
(2) with three larvae of the same instar, or 
(3) three larvae of different instars. Either one 
perch or a set of four perches was provided to 
larvae in each treatment, and the experiment was 
treated as a two-way analysis of variance with 
perch availability as one factor and larval com-
bination as the second factor potentially 
influencing development and growth. Small lar-
vae showed increased development times and 
decreased growth (measured as percentage 
increase in head width) when kept with large 
larvae, but similar effects were not evident when 
the small larvae were kept with other small lar-
vae. Development time and size increases of 
large larvae were not significantly affected by the 
presence of small larvae, i.e., competition was 
asymmetric. Regardless of the instar combination 
used, reductions in growth and development 
(which were taken to be due to interference, since 
prey—approximately 200 Daphnia magna—was 
superabundant in all treatments) were lessened 
when there were more perches available, 
although only in a few cases was the lessening 
significant. Gribbin and Thompson (1990) found 
that in containers with only one perch, large 
larvae often occupied the perch, whilst the single, 
small larva positioned itself on the side of the cup 
where feeding efficiency was likely to have been 
reduced. 

Hopper et al. (1996) investigated the conse-
quences of cannibalism for growth and survival 
(Sect. 2.10.2) of survivors in the dragonfly Epi-
theca cynosura. The eventual size of survivors 
from a high larval density, asynchronous treat-
ment (asynchronous in hatching terms—asyn-
chrony increases the likelihood of cannibalism, 
i.e., by older larvae) was greater than that of 
survivors from a low larval density, 

asynchronous treatment, while there was no dif-
ference in size between survivors from high and 
low larval density synchronous treatments. 

For a study of interference and exploitation 
competition in a species of carabid beetle, see 
Griffith and Poulson (1993). Interference com-
petition has been shown by Griffiths (1992) t  
occur between larvae of the ant-lion Macroleon 
quinquemaculatus. Note that facilitation, not 
interference, may occur between larval con-
specifics in some predator species, e.g., nymphs 
of the pentatomid Perillus bioculatus (Cloutier, 
1997). 

Exploitation competition for lime aphid prey 
between the ladybird Harmonia axyridis and the 
predatory flowerbug Anthocoris nemoralis 
reduced the presence of lime aphid DNA detec-
ted in the bodies of A. nemoralis (Howe et al., 
2016). Exploitation competition is apparently 
greater than intraspecific competition among 
three species of native, alien and invasive lady-
birds in Chile (Zaviezo et al., 2019). Exploitation 
competition between two species of hover-fly 
was studied by Hågvar (1972, 1973). 

The deleterious effects of competition on lar-
val growth (and fecundity) can be expressed by 
plotting k-values (defined in Sect. 7.3.4) against 
log10 predator density. When describing such 
effects, the terms ‘scramble’ and ‘contest’ com-
petition are less appropriate than the terms ‘exact 
compensation’, ‘over compensation’ and ‘under 
compensation’ (Begon et al., 1996; Sect. 7.3.4). 

Larvae may also show a reduction in feeding 
rates in the presence of higher-level predators 
(Murdoch & Sih, 1978; Sih, 1982; Heads, 1986). 
Such interference may reduce the rate of con-
sumption of prey, even when the insects do not 
need to move in order to feed (Heads, 1986), with 
the potential result that growth, development and 
even survival may be adversely affected (Sih, 
1982; Heads, 1986; see, however, Brodin & 
Johansson, 2002). McPeek et al. (2001) showed 
that although the larvae of Ischnura and Enal-
lagma ingest less food in the presence of a fish 
predator, interspecific differences in growth rate 
were primarily due to differences in the conver-
sion efficiency of the species, i.e., the two genera 
differ in their physiological stress response to the



presence of predators. Stoks (2001) concluded 
from his study of Lestes sponsa that predator-
induced stress effects upon growth and develop-
ment were due to lowered assimilation efficiency 
and/or a higher metabolic rate. 
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The early-instar larvae of the waterboatman 
Notonecta hoffmani can suffer significant mor-
tality due to predation from adult conspecifics 
(Murdoch & Sih, 1978; Sih, 1982), and the adult 
avoidance behaviour of larvae constitutes a form 
of interference. Sih (1982), in laboratory and 
field experiments, compared the behaviour of 
larvae when the adults were experimentally 
removed with their behaviour in controls where 
adults were present. Early-instar larvae avoided 
adults by altering their use of habitat space 
(spending less of the total time available in the 
central region of the pond or tub, where prey and 
adults occur at the highest densities), and some of 
the early instars also became less active. As a 
result of this behaviour, larvae of the first two 
instars experienced severely reduced feeding 
rates. 

2.9.2.7 Host Size 

Idiobionts 

The concept of an individual host as a fixed ‘par-
cel’ of resource for a developing idiobiont para-
sitoid was introduced in Chap. 1. For many 
idiobiont species host size determines the size 
(and/or mass) of the resultant parasitoid adult(s), 
as shown by data both on solitary and on gregar-
ious species (Salt, 1940, 1941; Arthur & Wylie, 
1959; Heaversedge, 1967; Charnov et al., 1981; 
Greenblatt et al., 1982; Waage & Ng, 1984; van 
Bergeijk et al., 1989; Corrigan & Lashomb, 1990; 
Otto & Mackauer, 1998; Harvey et al., 2006; 
Harvey, 2008; Wei et al., 2014; reviewed by 
Godfray, 1994 and Harvey, 2005). Idiobiont par-
asitoids, by virtue of attacking hosts that do not 
feed or grow, have evolved to exploit the trophic 
level below them (herbivores for primary para-
sitoids and primary parasitoids for hyperpara-
sitoids) with remarkable efficiency. For example, 
Harvey et al. (2006) found newly emerged adults 

of the primary koinobiont parasitoid Cotesia 
glomerata were only marginally larger than newly 
emerged adult hyperparasitoids of the idiobiont 
species Lysibia nana that had developed in C. 
glomerata (pre)pupae of equivalent size. This 
efficiency allows food chains to be extended to 
five or even more trophic levels (Harvey et al., 
2009a, b). Development rate, however, is not 
necessarily positively correlated with the size of 
host oviposited in. For example, in Trichogramma 
evanescens, development rate is highest in 
medium-sized eggs and lowest in small and large 
eggs (Salt, 1940), in Elachertus cacoeciae it is 
highest on fifth-instar hosts and lower in fourth 
and sixth instars (Fidgen et al., 2000), in Goniozus 
nephantidis it is lowest in seventh and eighth 
instars of the natural host, Opisina arenosella, 
weighing >70 mg and highest in the factitious 
host, Corcyra cephalonica (Shameer et al., 2002) 
while in Habrobracon hebetor development time 
is unaffected by host larval size (Taylor, 1988). 
The reasons for the lack of a clear relationship are 
complex, and the reader is referred to Mackauer 
and Sequeira (1993). 

To investigate the influence of host size on 
growth and development in an idiobiont para-
sitoid species, present females (inseminated and, 
if necessary, uninseminated, to obtain data on 
both sexes) with hosts of different sizes and 
record the weight of the resultant adult progeny 
and the time taken from oviposition to adult 
eclosion (since adult eclosion is often influenced 
by light: dark cycles [Mackauer & Henkelman, 
1975], observations should be carried out at the 
same time each day or under continous light 
conditions; video-recording equipment can be 
used both to improve accuracy and to save time 
[Sequeira & Mackauer, 1992a]). If the parasitoid 
is a gregarious species, clutch size will have to be 
kept constant (Sect. 1.10. describes clutch size 
manipulation techniques). One needs to bear in 
mind the possibly complicating effects of sex 
differences in food acquisition (and therefore 
growth and development) in broods of gregarious 
species. This problem can be partly circumvented 
by using uninseminated parent females, which



will produce all-male egg clutches, but obtaining 
all-female clutches could prove very difficult 
(Sect. 1.10). 
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For idiobiont parasitoids the age of the host 
may be a confounding factor. For example, some 
parasitoids that develop in host pupae may be 
able to utilise both very recently formed pupae 
and pupae within which the adult host is about to 
be formed. These different types of host pupa are 
likely to have the same external dimensions and 
similar mass but are likely to represent very 
different amounts of resource. As host pupae age, 
their bodies undergo radical morphological and 
physiological changes in a comparatively short 
period of time. This includes differentiation into 
various body structures such as wings, the head 
and thorax, appendages, and sclerotisation of the 
cuticle, that may also affect the amount of 
resource available to the larvae of idiobionts. For 
this reason, older pupae often are of lower quality 
for the development of idiobionts than pre-pupae 
or young pupae (Harvey, 2005). Similarly, older 
egg are often less suitable and less preferred 
hosts for egg parasitoids than younger eggs. This 
may be because older eggs contain more fully 
developed embryos that are more difficult to 
consume and assilimate (Pizzol et al., 2012). 

To determine whether host stage i.e., instar 
and not host size per se mainly accounts for any 
variation in growth or rate of development, par-
asitoids, e.g., idiobionts attacking larval Lepi-
doptera, can be presented with a range of host 
sizes within each host stage that overlaps with 
host sizes within the previous or subsequent 
stage. 

Working over four trophic levels, Otto and 
Mackauer (1998) compared development of the 
idiobiont hyperparasitoid Dendrocerus carpen-
teri in its primary host Aphidius ervi which itself 
was reared in two aphid host species (Acyrtho-
siphon pisum and Sitobium avenae) of differing 
quality and growth potential. Within each aphid 
species, the authors found that terminal host size 
affected the size of A. ervi, which had a con-
comitant effect on the size of D. carpenteri. 
However, the development time of the hyper-
parasitoid was determined by the age of the A. 
ervi individual when it was attacked, and was 

longer in older hosts, which presumably was 
attributable to their reduced digestibility. 

Koinobionts 

During the initial phases of parasitism, hosts of 
koinobionts remain active and may continue 
feeding, growing and defending themselves 
(Mackauer and Sequiera, 1993). Thus, for a 
koinobiont the host represents a dynamic resource. 
One might therefore not expect the same rela-
tionship between progeny size and host size at 
oviposition as exists for idiobionts (Godfray, 
1994; Mackauer, 1986; Harvey, 2000, 2005). 

Sequeira and Mackauer (1992a, b) and Harvey 
et al. (1994, 1999, 2004) have shown, for differ-
ent koinobionts, that adult parasitoid size (mass) 
is not a linear function of host size (mass) at 
oviposition across the full range of available host 
sizes (Fig. 2.47a). In the solitary parasitoids 
Aphidius ervi and Venturia canescens, there is a 
linear increase in wasp size with increasing instar 
up to the penultimate instar, whereas in the final 
instar wasp size does not increase. By contrast, in 
Cotesia rubecula, which is also solitary, adult 
wasp size more generally decreases with instar 
parasitised. These variations in koinobiont 
development are linked to differences in host 
usage strategy (discussed by Harvey et al., 2000b; 
Harvey, 2005; Harvey & Malcicka, 2016). 
Whereas the larvae of most koinobionts obliga-
torily consume most (or all) host tissues before 
pupation, several endoparasitoid clades contain 
taxa whose larvae primarily consume host hae-
molymph before emerging through the side of a 
still-living host, to pupate externally. Since in the 
latter group only a fraction of the available host 
resources is consumed, the relationship between 
host size and parasitoid size may be more com-
plex than for tissue-feeders. For example, para-
sitoid development may be more constrained by 
the availability of certain nutrients in the host 
haemolymph, rather than by host size per se. 

The relationship between development rate 
and the size of the host when parasitised varies, 
being either linear throughout the whole range of 
available host sizes and highest in larger hosts 
(Fox et al., 1967; Smilowitz & Iwantsch, 1973; 
Harvey et al., 2000b) or non-linear (Jones &



Lewis, 1971; Avilla & Copland, 1987; de Jong & 
van Alphen, 1989; Harvey et al., 1994, 2000b; 
Fig. 2.47b). 
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Fig. 2.47 Growth, development and mortality of Ven-
turia canescens (Ichneumonidae) reared in four instars of 
the moth Plodia interpunctella. a Adult dry mass; b 
development time from oviposition to adult eclosion; c 
mortality. Bars represent standard errors of the mean. 
Source Harvey et al. (1994). Reproduced by permission of 
The Ecological Society of America 

The relationship between host size and 
immature parasitoid development rate has been 
shown to differ even among closely related 
koinobiont species. For instance, whereas Ven-
turia canescens delays development in early 
instars, a closely related species Campoletis 
sonorensis (both parasitoids are in the ichneu-
monid subfamily Campopleginae) develops at 
fairly similar rates to eclosion in different host 

instars (Harvey & Strand, 2002). These differ-
ences appear to reflect constraints imposed by the 
final size of the host relative to adult parasitoid 
size, as well as host growth rate. Whereas V. 
canescens habitually attacks comparatively small 
caterpillars of micro-lepidopteran hosts which 
grow slowly, C. sonorensis parasitises larger 
caterpillars of macro-lepidopteran hosts that 
grow quite rapidly. Moreover, differences in host 
usage strategies among koinobionts also influ-
ence development. Whereas the larvae of most 
koinobionts consume virtually the entire host 
piecemeal before pupating (= tissue-feeders), a 
small number of species in several braconid 
subfamilies (e.g., Microgastrinae, Cheloninae) 
feed primarily on host haemolymph, leaving 
most host tissues intact when they are fully 
grown (= haemolymph-feeders; Harvey, 2005; 
Harvey & Malcicka, 2016). The mature larvae 
perforate the host cuticle with specialised 
mandibles (Nakamatsu et al., 2006) and pupate 
externally, either spinning cocoons under the 
host body or attached to the host cuticle (Harvey 
et al., 2008a, b; Quicke, 2014). Species of tissue-
and haemolymph-feeders can be found in the 
braconid subfamily Microgastinae (Harvey et al., 
2000b; Harvey & Gols, 2018). The parasitised 
host is often ‘usurped’ by haemolymph-feeders 
as a surrogate bodyguard to protect the parasitoid 
cocoons against natural enemies such as preda-
tors and hyperparasitoids (Grosman et al., 2008; 
Harvey et al., 2008a, b, 2011; Mohan & Sinu, 
2017) or as an alternate, more nutritionally 
valuable source of prey for predators (Harvey 
et al., 2013a, b). 

Valuable insights into the effects of host stage 
on growth and development can be obtained by 
plotting the growth trajectories of both the host 
and the parasitoid (Sequeira & Mackauer, 1992b; 
Harvey et al., 1994, 1999; Harvey & Strand, 2002; 
Fig. 2.48). Growth trajectories are studied by 
taking each host stage, dissecting parasitised hosts 
at various points in time after oviposition, sepa-
rating the parasitoid larva from the host and 
measuring the dry weight of each. A trajectory is 
also plotted for unparasitised hosts. Using growth 
trajectories, Sequeira and Mackauer (1992b) 
showed that A. ervi responds to host-related



constraints upon larval growth, and arrests host 
growth at a largely fixed time approximately 
8 days after oviposition, at which point aphids 
parasitised as early instars have not reached their 
maximum size. In A. ervi, development time and 
adult mass covary positively (i.e., there is a trade-
off between development rate and growth) with an 
increase in host size from first to third instar, but 
they vary independently in parasitoids developing 
in fourth-instar hosts. In the latter, adult mass does 
not increase but development rate does. Overall 

parasitoid development time is therefore approx-
imately constant, whereas the largest wasps 
emerge from third- and fourth-instar aphids. The 
growth trajectories shown in Fig. 2.48 indicate 
that in early-instar hosts parasitoid growth and 
development rate are limited by the small size and 
growth potential of the host (compare, in 
Fig. 2.48, the average mass attained by parasitised 
aphids with that attained by unparasitised aphids 
of equivalent age). By contrast, in fourth-instar 
hosts excess resources are constantly available,
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Fig. 2.48 Growth trajectories of Aphidius ervi (▲) and 
of parasitised pea aphids (○) at different ages: a host 
nymphal instar one (24 h); b host nymphal instar two 
(48 h); c host nymphal instar three (72 h); d host nymphal 
instar four (120 h). The solid curve shows the corre-
sponding trajectory of unparasitised aphids, samples of 
which were taken at various ages from birth to maturity. 
Arrows indicate the age of the host at oviposition. The 
‘turnover’ point of the parasitoid growth trajectory 
corresponds to parasitoid age of 8 days. The trajectory 
of parasitoid larval growth provides a direct measure of 
host ‘quality’, reflecting the nutritional relationship 
between the two insects during the course of parasitism, 

and its shape will be characteristic of the parasitoid 
species. All curves will, however, be ‘J’-shaped, there 
being two functionally distinct phases in the development 
of holometabolous insects: first there is an exponential 
growth phase as the parasitoid larva feeds and converts 
host tissues into its own body mass, then there is a 
negative exponential decay phase between pupation and 
adult eclosion, when feeding has stopped and there is 
differential mass reduction due to respiration, water loss 
and voiding of the meconium (Harvey et al., 1994). 
Source Sequeira and Mackauer (1992b). Reproduced by 
permission of The Ecological Society of America



Gi

thus allowing for an increase in development rate 
without an increase in adult mass.
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As pointed out by Harvey et al. (1994), A. ervi 
may represent one end of a continuum of 
strategies among parasitoids, the other extreme 
being to delay parasitoid growth until the host 
reaches its maximum size (in which case we 
would expect parasitoid size to be unaffected by 
instar at oviposition but development rate to be 
highly variable). The latter pattern is exhibited by 
Apanteles carpatus, which attacks a wide range 
of sizes (representing all larval instars) of its host, 
the clothes moth Tineola bisselliella. Irrespective 
of host size at oviposition, the size of emerging 
wasps is close to uniform, whereas development 
time increases exponentially with a decrease in 
host size, some wasps taking three months to 
complete their development in very small hosts 
(Harvey et al., 2000b). The strategy of V. 
canescens appears to lie somewhere along the 
continuum between the aforementioned two ex-
tremes (Harvey et al., 1994; Harvey & Vet, 
1997). See Harvey and Strand (2002) for a 
review of parasitoid developmental strategies. 

As these studies have shown, by comparing 
the development of koinobionts in very small or 
otherwise nutritionally suboptimal hosts, it 
should be possible to elucidate the nature of trade-
offs between life-history variables. The experi-
mental protocol for studying the effects of host 
stage at oviposition upon growth and develop-
ment is slightly more complex for koinobionts 
than for idiobionts inasmuch as the hosts need to 
be reared. Care must be taken to control for the 
effects of variations in host diet; Harvey et al. 
(1994), for example, reared hosts with an excess 
of food. However, as pointed out by Mackauer 
and Sequeira (1993), there is a need to examine 
the dynamics of parasitoid development under 
different constraints. These might include super-
parasitism, particularly in the case of gregarious 
species, where crowding intensifies competition 
with conspecifics for access to limited host 
resources (Wajnberg, et al., 1990; Harvey, 2000). 
There is also a need for more studies on the 
nutritional integration between host and para-
sitoid when hosts are reared on various food 
plants containing different concentrations of 

constitutively expressed or induced defensive 
chemical compounds (see below). 

2.9.2.8 Host Species 

ven that hosts of different species are likely to 
constitute different resources, in both qualitative 
and quantitative senses, we would expect para-
sitoid growth and development to vary in relation 
to the host species parasitised. This is indeed the 
case, as studies with both idiobionts and koino-
bionts have shown (although few workers have 
measured growth together with development) 
(Taylor, 1988; Ruberson et al., 1989; Corrigan & 
Lashomb, 1990; Harvey & Thompson, 1995; 
Harvey & Vet, 1997; Harvey & Gols, 1998; 
Harvey et al., 1999, 2010, 2015; McNeill et al., 
1999; Nicol & Mackauer, 1999; Eben et al., 
2000; Seal et al., 2002; Shameer et al., 2002; 
Bazzocchi et al., 2003; Pérez-Lachaud et al., 
2004; Harvey, 2005; Milonas, 2005; Häcker-
mann et al., 2007; Ghimire & Phillips, 2014; 
Lupi et al., 2017; Abdi et al., 2021). 

Salt (1940), for example, showed how the size 
of adult progeny of Trichogramma evanescens 
varied with the species of moth within which 
larval development occurred (Fig. 2.49). Mora-
torio (1987), working with Anagrus mutans and 
A. silwoodensis, showed that female progeny 
were larger when development occurred in the 
(large) eggs of Cicadella viridis, but were smal-
ler when development occurred in the (small) 
eggs of Dicrantropis hamata. However, whereas 
A. silwoodensis develops fastest in C. viridis, A. 
mutans develops fastest in D. hamata, i.e., 
development rate and growth countervary in 
relation to host species in A. mutans. Develop-
ment rate and growth also countervary in relation 
to host species in Telenomus lobatus (Scelion-
idae): wasps develop more rapidly in eggs of 
Chrysoperla species than in eggs of Chrysopa 
species, but the adults attain a larger size in eggs 
of the latter genus, the eggs being larger than 
those of Chrysoperla (Ruberson et al., 1989). 

Similar findings have been reported in some 
koinobionts. In V. canescens, adult wasp size is 
positively correlated with the growth potential of 
the particular host species, although development



time is extended in larger hosts (Harvey & 
Thompson, 1995; Harvey & Vet, 1997). By 
contrast, in C. rubecula, emerging wasps are 
larger and develop more rapidly in a smaller, 
habitual host (Pieris rapae), than in corre-
sponding stages of a larger, factitious host 
(P. brassicae, Harvey et al., 1999). Harvey et al. 
(1999) found that C. rubecula arrested the 
development of P. brassicae larvae at an earlier 

stage (and smaller size) than that of larvae of 
P. rapae. This effect could be related to the fact 
that P. rapae is generally a much more suitable 
host for C. rubecula, which is rarely recovered in 
the field from other host species, including 
P. brassicae. Further investigations should focus 
on the potential influence of host species on 
parasitoid development among host species of 
equivalent size (mass). If differences in
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Fig. 2.49 The relative sizes of female Trichogramma 
evanescens (Trichogrammatidae) and female progeny 
reared from different host species. The reader should note 
that the confounding effects of progeny clutch size were 
not controlled for in Salt’s (1940) experiments (develop-
ment was solitary in Sitotroga and Anagasta (now 
Ephestia) but was either solitary or gregarious in Agrotis). 

The female that emerged from the egg of Agrotis 
developed solitarily; nevertheless, females that developed 
gregariously in that host species were on average 
markedly larger than those that developed in either of 
the other two host species. Source Salt (1940). Repro-
duced by permission of Cambridge University Press



performance are recorded, then this would sug-
gest that the quality, rather than the quantity, of 
host resource affects growth and development.
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2.9.2.9 Multitrophic Interactions 
and the Performance 
of Natural Enemies 

It is well established that plants play an important 
role by mediating a suite of physiological inter-
actions amongst the herbivores feeding on them 
and the natural enemies of the herbivores. Plants 
contain a bewildering array of toxic secondary 
compounds (Karban & Baldwin, 1997; Schoon-
hoven et al., 2005), some of which negatively 
affect the herbivore’s growth, development and 
survival (van Dam et al., 2000; War et al., 2012; 
Nishida, 2014; Kessler & Kalske, 2018; Gajger & 
Dar, 2021). These toxins are also frequently se-
questered in the haemolymph or body tissues of 
resistant herbivores, thus providing them with the 
potential for some degree of protection against 
their natural enemy complex (Tullberg & Hunter, 
1996; Wink et al., 2000; Omacini et al., 2001; Erb 
& Robert, 2016; Petscheka and Agrawal, 2016). 

Many studies have reported that allelochemi-
cals in the diet of the prey or host can negatively 
affect the growth, development, survival or 
morphology of their predators and parasitoids 
(Barbosa et al., 1986; Duffey et al., 1986; 
Gunasena et al., 1990; Paradise & Stamp, 1993; 
Karban & English-Loeb, 1997; Havill & Raffa, 
2000; Harvey et al., 2005, 2007; Lampert et al., 
2010; Zimmerman et al., 2021; reviewed by 
Turlings & Benrey, 1998; Ode, 2006, 2019). In 
some cases, one of the aforementioned life-
history variables is negatively affected whereas 
another is not (Karban & English-Loeb, 1997), 
and allelochemicals may reduce development 
rate and growth rate only when prey are scarce 
(Weisser & Stamp, 1998). The effects of inter-
specific variation in plant quality may even work 
their way up to organisms in the fourth trophic 
level, such as primary parasitoids of insect 
predators or obligate hyperparasitoids (Orr & 
Boethel, 1986; Harvey et al., 2003, 2007). 

Harvey et al. (2003) and Fritz et al. (1997) 
demonstrated differences in the performance of 
parasitoids depending on host plant quality. 

Schädler et al. (2010) observed that the effects of 
genotypes across trophic levels are more com-
plex than the argument that high-quality plants 
produce high-quality herbivores with positive 
effects on higher trophic levels. The plant geno-
types may have significant effects on the per-
formance of herbivores, but the influence of plant 
genotype on predators and parasitoids is weaker 
than on herbivores (Schädler et al., 2010). In 
similar experiments, Shameer (2017) reported 
differences in larval, pupal and egg-to-adult 
period of the lepidopteran herbivore Opisina 
arenosella feeding on the leaves of different 
varieties/hybrids of coconut, but for the para-
sitoid Goniozus nephantidis reared on these 
hosts, developmental timing differences were 
observed only in the pre-oviposition and pupal 
periods. However, the egg-to-adult survival of 
the parasitoid was affected by the variety of 
coconut on which the host had fed. Similarly, the 
plant genotypes on which Plutella xylostella 
were reared affected the developmental times of 
both females and males of the parasitoid Dia-
degma insulare (Cresson) (Ichneumonidae) 
(Sarfraz et al., 2008). This may be due to the 
presence or absence of specific nutrients in the 
host’s diet, the presence of detrimental allelo-
chemicals, or an interaction between nutrients 
and allelochemicals (Turlings & Benrey, 1998). 

Experiments can be conducted in which 
growth and development of predators and para-
sitoids are measured when the carnivores are 
reared on separate cohorts of hosts or prey that 
have been fed on resistant and non-resistant 
strains of a cultivated plant, or on related species 
of wild plants. Of particular interest is the degree 
of adaptation shown by adapted specialist her-
bivores and their parasitoids, which in some 
cases perform better on more toxic plant species 
or genotypes (Harvey et al., 2003). The effects of 
plant secondary compounds can also be investi-
gated by incorporating the chemicals into the 
artificial diet of the herbivore (e.g., Campbell & 
Duffey, 1979; Williams et al., 1988; Reitz & 
Trumble, 1997; Weisser & Stamp, 1998). Small 
amounts of a compound added to such a diet may 
even improve parasitoid larval performance 
(Williams et al., 1988; Harvey et al., 2007). It



should also be noted that fungal endophytes 
produce toxins that may affect larval parasitoid 
growth and/or development (e.g., Barker & 
Addison, 1996; Bultman et al., 1997). 
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2.9.2.10 Superparasitism, 
Multiparasitism, and 
Intrinsic Competition 

Introduction 

Superparasitism is defined as the laying of an egg 
(by a solitary parasitoid) or a number of eggs (by a 
gregarious parasitoid) in (or onto) an already 
parasitised host (Sect. 1.9.4). In the case of a 
solitary parasitoid species, only one larva per 
superparasitised host survives. In a gregarious 
species the number of survivors per host will 
depend on the total number of eggs laid and the 
size of the superparasitised host (Beckage & 
Riddiford, 1978; le Masurier, 1991). In multipar-
asitised hosts, two species of parasitoids compete 
for host resources, and in solitary species, only one 
species survives. In gregarious parasitoids, both 
species may survive multiparasitism, but other-
wise the effects on survival and development are 
generally similar to those observed with super-
parasitism (Harvey et al., 2013a, b; Cusumano 
et al., 2016). This section is concerned with ways 
of studying the fitness consequences for surviving 
larvae, and asks how larval growth and develop-
ment rate might be affected by superparasitism. 

Solitary Parasitoids 

Models of superparasitism as an adaptive strategy 
in solitary species (van der Hoeven & Hemerik, 

1990; Visser et al., 1990) have been based on the 
assumption that superparasitism has no fitness 
consequences for the surviving larva, i.e., it does 
not increase larval development time or reduce 
adult size. This would seem to be a reasonable 
assumption, since in solitary parasitoids super-
numerary larvae (larvae in excess of the number 
that can ultimately survive, i.e., can complete 
development) are usually eliminated before they 
can utilise an appreciable amount of host 
resource. For example, Visser et al. (1992) found 
no convincing evidence that Leptopilina hetero-
toma adults emerging from singly parasitised 
hosts were larger than adults emerging from 
superparasitised hosts (see also Ueno, 1997). 
However, as pointed out by Bai and Mackauer 
(1992) and Harvey et al. (1993), superparasitism 
may have fitness consequences for the larvae of 
some parasitoid species. Simmonds (1943) and 
Wylie (1983), for example, reported that in Ven-
turia canescens (Ichneumonidae) and Microc-
tonus vittatae (Braconidae) larvae take longer to 
develop in superparasitised hosts than in singly 
parasitised hosts, although neither author recor-
ded the number of eggs contained per host. 
Similarly, Vinson and Sroka (1978), subjected 
hosts of Cardiochiles nigriceps (Braconidae) to 
varying numbers of ovipositions, recorded the 
time taken from oviposition to larval emergence 
from the host, and showed that as the degree of 
superparasitism increased, mean development 
time of the surviving larva increased (Table 2.1). 

Table 2.1 Percentage of hosts yielding a larva, and the time taken from oviposition to larval emergence from the host, 
in the solitary parasitoid Cardiochiles nigriceps (Braconidae) parasitising Heliothis virescens. Source Vinson and Sroka 
(1978) 

Number of ovipositions per host % of hosts yielding a parasitoid Mean time (days) to emergence 

1 92 12.3 ± 1.6 

2 58 12.2 ± 1.9 

3 63 14.7 ± 2.7 

4 29 15.6 ± 2.5 

5 27 15.9 ± 3.0 

>5 21 16.9 + 3.4 

The fitness cost to koinobionts may be partly 
determined by the ability of the surviving larva to 
compensate for possibly reduced growth during



embryonic and early larval development (when it 
may compete with the rival larva for host 
resources) by increasing growth later in devel-
opment (Bai & Mackauer, 1992), and the same 
might apply to development rate. Bai and 
Mackauer (1992) carried out a simple experiment 
in which they subjected aphids to either one 
oviposition (singly parasitised) or several 
ovipositions (superparasitised) by Aphidius ervi. 
They used unmated females, in order to control 
for the possible bias resulting from differential 
development (and survival) between male and 
female larvae. They then compared the total 
development time and adult weights in the dif-
ferent treatments. They found that Aphidius ervi 
gained 14% more dry mass in superparasitised 
hosts, i.e., growth was enhanced through super-
parasitism, and took no longer to develop, i.e., 
development rate was unaffected. The most 
likely explanation for this effect is that the 
superparasitised hosts ingested more food. As 
Bai and Mackauer (1992) point out, the fitness 
benefit, i.e., increased adult size gained by sur-
viving larvae in superparasitised hosts, needs to 
be weighed against any costs in the form of 
reduced larval survival (Sect. 2.10.2). 
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As we noted above, adult size in Leptopilina 
heterotoma is not affected by superparasitism. In 
this parasitoid either compensation is complete or 
there is no initial reduction in growth as a result 
of superparasitism. Studying the trajectory of 
parasitoid larval growth (see above) would shed 
light on this. 

Multiparasitism has also been shown to incur 
fitness costs on the surviving parasitoid. For 
example, in host (Pseudoplusia includens) 
caterpillars multiparasitised by two species of 
solitary Microplitis (Braconidae) parasitoids, 
development time was sometimes longer and 
adult body mass smaller in emerging wasps 
compared with controls (Harvey et al., 2009a, b). 
Similar results have been observed in egg para-
sitoids (Cusumano et al., 2015). In some multi-
parasitised hosts, one parasitoid species 
dominates, but offspring sex ratio becomes 
skewed towards male progeny (Walker et al., 
2016; Luo et al., 2018). This, however, often 

depends on temporal differences in the sequence 
of the first and second ovipositions. 

Experiments aimed at investigating the effects 
of superparasitism and multiparasitism on larval 
growth (as measured by adult size) and devel-
opment would involve exposing a recently par-
asitised host to a standardised female and 
allowing the same or a different (conspecific or  
heterospecific) standardised female to deposit a 
specified number of eggs. The number of eggs 
laid in each case can be more easily monitored 
and controlled if the parasitoid is one of those 
species in which the female performs a charac-
teristic movement during oviposition (Harvey 
et al., 1993; Sect. 1.11.6). The time taken from 
oviposition to adult eclosion and the size or 
weight of emerging adults will need to be mea-
sured and the different treatments compared both 
with one another and with controls. The experi-
ment could be expanded to take into account the 
possible effects of host size or host instar, as was 
done by Harvey et al. (1993). They showed that 
superparasitism in Venturia canescens reduced 
development rate in parasitoids reared from both 
third-instar and fifth-instar larval hosts (the moth 
Plodia interpunctella), but that the reduction was 
greater in parasitoids reared from the later instar 
(Fig. 2.50). The size of wasps reared from third-
instar hosts was unaffected by egg number 
(Fig. 2.51a), but adult wasps from both of the 
superparasitised fifth-instar treatments (two eggs, 
four eggs) were significantly smaller than those 
reared from singly parasitised hosts (Fig. 2.51b). 
Harvey et al. (1993) suggested that the reason 
superparasitism affected parasitoids from fifth-
instar hosts more than those from third-instar 
hosts is that the fifth-instar larvae were post-
feeding, wandering larvae, i.e., their growth 
potential is zero. Parasitism of such hosts would 
be more like idiobiosis than koinobiosis, and the 
surviving larva would be less able to compensate 
for any negative effects of superparasitism. 

Gregarious Parasitoids 

The fitness consequences of superparasitism have 
already been touched upon, from both theoretical 
and experimental standpoints, in Chap. 1
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(Sect. 1.9.4). Leaving aside Allee effects (defined 
in Sect. 1.10), superparasitism and multipara-
sitism will intensify competition among larvae 
for host resources, with the result that the per 
capita growth and development rate of the par-
asitoid immatures will be reduced. This is at least 
what one would expect, although Nealis et al. 
(1984) found that increased larval density per 
host slowed development of Cotesia glomerata 
only slightly (le Masurier, 1991, found no sig-
nificant effect of clutch size on development time 
in this species) and tended to increase the rate of 
development in Pteromalus puparum.  
Masurier (1991) also found no significant 
decrease in body size with increasing clutch size 

in a population of C. glomerata parasitising 
Pieris brassicae, although he did find such an 
effect in another population parasitising Pieris 
rapae. 
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1993

Fig. 2.51 Average (± SE) effects of superparasitism on 
growth (as measured by adult dry mass) in the solitary 
ichneumonid parasitoid Venturia canescens. The dry 
weight of wasps reared from: a third-instar b fifth-instar 
larvae of Plodia interpunctella, containing one, two or 
four eggs. Source Harvey et al. ( ). Reproduced by 
permission of Blackwell Publishing 

Fig. 2.50 Average (± SE) effects of superparasitism on 
development in the solitary ichneumonid parasitoid 
Venturia canescens. Development time (number of days 
taken from oviposition to adult eclosion) of wasps reared 
from: a third-instar b fifth-instar larvae of Plodia 
interpunctella containing one, two or four parasitoid 
eggs. Source Harvey et al. (1993). Reproduced by 
permission of Blackwell Publishing 

The fitness consequences for surviving gre-
garious parasitoids in the case of multiparasitism 
have thus far received much less attention than in 
the case of superparasitism. However, in 
haemolymph-feeding koinobiont endopara-
sitoids, much of the host is not consumed by the 
parasitoid larva(e), reducing the intensity of 
competition. In some species (e.g., Microgastri-
nae), this has enabled two different gregarious 
species to emerge from the same host, a phe-
nomenon described as ‘resource sharing’ (Har-
vey et al., 2013a, b), but with some fitness-



related costs. For example, when caterpillars of 
Mythimna separata are multiparasitised by 
Cotesia kariyai and C. ruficrus, both parasitoids 
are able to successfully emerge (Magdaraog 
et al., 2012). However, brood sizes of both spe-
cies are significantly less than in singly para-
sitised hosts. In intrinsic competition between the 
solitary endoparasitoid Microplitis mediator and 
the polyembryonic parasitoid Copidosoma flori-
danum, the latter species always wins (Strand 
et al., 1990). However, C. floridanum shifts 
investment from reproduction to defence by 
reallocating resources to the production of soldier 
larvae (and the production of less reproductive 
larvae) in multiparasitised hosts (Harvey et al., 
2000a). 
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Experiments aimed at investigating the effects 
of superparasitism on larval growth (as measured 
by adult size) and development in gregarious 
parasitoids would involve: (1) in the case of 
intraspecific superparasitism, exposing a recently 
parasitised host to a standardised female and 
allowing the same or a different conspecific 
female to oviposit a further egg or clutch of eggs; 
or (2) in the case of multiparasitism, exposing a 
host recently parasitised by a female of one 
species to a female of another species. 

In both cases, the time taken from oviposition 
to adult eclosion and the size or weight of 
emerging adults need to be measured and the 
different treatments (i.e., initial and second clut-
ches of different sizes) compared with one 
another and with controls. With ectoparasitoids, 
eggs can be artificially added to existing clutches 
of various sizes (Sect. 1.10, and Strand & God-
fray, 1989). Assuming competitive equivalence 
of clutches produced by different females, the 
effects upon parasitoid growth and development 
of simultaneous oviposition by two conspecific 
females would be analogous to the effects of 
increasing the primary clutch. That is, an increase 
in the number of eggs laid per host would have a 
negative effect, irrespective of whether the eggs 
are laid by one or by different females, provided 
all the eggs are laid at the same time. However, 
the competitive disadvantage of a second clutch 
may be underestimated from a fitness function 
curve that is based solely on initial clutches, if 

there is a significant time interval between the 
laying of initial and subsequent clutches (Strand 
& Godfray, 1989). Measurement of any such 
disadvantage, in terms of growth and develop-
ment, to a second clutch requires the progeny 
from the two clutches to be distinguishable by 
the investigator. This is possible in those species 
in which there are mutant strains, e.g., the 
eye/body colour mutant ‘cantelope-honey’ in 
Habrobracon hebetor. To ensure, when using 
mutants, that competitive asymmetries do not 
bias the results of experiments, reciprocal 
experiments should be carried out for each clutch 
size and time interval combination (Strand & 
Godfray, 1989). Molecular markers can also be 
used (Sect. 3.2.2). 

The possibly complicating effects of sex dif-
ferences in larval food acquisition also need to be 
borne in mind in experiments on gregarious 
parasitoids: compared with the adding of a 
female egg, the adding of a male egg to an 
existing clutch could have less of an effect upon 
fitness of the progeny in the initial clutch. 

2.9.3 Effects of Physical Factors 
on Growth 
and Development 

2.9.3.1 Temperature 
The importance of understanding the effects of 
temperature extremes on the growth, develop-
ment, survival and reproduction of insects is 
becoming increasingly recognised in a warming 
world where climate extremes and heat waves are 
increasing in their frequency, duration and in-
tensity (Perkins et al., 2012; Perkins-Kirkpatrick 
and Lewis, 2020; Sect. 2.7.4). Recent reviews 
highlight the effects of heat exposure on insect 
physiology and ecology (González‐Tokman 
et al., 2020; Harvey et al., 2020; Ma et al., 2021). 

Development Rate 

Figure 2.52 shows the typical relationship be-
tween an insect’s rate of development and tem-
perature. There is a threshold temperature below 
which there is no (measurable) development; this 
threshold is sometimes referred to as the
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developmental zero. There is also an upper 
threshold above which further increases in tem-
perature result in only small increases in devel-
opment rate. The overall relationship is non-
linear (Mills, 1981), but over the intermediate 
range of temperatures normally experienced by 
an insect species in the field, it is linear. As noted 
by Gilbert et al. (1976), why this should be so is 
a mystery, since rates of enzyme action (which 
are presumably basic to development) usually 
increase exponentially, not linearly, with 
increasing temperature. 
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Fig. 2.52 The rate of insect development as a function of 
temperature. Source Gilbert et al. (1976). Reproduced by 
permission of W.H. Freeman & Co 

The deleterious effects of a high temperature 
extreme depend on how long the insect is ex-
posed to it. As pointed out by Campbell et al. 
(1974) with reference to the development rate‒ 
temperature relationship shown in Fig. 2.52, 
temperatures within the high range (i.e., the part 
of the relationship where the curve decelerates) 
have a deleterious effect upon development only 
if the temperature is either held constant within 
the range or fluctuates about an average value 
within the range. If the temperature fluctuates 
about a daily average within the medium range 
(i.e., the linear part of the relationship) and the 
daily maximum reaches the high range, no 
deleterious temperature effect is observed. 

Given the fact that the development rate ver-
sus temperature relationship is linear over the 
greater range of temperatures, the total amount of 
development that takes place during any given 
time period will be proportional to the length of 
time multiplied by the temperature above the 
threshold. With this physiological time-scale of 
day-degrees development proceeds at a constant 

rate, whatever the actual temperature. This con-
cept is elaborated upon below. 

To study the dependency of overall develop-
ment rate on temperature in a parasitoid, expose 
hosts to female parasitoids at different constant 
temperatures (the range being chosen on the 
basis of field temperature records), and measure 
the time taken from oviposition to adult eclosion. 
To demonstrate the effect of temperature on 
overall larval development in a predator, provide 
different cohorts of larval predators with a fixed 
daily ration of prey, at different temperatures, 
from egg hatch to adult eclosion. With both 
parasitoids and predators the thermal require-
ments for development can be determined for 
particular stages, i.e., the egg (Frazer & 
McGregor, 1992, on coccinellids), each larval 
instar and the pupa. 

The data obtained from the above experiments 
can be described by a linear regression equation 
of the form: 

y ¼ a þ bT ð2:16Þ

where y is the rate of development at temperature 
T, and a and b are constants. If the regression line 
were to be extrapolated back, it would meet the 
abscissa (x-axis) at the developmental zero, t, 
which may be calculated from t = –a/b. The total 
quantity of thermal energy required to complete 
development, the thermal constant (K) can be 
calculated from the reciprocal of the slope of the 
regression line, 1/b. 

Once t and K have been calculated from data 
obtained at constant temperatures, the rate of 
development under any fluctuating temperature 
regime can be determined by thermal summation 
procedures. Unit time-degrees (day-degrees or 
hour-degrees) above t are accumulated until the 
value of K is reached where development is com-
plete. This can be done either by accumulating the 
mean daily temperature minus the lower threshold 
or by accumulating the averages of the maximum 
and minimum daily temperature minus the thresh-
old (i.e., 

P
Tmax - Tminð Þ=2f - threshold½ ). 

However, both of these methods will result in great 
inaccuracies if a temperature contributing to the 
mean lies outside of the linear portion of the



relationship. Means, by themselves, give no indi-
cation of the duration of a temperature extreme: an 
apparent tolerable mean temperature may actually 
comprise a cyclical regime of two extremes at 
which no development is possible. A much more 
accurate method is to use hourly mean tempera-
tures (Tingle & Copland, 1988). 
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Summation has been used by many workers, 
including Butts and McEwen (1981), Osborne 
(1982), Goodenough et al. (1983), Nealis et al. 
(1984), Cave and Gaylor (1988), Rodriguez-
Saona and Miller (1999) and Bazzocchi et al. 
(2003), Chong and Oetting (2006), Pandey and 
Tripathi (2008), Papanikolaou et al. (2013) and 
Honek et al. (2018). However, the method has 
been much criticised as it has two inherent faults. 
First, the assumed linear relationship is known to 
hold as an approximation for the median tem-
perature range only (Fig. 2.52) (e.g., Campbell 
et al., 1974, on aphid parasitoids; Syrett & Pen-
man, 1981, on lacewings). Second, the lower 
threshold upon which summation is based is a 
purely theoretical point determined by extrapo-
lation of the linear portion of the relationship into 
a region where the relationship is unlikely to be 
linear. The linear model is likely to underesti-
mate development rates when average daily 
temperatures remain close to the threshold for 
long periods, although this can easily be cor-
rected for (Nealis et al., 1984). In an attempt to 
improve upon the thermal summation method, an 
algorithm was developed using a sigmoid func-
tion with the relationship inverted when the 
temperature is above the optimum (Stinner et al., 
1974). The assumed symmetry about the opti-
mum is unrealistic, but Stinner et al. (1974) argue 
that the resultant errors are negligible. This 
algorithm has also been used in simulations for 
Encarsia perniciosi (McClain et al., 1990), fly 
parasitoids (Ables et al., 1976) and other insects 
(Berry et al., 1976; Whalon & Smilowitz, 1979; 
Allsopp, 1981). Ryoo et al. (1991) used a com-
bination model involving upper thresholds to 
describe the development of the ectoparasitoid 
Lariophagus distinguendus (Pteromalidae). 

In some cases, the improvement in accuracy 
of simulations over the thermal summation 
method has been small or negligible and it is 

questionable whether the use of complex models 
is necessary in relation to normal field conditions 
(Kitching, 1977; Whalon & Smilowitz, 1979; 
Allsopp, 1981). The method of matched asymp-
totic expansions was used to develop an analyt-
ical model describing a sigmoidal curve that 
lacks the symmetry about the optimum found in 
the algorithm of Stinner et al. (1974). Again, the 
authors concerned claimed excellent results 
(Logan et al., 1976). However, comparisons of 
linear and non-linear methods to validate field 
data for Encarsia perniciosi showed no great 
differences (McClain et al., 1990). 

Other non-linear descriptions of the develop-
ment rate‒temperature relationship have also 
been developed. These include the logistic curve 
(Davidson, 1944) and polynomial regression 
analysis (Fletcher & Kapatos, 1983). Polynomial 
regression analysis can be used to select the best-
fitting curve to a given set of data. Successively 
higher-order polynomials can be fitted until no 
significant improvement in F-value results. This 
approach was found useful in describing data for 
Diglyphus intermedius (Patel & Schuster, 1983) 
and mealybug parasitoids (Tingle & Copland, 
1988; Herrera et al., 1989). Higher-order poly-
nomials may produce unlikely relationships be-
tween data points and fluctuate widely outside 
them. Before selecting a particular fit, it should 
be examined over the entire range of the data. It 
may be better to choose one that has a compar-
atively poor fit but is biologically more realistic 
(Tingle & Copland, 1988). 

Several authors have reported acceleration or 
retardation of development, when comparisons 
are made between development periods at 
cycling temperatures and at a constant tempera-
ture equivalent to the average of the cycling 
regime. The question of whether these effects are 
an artefact or are a real biological phenomenon is 
discussed by Tingle and Copland (1988). 

Until recently, data on the development times 
of insects were almost always expressed in the 
form of means and standard deviations (Howe, 
1967; Eubank et al., 1973; Sharpe et al., 1977). 
Several models have been developed which 
include a function to account for the asymmet-
rical distribution of development times (Stinner
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et al., 1975; Sharpe et al., 1977; Wagner et al., 
1984). Such models can be incorporated into 
population models (Barfield et al., 1977b, o  
Habrobracon mellitor). However, the poikilo-
therm model of Sharpe et al. (1977) did not give 
any great improvement in accuracy over day-
degree models when predicting development of 
Trichogramma pretiosum (Goodenough et al., 
1983). 
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Biological control workers can use laboratory-
obtained information on the effects of tempera-
ture on development in deciding which of several 
candidate species, ‘strains’ or ‘biotypes’ of par-
asitoids and predators to either introduce into an 
area or use in the glasshouse environment. In 
classical biological control programmes, the 
usual practice is to introduce natural enemies 
from areas having a climate as similar as possible 
to that in the proposed release area (Messenger, 
1970; Messenger and van den Bosch, 1971; van 
Lenteren, 1986; Sect. 7.4.3). If there are several 
species, strains or biotypes to choose from, the 
one found to have a temperature optimum for 
development that is nearest to conditions in the 
introduction area should be favoured, all other 
things being equal. 

A classic example of a biological control fail-
ure resulting from the agent being poorly adapted 
to the climate of the introduction area is the 
introduction of a French strain of Trioxys pallidus 
into California to control the walnut aphid. This 
parasitoid was poorly adapted to conditions in 
northern and especially central California where it 
never became permanently established. The 
French strain was unable to reproduce and survive 
to a sufficient extent in areas of extreme summer 
heat and low humidity. A strain from Iran was 
subsequently introduced and proved far more ef-
fective (DeBach & Rosen, 1991). 

Data on development rate‒temperature rela-
tionships are used in population models to 
investigate dynamics and phenologies in a bio-
logical control context (Chap. 7). Morales and 
Hower (1981) showed that they could predict the 
emergence in the field of 50% of the first and 
second generations of the weevil parasitoid 
Microctonus aethiopoides (Braconidae) by using 

the day-degree method. Goldson et al. (1998) 
applied a phenological model retrospectively to 
the phenology of Microctonus hyperodae and its 
weevil host. McClain et al. (1990) used the linear 
day-degree model and the sigmoid function 
model of Stinner et al. (1974) to predict the peaks 
of activity of parasitoids in orchards. The linear 
model predicted 8 of 13 peaks within ±7 days, 
while the non-linear model was accurate for 7 of 
13 peaks. Horne and Horne (1991) showed that 
simple day-degree models could account for the 
synchronisation of emergence of the encyrtid 
parasitoid Copidosoma koehleri and its lepi-
dopteran host. 

Growth Rate 

Most studies on temperature relationships have 
dealt with development but have ignored growth. 
The relationship between growth rate and tem-
perature in insects has been shown by direct 
measurement to increase linearly with tempera-
ture within the range of temperatures normally 
experienced by the insect in the field, in accor-
dance with the following model: 

1 
w 

dw 

dt 
¼ aðT - hÞ 2:17Þ

where T is the temperature, h is the threshold 
temperature below which no growth occurs, w is 
the larva’s weight at time t, and a is a constant 
(Gilbert, 1984). Gilbert (1984) used this model to 
predict pupal weight, which determines fecun-
dity, in the butterfly Pieris rapae. Tokeshi (1985) 
describes another method for estimating mini-
mum threshold temperature and day-degrees 
required to complete growth, suitable for use 
with aquatic or terrestrial insects in either the 
laboratory or the field. 

In some predator species the tendency is for 
successive larval instars to achieve a growth rate 
maximum at a higher temperature, e.g., in Adalia 
bipunctata the maxima recorded were 20°, 22.5°, 
22.5° and 25 °C for the first, second, third and 
fourth instars respectively (Mills, 1981). Mills 
(1981) suggested these differing optima could 
reflect the increasing temperatures experienced



by the coccinellid larvae as they progress through 
the life-cycle in the field. Aksit et al. (2007) 
found a linear, negative relationship between 
temperature and rate of development of immature 
(eggs and larvae) in the mite-feeding ladybird 
Stethorus gilvifrons. However, in other predators, 
there is no such tendency, e.g., in the damselflies 
Lestes sponsa, Coenagrion puella and Ischnura 
elegans maximum development rates were 
recorded at the same temperature for the last five 
instars (Pickup & Thompson, 1990). 
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Interaction Between Temperature and Con-
sumption Rate 

Whilst temperature will affect growth and 
development rates of predators directly, one has 
to be aware that it can also exert an influence by 
changing the prey consumption rate (Mills, 1981; 
Gresens et al., 1982; Sopp & Wratten, 1986; 
Pickup & Thompson, 1990; Fig. 2.53). The rate 
at which food passes through the gut will be 
positively temperature dependent, and this will 

affect consumption rate by affecting hunger (in-
sect hunger is directly related to the degree of 
emptiness of the gut; Johnson et al., 1975). B in 
Eqs. 2.10–2.15 (representing in part basal meta-
bolic costs) will also be temperature dependent 
(Pickup & Thompson, 1990), and consumption 
rate will increase to counteract an increase in B. 

1981

Fig. 2.54 The mean (± SE, n = 6‒10) rates of prey 
consumption and development of the immature stages of 
Adalia bipunctata (Coccinellidae) in relation to prey 
availability at: a a constant temperature (20 °C) and 
various ‘feeding levels’ (the weight of prey corresponding 
to 1 to 5 times the average teneral weight of the instar); b 
a range of temperatures, using one (4 times) feeding level. 
Source Mills ( ). Reproduced by permission of 
Blackwell Publishing 

Fig. 2.53 The effect of temperature on the mean weight 
of aphids (Sitobion avenae) consumed per day by eleven 
species of carabid and staphylinid beetles. In the exper-
iments, individual beetles were given an excess of prey 
(first and second instar, in approximately equal propor-
tions). Source Sopp and Wratten (1986) 

To take any confounding effects of varying 
consumption rate into account when assessing 
the influence of temperature on growth and 
development rates in Adalia bipunctata, Mills 
(1981) compared the mean growth and devel-
opment rates recorded at the experimental range 
of temperatures (i.e., fixed daily ration of prey) 
with those predicted from Fig. 2.41 (i.e., constant 
temperature regime) for the appropriate rates of 
consumption (Fig. 2.54). With this analysis, 
Mills (1981) recorded significant deviations from 
the predicted growth and development rates, 
indicating that temperature does have a direct 
influence on growth and development. 

A more straightforward approach to deter-
mining how consumption rate interacts with



temperature to affect development rate involves 
plotting development rate against consumption 
rate, constructing regression lines for each tem-
perature regime and then comparing the slopes of 
the lines. As can be seen from plots for the 
damselfly Coenagrion puella (Fig. 2.55), higher 
consumption rates produce stronger develop-
mental responses to increases in temperature. 
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Fig. 2.55 Development rate in relation to consumption 
rate (note log scale) in Coenagrion puella (Odonata: 
Zygoptera). Temperature affects development directly and 
indirectly by increasing the prey consumption rate. There 
is a clear interaction effect between temperature and 
consumption rate. Source Pickup and Thompson (1990). 
Reproduced by permission of Blackwell Publishing 

2.9.3.2 Other Physical Factors 
Diurnal predator larvae may, like the adults 
(Sect. 2.7.4), show a reduction in daily con-
sumption rate with decreasing photoperiod, and 
this will be reflected in a reduction in growth and 
development rates. Bear in mind, when varying 
photoperiod in experiments, that you may also be 
inadvertently varying the absorption of radiant 
energy by insects, thus altering their body 
temperature. 

Larvae of terrestrial predators may, like the 
adults, increase their rate of prey consumption 
with decreasing humidity, which will cause them 
to grow larger and more rapidly. Predator larvae 
may develop faster in an incubator than in a large 
environment chamber, even at the same temper-
ature, because of the lower humidity in the for-
mer (Heidari, 1989). 

For a study of the effects of photoperiod on 
parasitoid development, see Urbaneja et al. 
(2001a). 

2.10 Survival of Immatures 

2.10.1 Introduction 

Below we discuss some factors that affect the 
survival of predator and parasitoid immatures. 
Parasitism and predation by heterospecifics are 
not considered (see Chap. 7 for practical 
approaches), whereas predation by conspecifics, 
i.e., cannibalism (Sabelis, 1992) is. Mortality of 
parasitoid juveniles is strongly dependent on that 
suffered by the hosts that support them. Hosts 
may be killed through predation, starvation and 
exposure to unfavourable weather conditions, 
and any parasitoids that are attached to or con-
tained within the hosts will die. Price (1975) 
illustrated this relationship by reference to the 
host survival curves, which in insects are of 
either Type II or Type III (Fig. 2.35), i.e., sub-
stantial mortality of hosts (very substantial in the 
latter case), and therefore of any parasitoid pro-
geny they support, occurs by the mid-larval stage 
(see also Cornell et al., 1998). 

When investigating larval mortality, the pos-
sibility ought to be considered that some factors 
may cause higher mortality in one sex than in 
another. Some parasitoids allocate male eggs to 
small host individuals and female eggs to large 
individuals (Sect. 1.11). If small hosts suffer a 
higher degree of mortality from a predator than 
larger ones, then the survival rates of male and 
female parasitoids will differ.
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2.10.2 Effects of Biotic Factors 
on Survival 
of Immatures 

1976

Fig. 2.56 Hypothetical relationships between a the 
proportion of individual predators surviving to the end 
of an instar and their mean feeding rate during that instar; 
b predation rate and prey density; c the relationship 
obtained by combining a with b. Source Beddington et al. 
( ). Reproduced by permission of Blackwell 
Publishing 

2.10.2.1 Food Consumption 
by Predators 

By recording deaths of individuals within each 
instar in the food consumption experiment out-
lined earlier, the relationship between food con-
sumption and survival can be studied. A model 
relating larval survival to prey availability was 
developed by Beddington et al. (1976). If we 
assume that we are not dealing with a population 
of genetically identical individuals, then we 
would expect mortality through food shortage to 
take place at some characteristic mean ingestion 
rate li, with the population as a whole displaying 
variation about this mean value. Assuming that 
the proportion of the population experiencing 
‘food stress’ is normally distributed about the 
mean, with standard deviation r, then the pro-
portion (S) of the larval population surviving to 
complete development within any particular 
instar of duration d, at an ingestion rate I, will be 
given by (Beddington et al., 1976): 

S ¼ 1ffiffiffiffiffiffi
2p

p
Z z
-1

exp - z2 

2

( )
dz ð2:18Þ

where z ¼ I-li 
ri 

: 

Using Eqs. 2.2 and 2.18, S may be expressed 
in terms of either consumption rate or prey 
density (Fig. 2.56). The relationship in 
Fig. 2.56c is shown by predators in the labora-
tory (Fig. 2.57). As pointed out by Beddington 
et al. (1976), whether a survival curve rises 
extremely rapidly or slowly depends on the range 
of prey densities over which experiments are 
carried out and the graphical scales chosen for 
plotting the data. 

Mortality due to nutritional stress apparently 
occurs at feeding rates very much higher than the 
minimum rate necessary for growth and devel-
opment, so that individuals that are growing 
normally (albeit slowly) at low feeding rates are 
apparently highly likely to suffer high mortality 
at the moult (Beddington et al., 1976). There may 

be no relationship between the overall survival 
rate between entering and leaving an instar 
(S) and the duration of each instar (d), as in 
Blepharidopterus angulatus, or  S may decline in 
a variety of ways with increasing d (examples are 
given in Beddington et al., 1976). 

Survival rates vary between successive instars 
at comparable prey densities. Figure 2.58 sum-
marises the relationship between instar and the 
feeding rate at which 50% of a larval cohort 
survive, in four predatory insects and a spider. 
The plots indicate a constant increase in feeding



rate between instars to maintain survival rates at 
50%. In the case of Ischnura elegans, feeding 
rates necessary to ensure 50% survival approxi-
mately doubled between instars ten and eleven, 
and increased by a factor of 1.4 between instars 
eleven and twelve (Lawton et al., 1980). The 
theoretical line in Fig. 2.58 is for larvae that 
double their body weight between instars and in 
which minimum requirements increase by a 0.87 
power of body weight (which they do for larvae 
of a damselfly closely related to Ischnura). The 
steeper slopes shown by Adalia, Notonecta and 
the spider perhaps reflect the higher exponents in 
their metabolic rate:weight relationships and/or 
larger increases in average body weights between 
instars (Lawton et al., 1980). 
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Fig. 2.57 The relationship between the proportion of 
predators surviving to the end of an instar, and the mean 
density of prey available during that instar. a First instars 
of the coccinellid beetle Adalia bipunctata (data from 
Wratten, 1973); b tenth, eleventh and twelfth (final) 
instars of the damselfly Ischnura elegans (source Lawton 
et. al., 1980). Reproduced by permission of Blackwell 
Publishing 

2.10.2.2 Prey Species 
The relationship between larval survival and prey 
species has been most thoroughly investigated in 
coccinellid beetles (Hemptinne et al., 2000; 
Wiebe & Obrycki, 2002; Őzder & Sağlam, 2003; 
Barbosa et al., 2014). Coccinellid larvae have 
been presented with acceptable prey of various 
species, and larval mortality measured (Hemp-
tinne et al., 2000, studied intraguild predation). 
In the lacewing, Dichochrysa prasina, preimag-
inal survival, development time, adult longevity 
and fecundity were significantly affected when 
fed on different kinds of prey, such as the eggs, 
larvae and/or adults of aphids, moths and beetles 
(Pappas et al., 2007). 

Consumption rate in relation to each prey 
species can be measured, and prey-related dif-
ferences in survival correlated with differences in 
consumption rate. However, if there is a reduced 
rate of consumption on a prey species and sur-
vival is also low on that species, one cannot 
necessarily conclude that poor survival is a direct 
result of reduced consumption rate. Survival on 
the ‘better’ prey species may still be higher than 
on the ‘poorer’ one at equivalent consumption 
rates (Hodek, 1973). If it is, then the prey-related 
difference in survival may be due to factors such



as differences in the size or qualitative attributes 
of the prey species. 
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Fig. 2.58 The relationship 
between instar number (in 
Roman numerals) and the 
consumption rate (feeding 
rate) at which 50% of a cohort 
of larvae in a particular instar 
successfully complete their 
development (LD50 for food 
stress): a Adalia 
decempunctata 
(Coccinellidae) (data from 
Dixon, 1959); b Notonecta 
glauca (Notonectidae) (data 
from McArdle, 1977); c 
Linyphia triangularis 
(Arachnida: Linyphiidae) 
(data from Turnbull, 1962); d 
Blepharidopterus angulatus 
(Miridae) (data from Glen, 
1973). The theoretical line is 
for larvae that double their 
body weight between instars, 
and where food-energy 
requirements increase by a 
0.87 power of body weight. 
Source Lawton et al. (1980). 
Reproduced by permission of 
Blackwell Publishing 

2.10.2.3 Interference and Exploitation 
Competition, 
Cannibalism 

Interference from conspecifics and predators can, 
through its effects on feeding rates, potentially 
reduce survival (Heads, 1986; Sih, 1982, 
Sect. 2.9.2). Exploitation is an obvious potential 

cause of mortality among larval conspecifics, as 
prey may be depleted to a level at which larvae 
experience nutritional stress. 

Cannibalistic behaviour is an additional cause 
of mortality in the immature stages of dragon-
flies, damselflies, water-boatmen, coccinellid 
beetles, ground beetles, anthocorid bugs and 
antlions (Mills, 1982; Crowley et al., 1987; Sih, 
1987; Nasser & Abdurahman, 1990; Agarwala & 
Dixon, 1992; Griffiths, 1992; Hopper et al.,
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1996; Gagné et al., 2002; Michaud, 2003; Frank 
et al., 2010). The adults and larvae of several 
Coccinellidae are known to be cannibalistic on 
eggs (Gagné et al., 2002) [The neonate larvae of 
the coccinellid Coleomegilla maculata lengi 
prefer the eggs of conspecifics to aphid prey 
(Gagné et al., 2002).] In dragonflies, cannibalism 
may result in the death not only of one of the 
interacting pair (same or smaller instar larva) but 
also of both participants, since it could attract the 
attention of predators (Crowley et al., 1987) (this 
also applies to non-cannibalistic interference). 
Hopper et al. (1996) showed that in the dragonfly 
Epitheca cynosura cannibalism among larvae 
was more important than exploitation competi-
tion in determining survival; they also found that 
when juveniles hatch asynchronously in close 
proximity, cannibalism is density dependent (so 
can therefore contribute to population regula-
tion), and they concluded that it can also increase 
population synchrony by exerting size-specific 
mortality on smaller individuals throughout 
development. 
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The effects of competition or cannibalism on 
survival in immature stages can be expressed as 
either percentage mortality plotted against 
predator density or as k-values for the mortality 
plotted against log10 predator density (Varley 
et al., 1973; Sect. 7.3.4). If density-dependent 
mortality occurs, it will be shown within the 
upper range of densities only, i.e., there will be a 
threshold density of predators below which k is 
zero (Mills, 1982) (or its value is slighty above 
zero, in which case one has to question whether 
the mortality recorded at low predator densities is 
entirely attributable to interference, exploitation 
or cannibalism). The manner in which k varies 
with log10 predator density indicates the nature of 
the density dependence, i.e., exact, over- or 
under-compensation (Sect. 7.3.4) and whether 
competition is of the scramble type or contest 
type (for explanations of these terms, see Varley 
et al., 1973; Begon et al., 1996). 

Bear in mind that for the perpetrator, survival 
may be improved by cannibalism: larvae of the 
coccinellid Cycloneda sanguinea had a higher 
survival rate when fed conspecific eggs, than 
when fed moth eggs (Michaud, 2003). 

Destructive host-feeding by parasitoids will 
very rapidly kill any parasitoid immatures con-
tained within the host (Jervis & Kidd, 1986; Kidd 
& Jervis, 1991). Non-destructive host-feeding is 
unlikely to kill parasitoid immatures in the short-
term, but could nevertheless reduce their life 
expectancy (e.g., Heimpel & Collier, 1996; 
Ueno, 1997). 

2.10.2.4 Host Size, Age or Stage 
As well as measuring growth and development of 
parasitoids, larval survival can also be recorded 
in relation to host size at oviposition. One might 
reasonably assume, for nutritional reasons, that 
generally for solitary idiobionts survival is 
highest in large hosts, although there could be 
cases where hosts above a certain size represent a 
resource in excess of the amount required by the 
larva to complete its development (in such cases 
larval survival may not be improved in the lar-
gest hosts, and it may even be reduced, e.g., due 
to putrefaction of the remaining host tissues, see 
also Ode & Strand, 1995) (Sect. 2.9.2). 

The relationship for koinobionts is likely to be 
more complex. For the solitary koinobionts Lix-
ophaga diatraeae and Encarsia formosa, sur-
vival is highest in individuals that complete their 
development in medium-sized hosts (Miles & 
King, 1975; Nechols & Tauber, 1977). For the 
solitary koinobiont Leptomastix dactylopii,  n  
significant differences were found between sur-
vival in different-sized hosts (de Jong & van 
Alphen, 1989). In Venturia canescens survival is 
highest in medium-sized hosts and lowest when 
the second-instar host is oviposited in 
(Fig. 2.47c). The probable reason for the lower 
survival in second-instar hosts is injury to the 
host through insertion and removal of the 
ovipositor (this does not occur when later instars 
are attacked) (Harvey et al., 1994). By contrast, 
in the solitary endoparasitoid Microplitis 
demolitor, survival was lowest in 1-day old 
(early L1) hosts and 6‒8-day-old (late L3 and 
L4) hosts (Chrysodeixis includens caterpillars) 
and highest in 2‒4-day-old (late L1 and L2) hosts 
(Harvey et al., 2004). In this association, encap-
sulation of parasitoid eggs and larvae in larger 
hosts probably accounted for higher mortality.
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However, some fully developed parasitoid larvae 
were unable to egress from the host, presumably 
because they were unable to perforate the cuticle 
with their mandibles. Unlike larvae of V. canes-
cens, which consume virtually the entire host 
before pupation, larvae of M. demolitor are 
haemolymph-feeders and thus consume only a 
relatively small fraction of tissues of larger hosts 
(Harvey, 2005; Harvey & Malcicka, 2016). 
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As described above, a possible complicating 
factor in experiments is mortality from encap-
sulation, which may be higher in some stages 
than in others (usually larger, later-instar hosts 
possess stronger immune defences than young 
larvae). Therefore, samples of hosts need to be 
taken and dissected during larval development to 
provide data on the frequency of encapsulation, 
so that this potential confounding factor can be 
controlled for in data analyses. 

In those gregarious parasitoids in which pro-
geny survival is 100% at the smallest clutch size, 
100% survival might also occur at larger clutches 
if larger-sized hosts are utilised. The slope of the 
relationship might also be less steep in the case 
of larger hosts. 

2.10.2.5 Host Age 
Host age, rather than host size, could influence 
parasitoid survival. The effects of the two vari-
ables may, however, be difficult to disentangle. 
Survival in some egg parasitoids depends on the 
age at which the host egg is attacked (Ruberson 
& Kring, 1993). 

2.10.2.6 Host Species 
Given that different host species are likely to 
constitute different resources, both qualitatively 
and quantitatively, parasitoid larval survival may 
vary with host species, the larvae (or eggs) dying 
through malnutrition, encapsulation (see Host 
Physiological Defence Reactions, below) or 
poisoning (e.g., if the host has sequestered toxins 
from its food plant, see Multitrophic Interactions 
and The Performance of Immatures, above). 

In Telenomus lobatus percentage eclosion, i.e., 
survival of progeny, was higher from the eggs of 
Chrysoperla species than from eggs of Chrysopa 
species (Ruberson et al., 1989). In the egg 

parasitoid Trissolcus basalis oviposition in eggs 
of the Brown Marmorated Stink Bug, Haly-
omorpha halys, an invasive pest, rather than of the 
normal host (the Southern Green Stink Bug, 
Nezara viridula), leads to considerably lower 
offspring survival, and has been seen as an ‘evo-
lutionary trap’; however, the few survivors can be 
unusually large and this may suffice to offset the 
disadvantage (Mesterton-Gibbons et al., 2021, 
and references therein). In the gregarious idio-
biont Habrobracon hebetor, survival within 
clutches was density dependent both on a small 
moth species, Plodia interpunctella, and on a 
large moth species, Anagasta kuehniella, but the 
density dependence in the latter case applied only 
to very high (artificially manipulated) clutch sizes 
(Taylor, 1988). 

To investigate the effect of host species on 
larval survival, present females with hosts of 
different species and, if possible, of equivalent 
size and age. Maintain the hosts until the para-
sitoids pupate, and maintain the parasitoid pupae 
until the adults have ceased emerging. Any hosts 
that have received eggs but have not given rise to 
parasitoids should be examined (dissected in the 
case of endoparasitoids) for the remains of par-
asitoid eggs or larvae. Any parasitoid pupae that 
fail to produce adults should also be recorded. 
Sex differences in survival should also be 
established (Ruberson et al., 1989). 

2.10.2.7 Hosts’ Food Plant 
See the subsection Multitrophic Interactions 
and the Performance of Natural Enemies 
(Sect. 2.9.2.9). 

2.10.2.8 Superparasitism 

Solitary Parasitoids 

In solitary endoparasitoids, supernumerary larvae 
are eliminated (contest competition) either through 
physiological suppression or (more usually) 
through combat (Clausen, 1940; Fisher, 1971; 
Vinson & Iwantsch, 1980b; Quicke, 1997;  Harvey  
et al., 2013a, b). This applies to self- and con-
specific superparasitism as well as heterospecific 
superparasitism (= multiparasitism).
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The first-instar larvae of almost all solitary 
parasitoid wasp species are equipped with robust, 
often sickle-shaped mandibles (Fisher, 1961; 
Salt, 1961; Fig. 2.59). Fighting often takes place 
between larvae that are of approximately the 
same age, although in some species first-instar 
larvae will attack and kill later instars that either 
have reduced mandibles or lack mandibles alto-
gether (Chow & Mackauer, 1984, 1986). Note 
that the possession by first-instar larvae of large 
mandibles does not necessarily mean that fight-
ing is the sole mechanism employed in the 
elimination of rivals (Strand, 1986; Mackauer, 
1990). Also, bear in mind that the first-instar 
larvae of some facultatively gregarious species 

possess sharp mandibles, but the larvae do not 
practise siblicide (e.g., Aphaereta pallipes, 
Mayhew & van Alphen, 1999). 

Fig. 2.59 Larvae of parasitoid wasps that in the first 
instar have mandibles for fighting (a, c, e) but do not have 
such mandibles in the second instar (b, d, f). a, 
b Biosteres fletcheri (Braconidae); c, d Psilus silvestri 

(Diapriidae). e, f Diplazon fissorius (Ichneumonidae). 
Source Salt (1961), reproduced by permission of The 
Company of Biologists Ltd 

The mechanisms employed in the elimination 
of larval competitors in three solitary braconid 
parasitoids are summarised in Fig. 2.60. As with 
other parasitoids, in cases of intraspecific larval 
competition the oldest larva generally survives 
and the younger larva dies, although this may not 
apply where the larval age difference is either 
very small or very large (in the latter case the 
older larva may have developed to the second, 
i.e., non-mandibulate instar by the time the sec-
ond egg is either laid or hatches; Bakker et al., 
1985; see also Marris & Casperd, 1996).
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Fig. 2.60 The mechanisms used in the elimination of 
competitors by the solitary braconid parasitoids Aphidius 
smithi, Ephedrus californicus and Praon pequodorum in 
pea aphids. F = fighting among first-instar larvae (LI); 
T = toxin released at eclosion of LI; V = venom injected 

by female at oviposition. Median times taken from 
eclosion to LI and LII refer to parasitoid larvae developing 
in second-instar pea aphids at 20 °C. Source Mackauer 
(1990). Reproduced by permission of Intercept Ltd 

The ‘oldest larva advantage’ applies to some 
cases of interspecific larval competition among 
parasitoids but not to others (Mackauer, 1990; 
Tillman & Powell, 1992; de Moraes et al., 1999; 
de Moraes & Mescher, 2005; Harvey et al., 
2009a, b, 2013a, b; Cingolani et al., 2013; Chen 
et al., 2019b, see below). Relative age differences 
can influence the outcome of an interaction, but 
the factors that appear to be more important in 
determining who survives are the particular 
competitive mechanism(s) and the developmen-
tal stage at which each comes into play. Bear in 
mind that: the eggs of two species may be laid at 
the same time, but hatch at different times, and/or 
the development rate of the larva may be greater 
in one species than in another, and these factors 
may determine the ‘window of interaction’. For 
example, the braconids Aphidius smithi and 
Praon pequodorum require approximately the 
same amount of time to develop from oviposition 
to the second instar, but the embryonic period is 
much shorter in Aphidius than in Praon. This 

difference enables Praon to compete as a 
mandibulate first-instar larva with an older 
Aphidius larva. Aphidius larvae usually survive 
only if they have reached the end of the fourth 
(final) instar while Praon is still in the embryonic 
stage and thus unable to attack an older com-
petitor (Chow & Mackauer, 1984, 1985). 

A parasitoid species that wins under most 
conditions is described as intrinsically superior 
(Zwölfer, 1971, 1979). Ectoparasitoids tend to 
be intrinsically superior to endoparasitoids (Pet-
ters & Stefanelli, 1983; Harvey et al., 2013a, b), 
but see Sullivan (1971) for one exception. The 
superiority of ectoparasitoids is a result of 
envenomation and/or more rapid destruction of 
the host, rather than a result of the endoparasitoid 
being attacked directly (Askew, 1971; Vinson & 
Iwantsch, 1980b). 

Collier et al. (2002) tested the hypothesis that 
relative egg size can be used to predict the out-
come of ‘intrinsic competition’ between closely 
related parasitoid species (Encarsia spp.): a



outcomes of competition (if there can be more 
than one outcome) can then be found. Note that 
for some interactions, the period of time between 
oviposition and the development of the host to a 
certain stage indirectly determines which 

species with relatively large eggs should be 
superior to one with small eggs. The hypothesis 
was not supported by the experimental evidence: 
the species with the smaller eggs (E. formosa) 
prevailed in competition, irrespective of the order 
of exposure (however, E. formosa females killed 
the progeny of its superior larval competitor by 
host-feeding). 
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An experiment designed to investigate the 
relative competitive superiority of solitary 
endoparasitoid larvae in instances of superpara-
sitism would involve varying the time interval 
between ovipositions (from a few seconds to 
many hours), either by the same parasitoid spe-
cies or females of different species. If 
heterospecific superparasitism is being studied, 
then the sequence of species ovipositions can be 
reversed. Whatever the type of interaction being 
investigated, by taking regular samples of the 
superparasitised hosts and singly parasitised 
hosts at successive points in time from the sec-
ond oviposition and dissecting them, the fol-
lowing can be recorded: 
1. The stage of development (embryonic or 

larval) already reached by the older parasitoid 
at the time of the second oviposition (deter-
mine this from dissection of singly parasitised 
hosts); 

2. The stage of development subsequently 
reached; 

3. The stage of development of the younger 
parasitoid; 

4. Which, if any, of the eggs or larvae are dead 
or alive (exceptionally, both may be dead, as 
suggested by the data in Table 2.1); 

5. Any behavioural evidence of physical 
combat; 

6. Whether either of the parasitoid immatures 
bear wounds (the latter may show signs of 
melanisation [Salt, 1961]). 

Threshold time intervals for the different 

parasitoid species is the survivor. For example, in 
the case of Trieces tricarinatus and Triclistus 
yponomeutae, this interval determines the extent 
of development of the parasitoids after host 
pupation and the extent of development at the 
time of combat (irrespective of whether the host 
is singly or multiparasitised, development of 
larvae beyond the first instar can only take place 
after host pupation) (Dijkerman & Koenders, 
1988). 

Instead of dissecting superparasitised hosts, 
the outcome of competition can be studied by 
rearing the parasitoids to the adult stage. How-
ever, in studies of intraspecific superparasitism, 
this method requires that distinguishable 
(preferably morphologically) strains be used. 
This method would also prove useful for study-
ing intraspecific superparasitism when the inter-
val between ovipositions is so short that it is not 
possible, through dissection, to distinguish 
between the progeny of the first female and the 
progeny of the second female. For example, 
Visser et al. (1992) measured the pay-off from 
superparasitism in the solitary parasitoid Lep-
topilina heterotoma. They used two strains of 
this species: a wild type with black eyes and a 
mutant with yellow eyes. Hosts parasitised by 
females of one strain were exposed to females of 
the other strain and the interval between ovipo-
sitions was varied. The sequence of ovipositions 
was reversed to take account of any competitive 
asymmetry between strains. The probability of a 
second female realising an offspring from 
superparasitism, i.e., the pay-off, was then cal-
culated for each strain. 

Harvey et al. (1993) examined whether para-
sitoid mortality from superparasitism varies with 
host instar in cases of near-concurrent oviposi-
tion by two conspecific females (Venturia 
canescens). Parasitoids were reared from third-
and fifth-instar hosts (the moth Plodia inter-
punctella) containing either one, two or four 
parasitoid eggs. Parasitoid mortality was found to 
be significantly higher in fifth-instar hosts than in 
third-instar hosts, but within instars did not vary 
with egg number (Fig. 2.61). The likely reason 
for the higher mortality in fifth-instar hosts is that



there is some physiological incompatibility 
between the parasitoid and fifth-instar hosts 
associated with pupation (Harvey et al., 1993). 
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Fig. 2.61 The effects of superparasitism on survival in 
the solitary ichneumonid parasitoid Venturia canescens: 
Mortality of parasitoids reared from a third-instar b fifth-
instar hosts, containing one, two or four parasitoid eggs. 
Encapsulation was not a complicating factor in the 
experiments. Bars show 95% confidence limits for 
percentages. Source Harvey et al. (1993). Reproduced 
by permission of Blackwell Publishing 

Gregarious Parasitoids 

In gregarious species where survival declines 
monotonically with increasing clutch size, the 
addition of an egg or clutch of eggs will (further) 
reduce percentage survival per host. The reduc-
tion will normally result from increased resource 
competition, since larvae of gregarious species 
do not engage in physical combat. In those spe-
cies in which there is an Allee effect (Sect. 1.10), 
there will be a threshold number of progeny per 
host below which all parasitoids die, so 

superparasitism of a host containing a clutch of 
eggs that is a number short of this threshold 
number is likely to raise the survival chances of 
the parasitoid immatures. 

Assuming competitive equivalence of first and 
second clutches laid in or on a host, the effect on 
survival of simultaneous oviposition by two 
females would be analogous to the effects of 
increasing the initial clutch size (Strand & God-
fray, 1989). However, in gregarious species 
mortality may vary not only with the number of 
eggs initially present but also with the time 
interval between ovipositions, i.e., it will depend 
on how soon superparasitism occurs after the 
laying of the initial clutch (Strand, 1986). Strand 
and Godfray (1989) demonstrated this for 
Habrobracon hebetor. In this species progeny 
survival within a second egg clutch, equal in size 
to the first, was approximately 42% (each clutch 
comprising 20 eggs), 78% (each clutch com-
prising 10 eggs) and 83% (each clutch compris-
ing four) when the first and second clutches were 
‘laid’ simultaneously (they were placed on hosts 
by the experimenter, see below). However, when 
the time between ‘ovipositions’ was 12 h or 
more, progeny survival within the second clutch 
was reduced to less than 10% for clutches com-
prising either 10 or 20 eggs (Fig. 2.62). 

Experiments aimed at investigating the mor-
tality effects of superparasitism in a gregarious 
species can be conducted along the lines descri-
bed in the section on superparasitism in relation 
to growth and development rates. Sex differences 
in survival may be examined in such experi-
ments; several studies (Vinson & Iwantsch, 
1980b) have shown that with increased larval 
crowding there is a tendency for preferential 
survival of males. 

Superparasitism in egg parasitoids can be 
investigated using in vitro techniques (Strand & 
Vinson, 1985; Strand et al., 1986; Marris & 
Casperd, 1996); parasitoid eggs and larvae can 
be added to a volume of culture medium equiv-
alent in volume to a host egg. 

As noted in Chap. 1 (Sect. 1.9), the survival 
chances of parasitoid immatures can in some case 
be improved by superparasitism. For example, of



eggs of Asobara tabida laid in larvae of Droso-
phila melanogaster, 1% survive in singly para-
sitised hosts whereas 7% survive in
superparasitised hosts (van Alphen & Visser,
1990), encapsulation being the principal cause of

2.10.2.9 Host Physiological Defence
Reactions

n

mortality in both cases. Van Strien-van Liempt 
(1983) measured the survival of Asobara tabida 
and Leptopilina heterotoma in multiparasitised 
Drosophila hosts and compared these values 
with survival in singly parasitised hosts. Per-
centage survival in instances of multiparasitism 
was not always lower than survival in singly 
parasitised hosts; in most cases, multiparasitism 
provided a mutual survival advantage. In cases 
such as these where parasitoid survival is 
increased through superparasitism, the mecha-
nism is thought to be exhaustion of the host’s 
supply of haemocytes (see Host Physiological 
Defence Reactions, for further discussion). 
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I 
Fig. 2.62 The relationship between progeny survival 
within first and second clutches of eggs, and the time 
between ‘ovipositions’ for starting clutches of a 4; b 10; c 
20 eggs, in the gregarious parasitoid wasp, Habrobracon 
hebetor (Braconidae). First and second clutches were 
equal in size for each experiment. Source Strand and 
Godfray (1989). Reproduced by permission of Springer 
Verlag 

Compared with an Israeli strain, a Californian 
strain of the aphelinid Comperiella bifasciata 
was subject to a higher encapsulation rate in red 
scale and also superparasitised more hosts. 
Blumberg and Luck (1990) suggested that since 
the risk of encapsulation is reduced in superpar-
asitised hosts (see also Sagarra et al., 2000a), the 
higher degree of superparasitism shown by the 
Californian strain is a strategy to avoid 
encapsulation. 

For a study of intra- and interspecific larval 
interactions among a subweb of dipteran (spe-
cialist and generalist tachinid) and hymenopteran 
parasitoids, and their consequences for parasitoid 
survival, see Iwao and Ohsaki (1996). The 
mortality effects of superparasitism can be 
expressed as k-values (Sect. 7.3.4). 

troduction 

Endoparasitoid larvae and eggs may die owing to 
a reaction of the host’s immune system. The term 
immune system is used in the loose sense that the 
hosts are capable of mounting a defensive 
response against foreign bodies. The response 
does not involve either a specific ‘memory’, with 
accelerated rejection of the second of two sets of 
an introduced foreign tissue, or a marked 
increase in the concentration of some specific 
humoral component, as has been shown for 
vertebrates. Thus, the probability of a parasitoid



eliciting an immune response in an insect is 
independent of previous challenges (Boulétreau, 
1986). 
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Host defence reactions are of several kinds 
(Strand & Pech, 1995; Carton & Nappi, 1997; 
Quicke, 1997; Fellowes & Hutcheson, 2001; 
Strand, 2008; Smilanich et al., 2009, for reviews), 
but the most commonly encountered type of 
reaction is encapsulation. Usually in encapsula-
tion the foreign invader becomes surrounded by a 
multicellular sheath composed of the host’s 
haemocytes (Fig. 2.63). Successive layers of cells 
can often be discerned, and on the outer surface of 
the parasitoid egg or larva there often develops a 
necrotic layer of melanised cells, representing the 
remnants of the blood cells that initiated the 
encapsulation reaction. The melanin deposits on 
the surfaces of encapsulated parasitoid eggs and 
larvae often provide the first clue to the occur-
rence of encapsulation (Fig. 2.63a–c). Parasitoid 
immatures die probably from asphyxiation, 
although starvation may be the principal cause of 
death in some cases. Phagocytosis of parasitoid 

tissues gradually occurs, at least during the initial 
stages of encapsulation. 

Fig. 2.63 Encapsulation and melanisation: a‒c encapsu-
lated larvae and egg of Venturia canescens implanted in a 
non-host insect (deposits of melanin can be seen); d‒ 

f deposits of melanin on eggs 24, 32 and 48 h after 
implantation in a non-host insect. Source Salt (1970). 
Reproduced by permission of Cambridge University Press 

Parasitoids can resist, i.e., evade and/or 
supress the immune responses of their hosts 
(Quicke, 1997; Beckage, 1998a, b, 2008; Kraai-
jeveld et al., 1998; Fellowes & Hutcheson, 2001; 
Schmidt et al., 2001; Schmidt, 2008; Strand & 
Burke, 2014; Ye et al., 2018). One means of 
evasion is the laying of eggs in refuges from 
encapsulation. Some parasitoids oviposit into 
specific host organs such as the nerve ganglia and 
salivary glands, where an egg cannot be reached 
by the host’s haemocytes (Strickland, 1923; Salt, 
1970; Rotheray, 1979; Dijkerman, 1988). Many 
early-instar parasitoid larvae, which are also 
potentially exposed to a host’s immune defences, 
migrate to specific regions of the host after they 
hatch from the egg (the first-instar larvae of many 
ichneumonids use their caudal appendage for this 
purpose) (Salt, 1968). In other parasitoids, the 
immature stages have surface properties that 
prevent encapsulation (Rotheram, 1967; Salt, 
1968). The risk of encapsulation in a particular



host species can be drastically increased by 
washing the surface of the parasitoid eggs using 
either solvents or water before they are artifi-
cially injected. Eggs of Venturia canescens 
removed from the ovarioles are encapsulated if 
they are artificially injected into the haemocoel of 
Anagasta, whereas eggs removed from the calyx 
region of the lateral oviduct do not become 
encapsulated. In some parasitoids the ovipositing 
female or her offspring are able to manipulate or 
disrupt the immune system (see reviews by 
Strand & Pech, 1995; Lavine & Beckage, 1996; 
Beckage, 1998a, b). Population genetic and 
dynamic aspects of encapsulation are discussed 
by Boulétreau (1986), Godfray and Hassell 
(1991), Kraaijeveld et al. (1998) and Fellowes 
and Godfray (2000); see also Chap. 3. 
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Encapsulation is usually studied in vivo in 
either laboratory-cultured or field-collected hosts. 
However, some workers have successfully used 
in vitro techniques (e.g., Ratner & Vinson, 1983; 
Benson, 1989; Lovallo et al., 2002). 

Host Populations and Species 

The ability of a host to encapsulate parasitoids is 
genetically determined (Chap. 3) and there may 
be considerable variability in encapsulation rate 
between populations of a host species (Boulé-
treau, 1986; Maund & Hsiao, 1991; Kraaijeveld 
& van Alphen, 1994, 1995a; Hufbauer, 2001; see 
also Dijkerman, 1990). For example, in Droso-
phila melanogaster there are clear differences 
between fly populations from different parts of 
the world with respect to the frequency with 
which Leptopilina boulardi is encapsulated 
(Boulétreau, 1986). Such effects are an important 
consideration when one is planning to release 
biological control agents (Maund & Hsiao, 
1991). 

The risk of encapsulation also varies between 
host species. The ability of a parasitoid species to 
avoid encapsulation may determine at least 
partly: the range of host species that it parasitises 
in nature, and also the different levels of suc-
cessful parasitism recorded among these hosts 
(e.g., Heimpel et al., 2003). The relevance of this 

to classical biological control introductions is 
discussed by Alleyne and Wiedenmann (2001). 
Differential mortality in different host species due 
to encapsulation may have played an important 
role in the evolution of host specificity, including 
preferences, of many endoparasitoids. Dijkerman 
(1990) observed that the abundance of Diadegma 
armillata, a solitary endoparasitic ichneumonid, 
in the parasitoid complexes associated with 
Yponomeuta moths, varies among host species, 
being high in the complex associated with Y. 
evonymellus and very low in that associated with 
Y. cagnagellus. To determine whether this vari-
ation corresponds with the ability of each host 
species to encapsulate the parasitoid, Dijkerman 
(1990) used the following methods: 

A. Parasitism experiments: Larvae of the dif-
ferent moth species were exposed to female D. 
armillata. Several days later, a sample of the 
hosts was taken and the insects dissected. The 
remaining hosts were maintained until the para-
sitoids emerged. By dissecting the hosts, the 
presence of parasitoid eggs or larvae was recor-
ded, and the following noted: 
1. The rate of infestation, i.e., the number of 

host larvae containing at least one egg of D. 
armillata as a percentage of the total number 
of larvae dissected. 

2. Percentage encapsulation: [the number of 
encapsulated progeny divided by the total 
number of eggs found at dissection] x 100 
(this measure of encapsulation efficiency 
might be less useful in cases where there is a 
high and variable degree of superparasitism 
among hosts, which was not the case in this 
study, see below). 

By rearing hosts, the following were 
measured: 
3. The rate of successful parasitism: [the number 

of host individuals yielding D. armillata 
adults divided by the total number of Ypo-
nomeuta yielding moths or 
parasitoids] x 100; 

4. The percentage mortality of larvae: [the 
number of larvae dying during their
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development divided by the initial number of 
parasitoid larvae] x 100 (note that if the 
mean number of parasitoid eggs per para-
sitised host significantly exceeds 1.0, a cor-
rection factor will need to be applied to the 
data to allow for the effects of parasitoid 
mortality through superparasitism). 

Simultaneously, under the same conditions, 
host larvae that were not exposed to parasitoids 
were reared to moth emergence. This was done to 
establish whether the results could be biased by a 
higher mortality of parasitised hosts, compared 
with unparasitised hosts, in rearings. 

B. Dissections of field-collected late-instar, 
hosts: The following were recorded: 

5. Percentage encapsulation (see above); per-
centage of successful attacks (successful at 
the time of dissection, notwithstanding 
encapsulation later on), calculated as: [the 
number of parasitoid eggs or larvae recorded 
at dissection, divided by the total number of 
hosts dissected] x 100. To exclude the 
potentially confounding effects of time and 
place, comparisons were made only for sam-
ples collected at the same locality and same 
time of day. 

Except for one species, Y. evonymellus, 
infestation rates and successful parasitism rates 
recorded in the laboratory were markedly differ-
ent. In Y. mahalebellus and Y. plumbellus no 
wasps were reared despite infestation rates of 
30% and 95%, whereas in Y. evonymellus almost 
all infested larvae yielded adult parasitoids. Since 
mortality of parasitised hosts was not different 
from that of control larvae, and the mean number 
of parasitoid eggs per parasitised host was little 
more than 1.0, the differences between infesta-
tion and successful parasitism could be explained 
in part by encapsulation. The field dissections 
revealed that Y. cagnagellus suffers fewer suc-
cessful attacks than Y. evonymellus, despite being 
the more abundant species at some localities. The 
low successful parasitism in Y. cagnagellus cor-
responds with the very low probability of sur-
vival of D. armillata in that species. An 

interesting footnote to Dijkerman’s (1990) find-
ings is the observation that all of the Yponomeuta 
species in which there was a high rate of 
encapsulation of D. armillata are considered to 
have diverged early in the evolution of the genus, 
whereas the more recently evolved moth species 
show either an intermediate rate of encapsulation 
or do not encapsulate eggs at all (Dijkerman, 
1990). 

An alternative approach was taken by Benson 
(1989), who used an in vitro technique. He tested 
the eggs of three aphidophagous ichneumonid 
species (Diplazontinae) against the haemolymph 
of a range of hover-fly species. The host ranges 
and preferences (including behavioural prefer-
ences) of each species were already well known, 
and this enabled rank orders of reaction to be 
predicted. Haemolymph from a host species was 
mixed with insect tissue culture fluid and an egg 
of a diplazontine was added. When 24 h had 
elapsed, the fluid was examined for changes in 
colour, the extent of the change, and the forma-
tion of a capsule. The predictions for each par-
asitoid species in different hosts and for each host 
species with different parasitoids were confirmed, 
strongly suggesting that differential host suit-
ability has played a significant role in determin-
ing host specificity in diplazontine 
ichneumonids. 

Heimpel et al. (2003) make a distinction 
between ‘suitable’ hosts, in which most or all 
parasitoid progeny can complete development, 
and ‘marginal’ hosts, in which a substantial 
fraction of host individuals is able to debilitate 
the immature parasitoids and survive, and point 
out that marginal hosts may act as a ‘sink’ for 
parasitoid eggs. The ecological significance of 
this effect was explored through modelling by 
Heimpel et al. (2003). Note, however, that 
‘suitability’ was used by Heimpel et al. (2003) in  
a narrow sense for the purposes of their study; 
‘suitability’ sensu lato (broad sense) encom-
passes constraints upon larval growth and sur-
vival, as well as upon survival. 

Host Plant 

The rate of encapsulation of a parasitoid in a 
particular host species may vary with the species



of plant that the insect feeds on (Ben-Dov, 1972; 
Blumberg, 1991; Soussi and Le Ru, 1998, but 
see Blumberg et al., 1995). For example, the 
scale insect Protopulvinaria pyriformis encap-
sulates a larger percentage of eggs of Metaphycus 
stanleyi when grown on Hedera helix or Schef-
flera arboricola than when grown on avocado 
plants (Blumberg, 1991). Similarly, the mealy-
bug Pseudococcus affinis encapsulates a higher 
proportion of the eggs of the encyrtid Anagyrus 
pseudococci when reared on Aeschynanthus 
ellipticus than when reared on Streptocarpus 
hybridus (Perera, 1990). Blumberg et al. (1995) 
did not find a host plant effect for Anagyrus 
pseudococci in their study. 
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Host Stage and Age 

With many endoparasitoids the probability of 
encapsulation occurring increases with host stage 
or host age (Berberet, 1982; van Alphen & Vet, 
1986; Slansky, 1986; Van Driesche, 1988; 
Dijkerman, 1990; Strand & Pech, 1995; Sagarra 
et al., 2000a). An explanation given by Salt 
(1968) for such a relationship is that earlier 
stages have fewer haemocytes available than 
later ones. Host stage does not affect the proba-
bility of encapsulation of Habrolepis rouxi 
(Encyrtidae) in its red scale hosts (Blumberg & 
DeBach, 1979). Note that insect eggs lack a 
cellular defence response to foreign bodies (Salt, 
1968, 1970; Askew, 1971; Strand, 1986; Quicke, 
1997). 

Superparasitism 

The reduction in encapsulation ability of a host 
with superparasitism has already been discussed. 
Askew (1968) drew attention to this phe-
nomenon. Explanations given in the literature are 
that the host is ‘weakened’ or that its supply of 
haemocytes becomes exhausted as a result of the 
increased parasitoid load. 

Temperature 

In some parasitoid species, the temperature at 
which the host is reared does not affect the fre-
quency at which encapsulation occurs (e.g., 
Habrolepis rouxi: Blumberg & DeBach, 1979; 

Aprostocetus ceroplastae: Ben-Dov, 1972; Ana-
gyrus pseudococci: Blumberg et al., 1995; 
Aphidius spp.: Stacey & Fellowes, 2002), 
whereas in others it does (e.g., Apoanagyrus 
diversicornis: Van Driesche et al., 1986; Meta-
phycus stanleyi: Blumberg, 1991; see also 
Blumberg & Van Driesche, 2002). In A. diver-
sicornis the rate of encapsulation is highest at the 
lower of two temperatures, whereas in M. stan-
leyi it is highest under high temperature regimes 
(Fig. 2.64). It follows that, for some species, 
there may be seasonal or geographical variations 
in encapsulation rate. 

The Costs of Counterdefences to Host Resistance 

While significant insights have been gained into 
the costs, to the host, of physiological resistance 
to parasitoid immatures (Fellowes & Hutcheson, 
2001, provide a review), little is known about the 
costs of counterdefence in parasitoids. Kraai-
jeveld et al. (2001) sought evidence for the costs 
of counterdefence by Asobara tabida against 
Drosophila (see their paper for a protocol which 
involved artificially selecting populations); the 
only cost they could detect was the delay in 
hatching of the eggs (which results from them 
being embedded in host tissue, a defence against 
host haemocytes); this delay will, Kraaijeveld 
et al. (2001) conclude, reduce the chances of 
parasitoid survival if another parasitoid egg is 
laid in the same host. No cost was recorded in 
terms of either mean adult size, fat content or egg 
load of A. tabida. 

2.10.3 Effects of Physical Factors 
on Survival 
of Immatures 

2.10.3.1 Temperature 
Parasitoids may be more hot or cold hardy than 
their hosts, in which case the lethal range of 
temperatures for the host will determine para-
sitoid survival. Prolonged exposure to extreme 
temperatures will kill the host first, and the par-
asitoid will then die as a result of starvation, 
anoxia or host putrefaction. Prior to death, a



parasitoid’s growth and development may be 
increased or decreased by the extreme tempera-
ture (Tingle & Copland, 1988). 
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Fig. 2.64 The relationship between the rate of encapsu-
lation of eggs and mean temperature in Metaphycus 
stanleyi (Encyrtidae) parasitising the pyriform scale on: a 
Hedera helix, b Schefflera arboricola, under glasshouse 
conditions; c avocado in an orchard. Source Blumberg 
(1991) 

On the other hand, parasitoids may be less hot 
or cold hardy than their hosts, such that they 
cannot tolerate the extremes of temperature that 
the host can tolerate, and so die as result of 

thermal stress. Parasitised hosts may theoretically 
even seek out warmer than optimal sites, raising 
their body temperature with the potential result 
that the parasitoid is killed (‘behavioural fever’) 
(Karban, 1998; see Elliot et al., 2002, and Oue-
draogo et al., 2003 on behavioural fever em-
ployed by locusts to suppress fungal pathogen 
infection). 

Within the range of temperatures that are not 
immediately lethal to predator larvae, the lower 
the temperature, the longer totally starved larvae 
will be able to survive, and, in the case of larvae 
that have prey available, the less food larvae will 
require to stay alive (Lawton et al., 1980). Kfir 
and van Hamburg (1988) have shown that the 
outcome of heterospecific superparasitism can be 
influenced by temperature. The influence of 
temperature on the host’s ability to encapsulate 
parasitoids is discussed in the previous section. 

2.10.3.2 Humidity 
Low humidity can cause death of ectoparasitoid 
and predator larvae directly through desiccation 
(as with adults, small-bodied insects will be more 
prone to desiccation, all else being equal, due to 
their higher surface area to volume ratio), 
whereas high humidity can cause death indirectly 
by encouraging the growth of fungal pathogens. 

2.10.3.3 Photoperiod 
Photoperiod, because of its influence upon diur-
nal activity and therefore consumption rate, 
could affect survival of larval predators. Urbaneja 
et al. (2001a) found no evidence for an effect of 
photoperiod on survival in the parasitoid Cir-
rospilus sp. near lyncus (Eulophidae). 

2.11 Intrinsic Rate of Natural 
Increase 

2.11.1 Introduction 

The parameter known as the ‘intrinsic rate of 
natural increase’ describes the growth potential 
of a population under a given set of environ-
mental conditions. It is often used, both by 
ecologists (Gaston, 1988) and by biological



control workers (Messenger, 1964b), as a com-
parative statistic. In a biological control pro-
gramme, practitioners may be faced with a 
choice of candidate parasitoid species; in the 
absence of other criteria they would select, for 
obvious reasons, the species with the greatest 
value for the intrinsic rate of natural increase 
(Chap. 7). 
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This population growth parameter is calcu-
lated, as described below, from age-specific 
survival and fecundity schedules. To understand 
first what it represents, we need to consider the 
most general of all population growth models, 
the exponential equation: 

dN 

dt 
¼ rN ð2:19Þ

where N is the number of individuals in the 
population at any given time t, and r is the 
intrinsic rate of natural increase or the instanta-
neous per capita change in population size. 
Under conditions of an unlimited environment 
and with a stable age distribution, r is a constant. 

For a given species, r can take a number of 
values. In theory at least, the species has an 
optimal natural environment in which its r will 
attain the maximum possible value, rm, with a 
stable age distribution. 

2.11.2 Calculating rm for a Parasitoid 
Wasp Species 

Rm is calculated by iteratively solving the fol-
lowing equation: 

Xn 
x¼0 

e-rmx lxmx ¼ 1 ð2:20Þ

where x is the mid-point of age intervals in days, 
lx is the fraction of the females surviving to the 
pivotal age x (or, put another way, the probability 
of a female surviving to age x), mx is the mean 
number of female ‘births’ during age interval 
x per female aged x, and e is the base of natural 
logarithms. Trial rm values are substituted into 

the above expression until the left-hand side is 
(arbitrarily) close to 1. 

lx and mx are calculated by tabulating 
(Table 2.2) age-specific fecundity and age-
specific survival data obtained from cohort fe-
cundity and survival experiments (Sects. 2.7.2 
and 2.8.1 discuss the experiments; a graphical 
display of such data is given in Fig. 2.65). If we 
find from examination of the life-table that only 
50% of wasps survive to the age of 5 days, then 
l5 = 0.5. If we find that the average number of 
female offspring produced per individual alive 
during the age interval x is 25, then m25 = 25  
(see caption to Table 2.2, for calculations based 
on another data set). The mean time taken from 
oviposition to adult eclosion, which can be 
measured in a separate experiment, is added to 
the pivotal age of each female. For example, this 
time period was 12.5 days for Aphidius smithi at 
20.5 °C (Mackauer, 1983). Parasitoid mortality 
during the immature stages also needs to be 
measured. In A. smithi this mortality was negli-
gible, so the probability of being alive at pivotal 
age 12.5 days + 1 day was set equal to 1.0 for all 
females (Mackauer, 1983). In Aphidius sonchi 
the time from oviposition to adult eclosion was 
11.3 days and mortality of immatures was 8.0%, 
so the probability of being alive at pivotal age 
11.3 days + 1 day was set equal to 0.92 (Liu, 
1985b). 

Once the values for lx and mx are calculated, 
then the following population statistics can also 
be calculated (Messenger, 1964b): 
1. The gross reproductive rate, GRR = 

P
mx 

(the mean total number of eggs produced by 
females over their lifetimes, measured in 
females/female/generation); 

2. The net reproductive rate, or ‘basic repro-
ductive rate’ (the number of times a popula-
tion will multiply per generation) Ro = 

P
lxmx 

(measured in females/female/generation); 
3. The finite capacity for increase, k ¼ erm (the 

number of times the population will multiply 
itself per unit of time; measured in 
females/female/day); 

4. The mean generation time, (T = (loge Ro)/rm 
(measured in days);



2 The Life-Cycle 193

Fig. 2.65 Age-specific fecundity and survival rates of Aphidius smithi provided with different densities of its host 
Acyrthosiphon pisum. Source Mackauer (1983). Reproduced by permission of The Entomological Society of Canada 

5. The doubling time (DT = loge 2/rm (the time, 
measured in days, required for a given pop-
ulation to double its numbers). 

Using the data in Table 2.2, rc = 0.289, rm = 
0.296, GRR = 108, Ro = 71.2, k = 1.344, Tc = 
14.74 (see below for explanation of rc and Tc), 
T = 14.41, DT = 2.24. Statistical and computa-
tional aspects of the estimation of rm are dis-
cussed by Maia et al. (2000). These authors also 
provide an SAS program that uses the jackknife 
technique. 

rm can be measured (in female/female/day) for 
each of a range of host densities. It increases with 
increasing host density (Mackauer, 1983; 
Liu, 1985b). In Aphidius smithi this increase is 
also reflected in k and also DT, which was 
less than half as long at the highest than at the 
lowest host density (Mackauer, 1983). Because 
in both A. smithi and A. sonchi the oviposi-
tional pattern and the pattern of survival were 
similar to one another at the different densities 
(Fig. 2.65), host density showed no significant 
effect on T.
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Table 2.2 Hypothetical life-table for an experimental cohort of female parasitoids. x is the mid-point of age intervals 
(pivotal age) in days, lx is the fraction of the females surviving to age x (in this example we assume no deaths occurred 
during development, so the proportion of females surviving to commence ovipositing is 1.0), and mx is the mean 
number of female ‘births’ during age interval x per female aged x 

x mx lxmx 

12.5 1.0 12 12.0 

13.5 0.9 14 12.6 

14.5 0.8 18 14.4 

15.5 0.7 22 15.4 

16.5 0.5 25 12.5 

17.5 0.3 13 3.9 

18.5 0.1 4 0.4 

lxmx = Ro = 71.2 

To obtain a true measure of the influence of 
host density on the parasitoid’s population 
statistics, some authors have based the mx values 
on the number of hosts actually parasitised (‘ef-
fective eggs’ of Messenger, 1964b). This takes 
account of superparasitism; thus the number of 
hosts parasitised can be assumed to equal the 
number of progeny eventually produced (ignor-
ing cases where no parasitoid progeny succeeds 
in developing in a parasitised host). 

Another factor that needs to be taken into 
account is the sex ratio of the progeny. This can 
be achieved by multiplying all mx values in the 
life-table by the overall population sex ratio, P, 
which is the proportion of females in all offspring 
produced. Regression of rm on the natural loga-
rithm of host density for different values of the 
sex ratio gives a series of parallel lines (Mack-
auer, 1983; Liu, 1985b; Tripathi & Singh, 1991) 
(Fig. 2.66 shows regressions obtained for 
Aphidius smithi). The variation in rm as a func-
tion both of the parasitoid’s sex ratio and of host 
density can be shown as a response surface 
(Fig. 2.67 shows the response surface for 
Aphidius sonchi) (Mackauer, 1983, gives details 
of the statistical procedure involved in obtaining 
the response surface). As can be seen from 
Fig. 2.67, rm increases as either host density or 
sex ratio increases, and at a given value of P the 
rate of increase in rm slows at higher host den-
sities. In A. sonchi the deceleration in rm at high 
densities is such that the percentage increase in 

host density required to obtain a given percent-
age increase in rm is constant. For example, at 
P = 0.70, a 20% increase in rm from 0.25 to 0.30 
requires an increase in host density from 15 to 39 
per day, i.e., 24 hosts, while a 20% increase in rm 
from 0.30 to 0.36 requires an increase in host 
density from 39 to 101 per day, i.e., 62 hosts. 
This rule applies over the whole range of 0 ≤
P ≤ 1.0, although the required increment in 
host density increases in absolute terms as the 
value of P declines. When P = 0.40, an increase 
of 48 hosts, from 30 to 78 per day, is required to 
obtain a 20% increase in rm from 0.25 to 0.30. 

1983

Fig. 2.66 The relationship between the intrinsic rate of 
natural increase (rm) of Aphidius smithi (Braconidae) and 
natural logarithm of host density, for different overall sex 
ratios. Source Mackauer ( ). Reproduced by permis-
sion of The Entomological Society of Canada
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Fig. 2.67 Response surface 
showing lines of equal rm for 
Aphidius sonchi (Braconidae) 
for different host densities and 
parasitoid sex ratios (P, 
proportion of females). The 
broken line indicates a sex 
ratio of P = 0.7 observed in 
the laboratory. Source Liu 
(1985b) 

The rm of Hyperomyzus lactucae, the host of 
A. sonchi, is 0.3375. For a P value of 0.7, which 
is the sex ratio for A. sonchi in laboratory cul-
tures, the parasitoid will achieve an rm of 0.3378 
at a host density of 74/day (preferably, the field 
sex ratio should be used in this computation, 
Mackauer, 1983). If the host density is increased 
to 200 per day, a sex ratio as low as 0.3 will yield 
an rm value of 0.3367, which is again close to 
that of the host. 

Assuming an absence of superparasitism 
(which is typically higher at low densities), the 
parasitoid’s realised mx will be equal to its 
oviposition rate, so yielding values of rm higher 
than those computed. The minimum host density 
required to eliminate egg wastage through 
superparasitism can be determined. Theoreti-
cally, at that density the parasitoid’s rm will reach 
a maximum value that can be computed by set-
ting mx equal to the daily totals of eggs laid at the 
highest oviposition rate (Mackauer, 1983, gives 
details of the statistical procedure involved). 

Knowing how rm varies in relation to factors 
such as host density (see above) and temperature 
(see below) can help biological control practi-
tioners in deciding on the timing of introduction, 
for example in an inoculative release programme. 

Equation 2.20 is not very ‘transparent’, that 
is, it is not particularly useful for any broad 

consideration of the relation between rm and 
‘synoptic’ life-history parameters such as gener-
ation times (Laughlin, 1965; May, 1976). A more 
useful statistic is rc, the capacity for increase, 
which is an approximation for rm. It is calculated 
as follows: 

rc ¼ loge Ro 

Tc 
ð2:21Þ

where Tc is the cohort generation time, defined as 
the mean age of maternal parents in the cohort at 
birth of female offspring (Laughlin, 1965; May, 
1976) (for a discussion of the relationship 
between T and Tc, see May, 1976): 

Tc ¼
X 
x 

lxmx=Ro ð2:22Þ

Equation 2.21 is based on the assumption that 
the reproductive period is brief relative to the 
total life-cycle, which results in a small error in 
the estimation of generation time. rc is a good 
approximation for rm when Ro and thus popula-
tion size remains approximately constant, or 
when there is little variation in generation length, 
or for some combination of these two factors 
(May, 1976). 

A relatively simple method for calculating 
values for rc was developed by Livdahl and



Sugihara (1984). It dispenses with the need to 
construct detailed survivorship and fecundity 
schedules, and uses indirect estimates of Ro and 
Tc. It assumes the organisms being studied to 
have a Type III survivorship curve for the whole 
life-cycle, with high larval mortality and negli-
gible adult mortality through the reproductive 
period; this assumption is only partly satisfied in 
the case of parasitoids, since in the laboratory 
there is likely to be low larval mortality while in 
the field there is likely, in many species, to be 
high mortality of females during the reproductive 
period. To use Livdahl and Sugihara’s (1984) 
method, one only needs to observe cohorts dur-
ing the maturation period in order to obtain 
measurements of the number of newly emerged 
adult females and their average size. 
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1964

Fig. 2.68 Comparison of intrinsic rate of natural increase 
(rm) of the aphid parasitoids Praon palitans, Trioxys utilis 
(Braconidae), Aphelinus semiflavus (Aphelinidae) and 
their aphid host, Therioaphis maculata, over a range of 
constant temperatures. Source Force and Messenger 
( ). Reproduced by permission of The Ecological 
Society of America 

2.11.3 Effects of Host or Prey Species 
and Stage 

Host stage and species, through their effects on 
body size in parasitoids, influence life-history 
variables such as fecundity and longevity, so 
they would be expected to affect rm and rc. This 
is indeed the case: see Cloutier et al. (2000) on  rm 
in Aphidius nigripes, and Yu et al. (1990) on  rc in 
Encarsia perniciosi. In both species, the intrinsic 
rate of natural increase/capacity for increase was 
higher in larger hosts. 

Prey species can also be expected to influence 
the intrinsic rate of natural increase of predators, 
as has been confirmed, for example, by Venzon 
et al. (2002) for the bug Orius laevigatus and 
Fathi (2009) for Orius niger and O. minutus. 

2.11.4 Effects of Temperature 

Since larval development rate, female survival 
and female fecundity vary with temperature 
(Sects. 2.7.3, 2.9.3 and 2.8.4) we would expect 
rm to vary also, which is the case. Figure 2.68 
shows how rm varies with temperature in three 
species of parasitoid and their aphid host (Force 
& Messenger, 1964). 

For examples of other studies, see Geusen-
Pfister (1987) (Episyrphus balteatus), Cave and 
Gaylor (1989) (Telenomus reynoldsi), Lohr et al. 
(1989) (Apoanagyrus lopezi), Smith and Rutz 
(1987) (Urolepis rufipes), Mendel et al. (1987) 
(Anastatus semiflavidis), Miura (1990) (Gonato-
cerus cinticipitis), Cocuzza et al. (1997b) (Orius 
spp.), Urbaneja et al. (2001b) (Cirrospilus sp.), 
Ren et al. (2002) (Nephaspis oculatus), Seal et al. 
(2002) (Catolaccus hunteri), Roy et al. (2003) 
(Stethorus punctillum), Pakyari et al. (2011) 
(Scolothrips longicornis) and Souna et al. (2021) 
(Therophilus javanus). 

Siddiqui et al. (1973) provide a model to de-
scribe the relationship of 1/rm to temperature. 
Using data for Aphidius matricariae, one of us 
(M.J.W. Copland) found the model to provide a 
good fit to the data over part of the temperature 
range only. A simple polynomial model could 
express the relationship much more accurately. 

2.12 Dormancy 

2.12.1 Introduction 

Life-cycles in most insects are characterised by 
profound season-related changes in growth,



developmental and reproductive characteristics. 
Different species possess unique sets of eco-
physiological responses that regulate seasonal 
cycles, facilitating temporal synchrony with 
seasonal variations in the availability and state of 
biotic and abiotic factors in their habitat (Tauber 
et al., 1986, 1994). Understanding seasonal 
changes in the growth, development and repro-
duction of insect natural enemies is also an 
important tool in applied ecology. In particular, it 
is necessary to investigate the degree of syn-
chrony between generations of pests and bene-
ficial insects in order to determine the best 
strategies for successfully mass-rearing, storing 
and releasing biological control agents (van 
Lenteren, 1986; Chang et al., 1996; Ringel et al., 
1998; Chap. 7). This is particularly true for par-
asitoids, most of which have very limited host 
ranges (Askew, 1971; Godfray, 1994; Quicke, 
1997) and are therefore closely synchronised 
with successive generations of their hosts. 
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Particularly in temperate environments, 
insects enter a dormant state during unfavourable 
periods e.g., winter. Dormancy in insects occurs 
in a number of ways that differ both physiolog-
ically and ecologically. Types of dormancy are 
generally classified according to whether they are 
obligate and/or seasonally recurring (diapause 
and aestivation) or facultative in nature, occur-
ring in direct response to certain stimuli (quies-
cence). Dormancy has been frequently reported 
among predators and parasitoids, where exam-
ples occur in all stages of development. Investi-
gations of dormancy involving parasitoids are 
potentially much more complicated than in 
predatory insects, because host‒parasitoid inter-
actions occur over three, rather than two trophic 
levels. Furthermore, parasitoids are generally 
much more specific in their choice of hosts than 
predators are with their prey (Chaps. 1 and 6). 
Factors which stimulate the onset of diapause, 
aestivation or quiescence in parasitoids may be 
perceived directly by the natural enemy or indi-
rectly in response to physiological cues released 
by the host. The dynamic effects and evolution of 
diapause in coupled parasitoid‒host systems 
have been explored by Ringel et al. (1998) using 
theoretical modelling. 

2.12.1.1 ‘Obligate’ or ‘Predictive’ 
Dormancy: Diapause 
and Aestivation 

Predictive dormancy is initiated in advance of 
adverse conditions, and most commonly occurs 
in response to predictable changes in seasonal 
environments (Müller, 1970). Two types of pre-
dictive dormancy have been described: diapause 
(during winter) and aestivation, or summer dia-
pause (during summer). Tauber et al. (1986) 
define diapause as a neurohormonally mediated 
dynamic state of low metabolic activity associ-
ated with reduced morphogenesis, increased 
resistance to environmental extremes, and altered 
or reduced behavioural activity. Diapause occurs 
during a genetically determined state of meta-
morphosis and generally in response to token 
environmental cues that precede the unfavour-
able condition. 

The important point to bear in mind is that 
diapause-inducing stimuli are ‘registered’ com-
monly before the diapausing stage is reached. 
Diapause occurs in response to changes in, and 
interactions between, various biotic and abiotic 
factors, including photoperiod, temperature, 
humidity, and prey or host availability. Diapause 
termination also requires specific environmental 
conditions (Tauber et al., 1993). 

2.12.1.2 ‘Facultative’ 
or ‘Consequential’ 
Dormancy: Quiescence 

Quiescence is a reversible state of suppressed 
metabolic activity that occurs in response to 
environmental stimuli but does not involve 
preparatory hormonal or physiological changes 
in anticipation of environmental conditions. In 
many cases, timing and duration of quiescence 
are not fixed seasonally, but are highly variable 
and may last for many months or even years. The 
breaking of quiescence may require some kind of 
stimulation, signifying that the environment is 
favorable for development or activity. 

Identifying, for a particular natural enemy, the 
nature of its dormancy, and establishing which 
biotic and physical factors play a role in its ini-
tiation, maintenance and termination, determin-
ing how these factors interact, and establishing



which of the insect’s life-stages are sensitive to 
predictive dormancy-inducing factors, can be 
very difficult, involving in some cases complex 
multifactorial experimental designs. Often, 
knowledge of the dormancy characteristics of 
related species can be helpful in simplifying 
experiments; for example, it can help in nar-
rowing down the list of candidate abiotic factors. 
We do not provide detailed advice on protocols 
here (for such information see Leather et al., 
1993); instead, we provide a brief overview of 
diapause-inducing factors, supplemented with a 
few snippets of practical information. 
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2.12.2 Effects of Biotic Factors 
on Dormancy 

2.12.2.1 Prey Availability and Quality 
(Predators) 

Seasonal variation in the availability of prey has 
been reported to have a marked influence on the 
incidence of dormancy in predators. Aestivation 
in Coccinella septempunctata is stimulated by 
availability of suitable prey, as well as by other 
factors (Kawauchi, 1985; Zaslavsky & Vagina, 
1996). Polymorphic seasonal cycles in the 
lacewing, Chrysoperla carnea, are similarly 
influenced by the abundance of prey (Tauber 
et al., 1986). In some predator species diapause 
incidence appears to depend on the type or the 
quality of the diet fed upon (Horton et al., 1998). 
Since prey availability is, in many predators, 
likely to be linked to various biotic factors, it is 
important to try and devise an experimental 
design that enables the effects of the various 
factors to be disentangled (and interaction effects 
tested for), although this may be difficult or even 
impossible in many cases. 

2.12.2.2 Host Physiology (Parasitoids) 
Many parasitoids oviposit in nutritionally sub-
optimal early host stages, and their larvae exhibit 
developmental arrest, completing their 

development only after the host has moulted to 
the penultimate or even final instar (Vinson & 
Iwantsch, 1980a; Harvey et al., 1994, 1999). 
Developmental delays are adaptive in a number 
of respects. First, they reduce the selection pres-
sure for a fixed maternal response at oviposition 
by allowing female parasitoids to attack a wide 
range of host stages rather than a single one 
(Cloutier et al., 1991). Second, they ensure that 
the host reaches a critical size and physiological 
condition in which the parasitoid can complete its 
development (Hemerik & Harvey, 1999). Finally, 
they synchronise parasitoid and host generations 
intra- and interseasonally. There remains debate 
as to whether developmental delays are a form of 
diapause or of quiescence (Lees, 1955; Mellini, 
1972; Godfray, 1994). Tauber et al. (1983) argue 
that host-mediated developmental arrest in the 
first-instar parasitoid larva is a form of obligate 
diapause because it shares many characteristics 
associated with the diapause syndrome (see their 
paper, and also Doutt et al., 1976). 

Parasitoid larvae may also enter diapause in 
response to dormancy-related physiological 
changes in the host. For example, Polgar et al. 
(1991) and Christiansen-Weniger and Hardie 
(1997, 1999) examined factors influencing dia-
pause induction in several braconid endopara-
sitoids attacking different morphotypes of their 
common aphid hosts (see also Polgar & Hardie, 
2000). Parasitoids tended to enter diapause more 
in sexual hosts (oviparae) which occur in late 
summer, than in asexual hosts (virginoparae) 
which occur earlier in the season. Diapause 
appeared to be initiated mostly by hormonal 
differences between different aphid morphs. 
Diapause in idiobiont parasitoids has been 
reported to be influenced by the diapause status 
of their host in some associations (McNeil & 
Rabb, 1973; Strand, 1986), but not in others 
(Mackay & Kring, 1998). 

The incidence of diapause among parasitoid 
progeny can vary with host species (Kraaijeveld 
& van Alphen, 1995b).
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2.12.3 Effect of Physical Factors 
on Dormancy 

2.12.3.1 Photoperiod 
Insect natural enemies, like other insects, are 
very sensitive to the duration and intensity of 
light exposure. In temperate regions, photoperiod 
is a major factor controlling diapause initiation, 
maintenance and termination in insects (Tauber 
et al., 1983, 1986). Danilevskii (1965) defined 
the ‘critical photoperiod’ as that which elicits a 
>50% response amongst individuals in a 
population. 

Many heteropteran bugs overwinter in a state 
of reproductive diapause as adults, and typically 
diapause is induced by the photoperiod during 
nymphal development, although the adult stage 
may also be sensitive (Yeargan & Barney, 1996; 
Ruberson et al., 2000). The multivoltine coccin-
nellid Coccinella septempunctata, which is 
widely distributed over much of the Palearctic, 
undergoes aestivation as first-generation adults, 
from April to August, in response to increasing 
day length (Sakurai et al., 1986; Katsoyannos 
et al., 1997) (this is immediately followed by a 
variable period of quiescence during winter). 
Photoperiod is also reported to be an important 
diapause-inducing stimulus for odonates (Nor-
ling, 1971; Pritchard, 1989). 

In parasitoids, many studies have reported a 
key role for photoperiodic induction of dormancy 
(reviewed by Askew, 1971; Tauber et al., 1983; 
Godfray, 1994; Quicke, 1997). Field sampling of 
hosts is a useful starting point for gathering 
tentative evidence of the role of photoperiod in 
diapause induction in bivoltine endoparasitoids 
(Jervis, 1980). 

2.12.3.2 Temperature 
Temperature is another important diapause-
inducing stimulus for predators. In coccinellids, 
diapause may be stimulated by seasonal exposure 
to low temperatures (Kawauchi, 1985) or be due 
to an interaction of temperature and photoperiod 
(Ongagna & Iperti, 1994). The coccinellid Rhy-
zobius forestieri does not enter diapause, but the 
application of a cold shock at 8 °C induces qui-
escence which can persist for several months if 

this condition is maintained (Katsoyannos, 
1984). 

In parasitoids, most studies have shown that 
temperature interacts with photoperiod in stimu-
lating diapause induction (Brodeur & McNeil, 
1989; Pivnick, 1993; Polgar et al., 1995), 
although some parasitoids may enter diapause in 
response to temperature alone (Wang & Laing, 
1989). Temperature is also an important deter-
minant in the breaking of diapause: for some 
species it may need to be low (amateur ento-
mologists are well acquainted with the technique 
of ‘chilling’ insect pupae, in a refrigerator, for 
several weeks during the winter, before exposing 
them to warm indoor temperatures, to achieve a 
pre- or early-spring emergence of adults), 
whereas in others it may need to be high (e.g., 
Hodek & Hodková, 1988; van den Meiracker, 
1994; Ishii et al., 2000). 

To create more natural conditions in dor-
mancy experiments, insects can be reared under 
gradually increasing temperatures (to stimulate 
the onset of summer aestivation) or gradually 
decreasing temperatures (to stimulate the onset of 
winter diapause). 

The threshold temperature and the thermal 
constant (Sect. 2.9.3) for postdiapause develop-
ment can be estimated for a parasitoid or predator 
(e.g., Trimble et al., 1990). 

2.12.3.3 Moisture 
Among the physical factors influencing dor-
mancy in insects, the effects of moisture and/or 
humidity are the most poorly understood and 
least studied. This is principally because the vast 
majority of phenological studies have been per-
formed in the temperate zones, where photope-
riod and temperature are considered, a priori, to 
play major roles. Evidence is accruing that 
moisture plays a vital role in the maintenance of 
dormancy in a range of predatory insects. For 
example, soil moisture, acting independently or 
in combination with photoperiod and tempera-
ture has been shown to influence rates of devel-
opment or activity (Jayanth & Bali, 1993; Bell, 
1994; Bethke & Redak, 1996; Sanon et al., 1998; 
Nahrung & Merritt, 1999; see also review by 
Tauber et al., 1998).
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2.12.4 The Fitness Costs of Dormancy 

This is a little explored area of insect natural 
enemy biology. Chang et al. (1996) revealed that 
post-diapause adults of the lacewing, Chrysop-
erla carnea experienced higher reproductive 
success than individuals which had overwintered 
in a state of quiescence. Moreover, first-
generation offspring of parents that had over-
wintered in diapause developed more rapidly and 
survived better than individuals whose parents 
had experienced quiescence. Ellers and van 
Alphen (2002) showed that in Asobara tabida an 
increase in diapause length led to higher mor-
tality among diapausing pupae, together with 
decreases in egg load, fat reserves and dry weight 
of emerging adult females. See also Anderson 
(1962), on Anthocoris nemorum, and Leather 
et al. (1993) for a discussion of the costs of 
overwintering among insects generally. 

2.13 Investigating Physiological 
Resource Allocation 
and Dynamics 

2.13.1 Introduction 

This section is concerned with techniques used to 
study both: (1) the optimal strategy for the allo-
cation, within the adult stage of parasitoids or 
predators, of carried-over physiological resour-
ces, i.e., those derived from the immature phase 
of the life-cycle; and (2) quantitative changes in 
these resources during adult life, in relation to 
variation in environmental factors such as food 
availability and quality, and host/prey abundance. 

2.13.2 Patterns in Resource 
Allocation 

Intra- and interspecific differences in the pattern 
of resource allocation are of considerable inter-
est, as they help ecologists and evolutionary 

biologists to understand why individuals and 
species differ in terms of key life-history traits. 
Negative correlations between the amounts of 
resources serving different life-history functions 
such as egg production and survival are partic-
ularly intriguing, as they imply the existence of 
trade-offs, and as such are evidence that life-
histories are compromises. An associated goal of 
ecologists is to understand the integration of 
suites of life-history traits, and as is becoming 
apparent from the literature, studying patterns of 
resource allocation is the way forward in this 
quest. 

Testable hypotheses relating to resource allo-
cation include the following: 
1. All else being equal, species whose females 

are longer-lived and which have higher 
resource intake prospects should invest more 
in building a ‘sturdy body’ or ‘soma’ (mus-
culature and exoskeleton) at the expense of 
‘abdominal reserves’ (principally reproduc-
tive organs and their contents i.e., eggs, to-
gether with fat body) (Boggs, 1981). 
Empirical support for Boggs’ hypothesis 
comes from her study of three species of 
heliconiine butterflies (Boggs, 1981; see also 
Karlsson & Wickman, 1989; Wickman & 
Karlsson, 1989). 

2. Among abdominal ‘reserves’ there will be a 
trade-off between those resources allocated to 
initial egg production and those allocated to 
survival (fat body and other reserves). This is 
predicted by general life-history, on the basis 
of between-function competition for limited 
resources (Bell & Koufopanou, 1986; van 
Noordwijk & de Jong, 1986; Smith, 1991; 
Segoli & Wajnberg, 2020). Empirical support 
for this hypothesis comes from the known 
differential allocation of carried-over larval 
resources to fat body storage and initial egg 
load in the parasitoid wasp Asobara tabida 
(Ellers & van Alphen, 1997). 

3. As body size increases in parasitoid wasps, 
the total amount of ‘abdominal reserves’ 
increases, and allocation to both initial eggs
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(initial egg load) and stored reserves increa-
ses, but the increase in allocation to initial 
eggs is proportionately smaller than the 
increase in allocation to initial reserves. For 
an explanation of the adaptive significance of 
these relationships, and how they relate to 
ovigeny index, see Ellers and Jervis (2003). 

4. Smaller parasitoid wasp individuals suffer 
disproportionately, in terms of survival, the 
costs of not feeding, because they emerge 
with smaller initial reserves. This is supported 
by Rivero and West’s (2002) study of Naso-
nia vitripennis (Sect. 2.8.3). 

5. Solitary parasitoid species should allocate 
relatively more resources to survival (as fat 
reserves) than gregarious species (Pexton & 
Mayhew, 2002; the hypothesis is based on 
optimal allocation theory, e.g., Roff, 2002). 
This was supported by Pexton and Mayhew’s 
study of two Aphaereta species. 

6. Mothers should reduce egg provisioning with 
age (Begon & Parker, 1986; Roff, 2002). This 
is supported by Giron and Casas’s (2003b) 
study of Eupelmus vuilletti. 

2.13.3 Resource Dynamics 

Quantitative changes in resources will occur 
during adult life, in relation to environmental 
factors such as extrinsic nutrient availability and 
quality, and host or prey availability. Beha-
vioural ecologists in particular are interested in 
these changes because they know foraging 
decisions to be physiologically state dependent 
(Chap. 1), and they appreciate that foraging, 
mating behaviour and other activities (including 
dispersal) are constrained by nutrient (intrinsic 
and extrinsic) supply. Hypotheses relating to 
resource dynamics in insect natural enemies have 
been tested by Ellers et al. (1998, 2001), Olson 
et al. (2000), Rivero and West (2002), Ellers and 
van Alphen (2002), Giron and Casas (2003a) and 
Casas et al. (2003) (parasitoids), and Otronen 
(1995) (the predatory fly, Scathophaga sterco-
raria) (see also Legaspi et al., 1996, on the 
predatory bug Podisus maculiventris). 

2.13.4 The Techniques 

Measuring Allocation, Among the Total Carried-
over Resources, to ‘Soma’ and ‘Abdominal 
Reserves’ 

This can be done by measuring the dry weight, 
the total nitrogen content, and the total carbon 
content of: (1) the head + thorax + legs + wings 
(collectively ‘soma’, sensu Boggs, 1981); and 
(2) the abdomen (‘abdominal reserves’ resource 
pool, sensu Boggs, 1981). 

The total amount of nitrogen in each body 
region can be measured using Kjeldahl digestion 
and subsequent Nesslerization (Minari & Zil-
versmit, 1963), while the total amount of carbon 
can be measured using bomb calorimetry. Better 
still is elemental analysis using a CHN analyser. 

Measuring Allocation, Among ‘Abdominal 
Reserves’, to Initial Egg Production and Sur-
vival, and Studying Resource Dynamics 

Measuring resource allocation to initial egg pro-
duction, and also the subsequent qualitative and 
quantitative changes that occur in reproductive 
tissues, can be determined using modifications of 
well-proven techniques (van Handel, 1984, 
1985a, b; van Handel & Day, 1988; Olson et al., 
2000). Except in the case of small-bodied species 
(in which case separate individuals would have to 
be used), ovary protein content can be determined 
for one ovary, and both lipid and glycogen con-
tent determined for the other ovary. The Bradford 
dye-binding colorimetric micro-assay (Bradford, 
1976) can be used for protein measurement, and 
lipid and glycogen measurement can be done 
using modifications of colorimetric techniques 
(vanillin reaction and chemical precipitation fol-
lowed by hot anthrone reaction, van Handel, 
1985a, b; van Handel & Day, 1988). 

Measuring allocation to energy reserves, and 
also measuring alterations in the amounts of 
these resources, would involve measuring the 
quantities of lipid, glycogen, and stored sugars in 
the ovary-less abdomen (this would include 
haemolymph). Lipid and glycogen content can 
be measured as for the ovaries (see above); an



alternative method of lipid measurement is ether 
extraction (Ellers, 1996; Ellers & van Alphen, 
1997, 2002; Eijs et al., 1998). Stored sugar 
content can be measured using the hot anthrone 
reaction (Olson et al., 2000; Fadamiro & Heim-
pel, 2001). 
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The strategy of allocation from among the 
pool of ‘abdominal reserves’ could be influenced 
by: (1) nutrient intake prospects (Chap. 8); 
(2) egg resorption capability (Sect. 2.3.4); 
(3) thoracic musculature resorption capability 
(Kaitala, 1988, and Kaitala & Huldén, 1990, for 
an example of flight muscle resorption in water-
striders, and see Kobayashi & Ishikawa, 1993, 
for histological methodology); or (d) combina-
tions of these (Jervis & Kidd, 1986). Unless it 
is already one of the variables under considera-
tion, body mass will need to be included as a 
covariable in data analyses. Phylogeny-based 
statistical methods (Sect. 1.2.3) should be 
employed in the case of interspecific 
comparisons. 

If one is interested in knowing the total level 
of energy reserves within an insect, these can be 
calculated by adding the energy content of car-
bohydrate to that of lipids, assuming 16.74 J per 
milligram of carbohydrate and 37.65 J per mil-
ligram of lipid (Casas et al., 2003). 

By studying carbohydrate and lipid dynamics 
in both field and laboratory experimental popu-
lations (freshly emerged, starved to death, fed 
ad libitum, partially starved), Casas et al. (2003) 
were able to show that Venturia canescens fe-
males are able to maintain a nearly constant level 
of energy over an extended foraging period, that 
they take sugars in the field, and also that lipid 
reserves may be limiting as lipogenesis does not 
occur in adults even under conditions of high 
sugar availability (all parasitoid wasps studied so 
far are unable to synthesise lipids from sugars in 
significant quantities, see Giron & Casas, 2003a). 

2.14 Tracking Resources 

Radiotracer studies, which have been applied to 
other insects (e.g., Boggs, 1997b, on Lepi-
doptera), are now being used to study the 

utilisation of extrinsic nutrients by parasitoid 
wasps (Rivero & Casas, 1999; Giron et al., 2002; 
Giron & Casas, 2003a). Rivero and Casas (1999) 
fed females of Dinarmus basalis on an artificial 
diet comprising a sugar + radiolabelled (3 H) 
amino acid solution. The liquid food was sup-
plied in a capillary tube, and the weight of 
females was compared before and after feeding, 
so allowing the amount of radioactivity both in 
the insects themselves and in the eggs they laid to 
be related to the amount of food ingested. It was 
found that the maximum incorporation, into 
eggs, of labelled nutrients obtained via a discrete 
feeding event occurred with a short period of 
time. However, it was also found that a large 
proportion of the nutrient input is stored and used 
gradually throughout the life of the parasitoid. 
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