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Abstract

A theoretical debate about whether parasitoids should be time or egg limited

now recognizes both as feasible, and interest has turned to determining the

circumstances under which each might arise in the field, and their implica-

tions for parasitoid behaviour and evolution. Egg loads of parasitoids sam-

pled from the field are predicted to show a negative response to host

availability, but empirical support for this relationship is scarce. We mea-

sured how a parasitoid’s egg load responded to seasonal fluctuations in host

population density and recorded the predicted correlation. In early summer,

parasitoids were at high risk of time limitation due to low host availability,

and in late summer, their offspring were at greater risk of egg limitation due

to high host availability. Despite clear seasonal changes in selection pres-

sures on egg load and lifespan, the parasitoid showed no evidence of sea-

sonal variation in its reproductive strategy. We made minor modifications to

a previously published model to explore the effects of seasonal variation in

host availability on optimal investments in eggs and lifespan and obtained

several new results. In particular, under circumstances analogous to some of

those observed in our field study, temporal stochasticity in reproductive

opportunities can cause investments in eggs to increase, rather than

decrease as previously predicted. Our model results helped to explain the

parasitoid’s lack of a seasonally varying reproductive strategy. Understanding

the evolution of parasitoid egg load would benefit from a shift of research

emphasis from purely stochastic variation in parasitoid reproductive oppor-

tunities to greater consideration of host dynamics.

Introduction

The total number of eggs produced by female para-

sitoids should be selected to match the number of host

insects they encounter, but environmental stochasticity

thwarts perfect matches (Rosenheim, 1996). Thus,

females may die before exhausting their eggs (time lim-

itation) or exhaust their eggs before dying (egg limita-

tion). In general, parasitoids’ egg supplies should

increase with the mean and variance of their realized

fecundity (Godfray, 1994), which will vary spatially

and temporally (Godfray et al., 1994; van Nouhuys &

Lei, 2004; Stireman et al., 2005; Forkner et al., 2008).

Rosenheim (2011) summarized how models of para-

sitoid reproductive behaviour and parasitoid–host popu-
lation dynamics have produced differing predictions

depending on whether they emphasized egg or time

limitation, and reviewed the resulting debate about the

relative contributions of eggs and time to oviposition

costs. Rosenheim (1996, 1999, 2000) advocated that a

proportion of parasitoids must become egg limited for a

balance between eggs and lifespan to evolve, whereas

Sevenster et al. (1998) and Ellers et al. (2000) argued

that spatial stochasticity in reproductive opportunity

increased investment in eggs and reduced egg limitation

to negligible levels.

Rosenheim (2011) evaluated these differing perspec-

tives by developing a model that optimized lifetime

reproductive success under either spatial or temporal

stochasticity by trading off resource allocations between

eggs and lifespan, while assuming a range of values for
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egg cost. Stochasticity in reproductive opportunity was

simulated using a probabilistic survival function to incor-

porate variation in parasitoid lifespan (which is mathe-

matically identical to a model that incorporates variation

in host encounter rates), while assuming a constant

oviposition rate (Rosenheim, 2011). Consistent with ear-

lier results (Sevenster et al., 1998; Ellers et al., 2000), spa-

tial stochasticity favoured increased egg loads, but was

countered by temporal stochasticity, which caused egg

loads to decline whenever egg costs were moderate to

high. This arose due to the fitness penalty imposed by

temporal heterogeneity, but not spatial heterogeneity,

on high egg loads and short lifespans during generations

when reproductive opportunities were scarce and extinc-

tion risks were high (Rosenheim, 2011). However, both

spatial and temporal stochasticity increased the evolu-

tionary significance of egg limitation because, in variable

environments, only a small proportion of females

achieved high fecundity, and this minority of predomi-

nantly egg limited parasitoids produced most of the total

population’s offspring (Rosenheim, 2011).

Most models of egg load evolution have assumed

purely stochastic variation in parasitoid reproductive

opportunity, although Van Baalen (2000) and Gandon

et al. (2009) recognized that parasitoid egg load evolu-

tion should also be strongly influenced by host popula-

tion dynamics. Using an epidemiological model in

which parasitoid reproduction responded to host popu-

lation size, Gandon et al. (2009) recovered a result

obtained from stochastic models that egg load should

increase with oviposition rate.

Empirical support for the prediction that low rates of

egg limitation should be common in nature (Heimpel &

Rosenheim, 1998; Casas et al., 2000; Rosenheim, 2011;

Segoli & Rosenheim, 2013) has proved elusive (Rosen-

heim et al., 2008), and even the expected negative rela-

tionship between parasitoid egg load and host population

size (Rosenheim, 1996; Mangel & Heimpel, 1998; Seven-

ster et al., 1998; Ellers et al., 2000; Gandon et al., 2009)

has seldom been recorded (Phillips et al., 1998; Dieckhoff

et al., 2014). It is difficult to use egg counts obtained by

dissecting females sampled in the field to estimate egg

limitation rates because many parasitoid species exhibit

adaptations for adjusting their investments in time and

eggs in response to environmental cues (Rosenheim

et al., 2008). Adaptations that reduce risks of egg limita-

tion include the ability to vary egg production rates

(Papaj, 2000; Casas et al., 2009; Dieckhoff et al., 2014);

vary oviposition rates (Casas et al., 2000); accept or reject

hosts for oviposition, superparasitize hosts and adjust

clutch size (Mangel & Heimpel, 1998; Papaj, 2000;

Rosenheim et al., 2008); resorb eggs (Rosenheim, 2000;

Richard & Casas, 2009); and extend lifespan through

feeding (Richard & Casas, 2009). An additional impedi-

ment to estimating egg limitation risks is inadequate

knowledge of parasitoid age distributions and oviposition

rates (Rosenheim, 1999).

Synovigenic parasitoids mature new eggs throughout

their lifetimes and may possess all or many of the pre-

viously noted adaptations for adjusting their invest-

ments in time and eggs. In contrast, proovigenic

parasitoids’ investments in eggs are fixed upon emer-

gence, and they are unable to vary egg production rates

or resorb eggs. Proovigenic species are also less able to

adjust their investments in time because, unlike many

synovigenic species, they do not host feed (Jervis et al.,

1996). Thus, proovigenic species have advantages over

synovigenic species for studying egg limitation.

This article describes a 4-year field study of interac-

tions between the egg loads of a proovigenic parasitoid

and the dynamics of its host population. We observe

features of their interactions that are inconsistent with

assumptions common to many previously published

models of parasitoid egg load evolution. Thus, we

explore the implications of our field observations for

parasitoid egg load evolution by making minor modifi-

cations to Rosenheim’s (2011) model. Our field data

and simple model modifications produce new insights

and show that careful consideration of host dynamics is

critical to understanding parasitoid egg load evolution.

Materials and methods

Model system

The host insect is the adult stage of Listronotus bonarien-

sis (Kuschel) (Coleoptera: Curculionidae), which is a

South American weevil, first recorded in New Zealand

in 1927, that feeds on grasses (Goldson et al., 1998a).

Listronotus bonariensis overwinters in the adult stage.

After winter, population densities of adults decline and

reach a minimum of nearly zero about mid-December

(early summer), then rapidly increase with the emer-

gence of new generation adults (Goldson et al., 1998a).

Population densities of adults peak either during the

first generation in mid-to-late January, or during a sec-

ond generation in March to April (Goldson et al.,

1998a). Over 5 years, minimum adult densities in mid-

December (early summer) were always < 8 m�2,

whereas peak adult densities in January to April (sum-

mer to autumn) ranged from 131 to 436 m�2 (Goldson

et al., 1998a).

The endoparasitoid, Microctonus hyperodae Loan

(Hymenoptera: Braconidae, Euphorinae), was intro-

duced from South America to New Zealand in 1991 for

biological control of L. bonariensis, where it is now

widely established (Phillips et al., 2008). Microctonus

hyperodae has no other hosts (Loan & Lloyd, 1974; Bar-

ratt et al., 1997), nor any specialist natural enemies in

New Zealand. It overwinters in adult hosts as a first

instar larva, which emerges in spring to pupate in the

soil (Goldson et al., 1998b). A phenological model (Bar-

low et al., 1994) and field observations (Goldson et al.,

1998b) indicate there is a period of low host availability
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during December (early summer) due to M. hyperodae

adults emerging before L. bonariensis adults. Up to two

further parasitoid generations occur before winter (Bar-

low et al., 1994; Goldson et al., 1998b) and these coin-

cide with much higher host densities (Goldson et al.,

1998a).

Microctonus hyperodae reproduces by thelytoky (i.e.

unfertilized females have female offspring; Loan &

Lloyd, 1974; Iline & Phillips, 2004). Oogenesis occurs

before and immediately after eclosion of the adult, no

further eggs are produced during the parasitoid’s life-

time, and the eggs cannot be resorbed (Goldson et al.,

1995; Phillips & Baird, 2001). This reproductive strategy

is effectively proovigenic (Shaw & Huddleston, 1991)

because the egg storage capacity of the parasitoid equals

its maximum potential lifetime reproductive success

(Heimpel & Rosenheim, 1998), although it has been

more strictly defined by Jervis et al. (2001) as synovi-

genic because maturation of some eggs occurs immedi-

ately after adult eclosion (C.B. Phillips, unpublished

data). Microctonus hyperodae adults do not host feed

(Phillips, 2002), which is a behaviour absent from all

proovigenic parasitoids (Jervis et al., 1996). Laboratory

experiments have demonstrated that feeding on floral

nectar can extend the longevity of M. hyperodae adults

from about 8 days to about 21 days (Vattala et al.,

2006). However, measurements of sugar concentrations

in field-collected M. hyperodae females indicate that few

feed in New Zealand grassland because suitable nectar

sources are scarce (Vattala, 2005; C.B. Phillips, unpub-

lished data). Therefore, M. hyperodae is an excellent

model for studying parasitoid egg limitation due to its

relatively restricted capacity to adjust its investments in

time and eggs.

Microctonus hyperodae deposits a single egg in the

haemocoel of the adult weevil, and a solitary larva

develops within the living host. There is no evidence

that M. hyperodae responds to variation in host quality

(Urrutia et al., 2007) except that oviposition in already-

parasitized hosts is usually avoided (McNeill et al.,

1996). In occasional cases of superparasitism (McNeill

et al., 1996), only one larva completes its development.

The mean pre-oviposition egg load of M. hyperodae

shows a weak positive response to temperature. Para-

sitoids reared in the laboratory at 20 °C had a mean

pre-oviposition egg load of 47 � 14 (� 1 SD) eggs

(Phillips & Baird, 2001; Urrutia et al., 2007), whereas

those reared at 15 or 25 °C had means of 43 � 8 and

50 � 7 eggs, respectively (C.B. Phillips, unpublished

data). Microctonus hyperodae reared in the laboratory also

shows a weak positive relationship between pre-ovipo-

sition egg load and body size (Phillips & Baird, 2001;

Urrutia et al., 2007). Smaller females with a hind tibia

length of 600 lm had a mean pre-oviposition egg load

of 38 eggs, and larger females with a hind tibia length

of 850 lm had 55 eggs (Phillips & Baird, 2001; Urrutia

et al., 2007). However, pre-oviposition egg load of

laboratory-reared M. hyperodae varies neither with host

diet (Urrutia et al., 2007), parasitoid age (Phillips &

Baird, 2001) nor time of year (Phillips & Baird, 2001;

Urrutia et al., 2007).

Both L. bonariensis and M. hyperodae are abundant

throughout New Zealand (e.g. Phillips et al., 2008)

where their main habitat, grassland, covers half of the

country’s land area (Anonymous 2010).

Sampling

Sampling was conducted in one ryegrass/white clover

field (100 m x 100 m) at Lincoln, Canterbury, New

Zealand, between September 1996 and August 2000.

This was the same field used previously to describe the

bionomics of L. bonariensis (Goldson et al., 1998a) and

M. hyperodae (Goldson et al., 1998b) and to investigate

the effects of providing floral nectar to M. hyperodae

(Vattala, 2005).

Field densities of L. bonariensis adults were measured

using the procedures of Goldson et al. (1998a). A flota-

tion method (Proffitt et al., 1993) was used to extract

adult weevils from turf samples (450 mm 9 40 mm 9

80 mm deep) collected approximately fortnightly from

2 September 1996 to 2 March 1998. The pasture at the

study site was renovated in March 1998, sampling was

resumed on 8 September 1998 and was thereafter con-

ducted at approximately six-weekly intervals until 22

August 2000. Parasitism rates were estimated by dis-

secting weevils under a stereo microscope to detect par-

asitoid eggs and larvae. Field densities of parasitoid eggs

and larvae were calculated as the proportion of dis-

sected hosts parasitized multiplied by the field density

of hosts.

Adults of M. hyperodae were sampled each week by

vacuuming leaf litter from up to four transects of pas-

ture, each approximately 100 m long, using a modified

leaf blower with an intake pipe of 150 mm diameter.

Microctonus hyperodae adults were retrieved from the leaf

blower samples and stored at 4 °C pending measure-

ment of their egg loads. Field densities of adult para-

sitoids cannot be reliably estimated from this sampling

method. Sampling was always conducted during day-

light, usually between midday and 15:00 h. Most

M. hyperodae oviposition occurs between dusk and

dawn (Armstrong et al., 1996), thus M. hyperodae egg

loads were unlikely to substantively decline during day-

light hours.

Parasitoid measurements

Each parasitoid’s egg load was measured following Phil-

lips & Baird (2001) by removing its ovaries, immersing

them in a protein stain (0.1 g nigrosin (BDH) in

100 mL H2O followed by 3 g trichloroacetic acid), then

separating the eggs and counting them at approxi-

mately 1009 magnification. The stain helped to
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separate and colour the eggs, making them easier to

count. To evaluate whether egg load varied with body

size, the parasitoids’ hind tibias were measured using a

stereo microscope fitted with an eyepiece micrometre.

Statistical analyses

Statistical analyses were conducted using Genstat v.6.1

(Genstat Committee, 2002). The independence of suc-

cessive samples of parasitoid egg loads and host densi-

ties was tested by analysing sample autocorrelations

within each of these time series. Variation in parasitoid

egg load attributable to parasitoid generation, adult

weevil density, time of year and year was examined

using a generalized linear model with a Poisson error

distribution for count data and a log link between the

counts and the variables (McCullagh & Nelder, 1983).

The relationship between parasitoid body size and egg

load was examined the same way in a separate model.

The procedures used each week to obtain adults of

M. hyperodae and L. bonariensis differed and were not

always performed on the same day. To examine the

relationship between parasitoid egg load and L. bonar-

iensis adult population density, linear interpolation was

used to estimate weevil adult densities for the days on

which parasitoid egg loads, but not weevil adult densi-

ties, had been measured. Probabilities were calculated

using an approximate F-test based on ratios of mean

deviances (McCullagh & Nelder, 1983).

Modification of Rosenheim (2011) model

We coded the egg load evolution model of Rosenheim

(2011) in R (R Core Team 2012). It simulates stochas-

ticity in reproductive opportunity using a Weibull func-

tion to incorporate variation in parasitoid lifespan

(which is mathematically equivalent to variation in

host encounter rate), while assuming a constant ovipo-

sition rate. Parasitoids trade off resource allocations to

eggs or lifespan to optimize fitness under either tempo-

ral or spatial stochasticity. Readers are referred to

Rosenheim (2011) for a full description of the model;

here, we only describe our modification.

The original model assumed a constant oviposition

rate, which we modified to vary linearly with parasitoid

age; we inferred their slopes from our field data as

described in the next section. Our minimum and maxi-

mum rates bounded the constant rate of 1 egg per hour

used by Rosenheim (2011), which facilitated compar-

ison between results from the original and modified

models. Rosenheim (2011) defined parasitoid invest-

ment in reproduction, R, the cost of maturing one egg,

s, and a constant oviposition rate, k, which gave each

parasitoid a total of R/s eggs. To lay all of her eggs, a

female must live to age x = kR/s, and a female that dies

before laying all of her eggs has a lifetime reproduction

of kx (Rosenheim, 2011). We substituted the constant k

with the equation for a straight line k = ax + b and used

integration to calculate parasitoid lifetime reproduction

and the age when parasitoid egg supplies became

exhausted. In the field study, we observed delays

between parasitoid emergence and the start of oviposi-

tion. To model such delays, we used b < 0 and a > 0

and calculated the integral only for the positive portion

of the line when k > 0. All other parts of Rosenheim’s

(2011) model including stochasticity in parasitoid lifes-

pan and host availability were left unaltered. With our

modification, parasitoids always experienced hetero-

geneity in reproductive opportunities, but exploited

these opportunities either at an increasing or decreasing

rate to approximate the seasonal fluctuations in host

densities that we observed in the field. Rosenheim’s

(2011) model investigated the effects of both spatial and

temporal stochasticity on optimal egg loads, but we only

analysed the effects of temporal stochasticity because

we were interested in how temporal changes in oviposi-

tion rate should influence egg load evolution.

Parasitoid oviposition rate estimates for modelling

Our field measurements of M. hyperodae egg loads

strongly suggested that its oviposition rates were posi-

tively correlated with L. bonariensis adult densities, so

we estimated biologically feasible values for a (oviposi-

tion rate) from the slopes of increasing or decreasing

seasonal changes in densities of unparasitized L. bonar-

iensis adults. Oviposition rates will likely also have been

influenced by fluctuations in adult parasitoid density,

which we were unable to measure. Thus, we do not

propose these as accurate estimates. However, our con-

clusions are dependent on the signs and relative magni-

tudes of the slopes, which could be confidently

inferred, rather than on their absolute values.

For the period within each season when host density

markedly increased (see Results), a was calculated as

the maximum density of unparasitized L. bonariensis

adults minus the minimum density, divided by the

intervening interval in hours. Thus, in the modified

model, the linearly increasing oviposition rate increased

from zero to 2 eggs per hour before becoming constant,

which reflects the observation that parasitoid oviposi-

tion rates generally increase asymptotically with

increasing host availability (Bernstein, 2000; Fern�an-
dez-Arhex & Corley, 2003).

For the period within each season when host density

markedly decreased (see Results), the negative slope

was calculated in a similar way to the positive slope. It

was measured from the summer peak density of unpar-

asitized hosts to when the last M. hyperodae females

were sampled at the end of each season. Thus, in the

modified model, oviposition rates declined from 2 to

0.05 eggs per hour; this minimum approximated our

field results, which showed that host densities declined

to low levels then persisted.
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Results

Autocorrelations

There were no significant correlations between succes-

sive measurements of parasitoid egg loads (P > 0.05).

For successive measurements of host density, there

were significant correlations at weeks one and two

(P < 0.05), but no significant correlations in the

remaining 28 weeks. Thus, we considered the assump-

tion of linear regression that residuals are independent

had been substantively met.

Population densities of parasitized and
unparasitized Listronotus bonariensis

Figure 1 shows the total number of L. bonariensis adults

per m2 obtained by our sampling and the subset of

weevils that contained a M. hyperodae egg or larva. The

observed seasonal fluctuations in densities of parasitized

and unparasitized weevils were consistent with those

recorded by Goldson et al. (1998b). After September

(early spring), there was a marked decline in densities

of parasitized and unparasitized weevils due both to

parasitoid larval emergence and to normal mortality of

an aged population of adult weevils that had persisted

through winter. Maximum numbers of parasitized wee-

vils corresponded with the times when weevil densities

peaked, either during the first weevil generation in

mid-to-late January, or during a second weevil genera-

tion in March to April (Fig. 1).

Temporal occurrence of adult parasitoids

Figure 2 shows the egg load of every parasitoid sampled

by collection date, the mean egg load measured on

each collection date and the number of unparasitized

L. bonariensis per m2. A total of 441 M. hyperodae adults

were obtained from collections made each week from

the start of November until the end of May during

1996 to 2000. The first date adult parasitoids appeared

in leaf blower collections was relatively consistent

across years, whereas the last date varied widely. The

first and last dates for each period were 18 November

Fig. 1 Total adult Listronotus bonariensis

m�2 and parasitized adult L. bonariensis

m�2 measured from September 1996 to

June 2000. Error bars show 95% CI.

Fig. 2 Egg load per Microctonus

hyperodae, mean egg load per sample

and unparasitized L. bonariensis adults

m�2 from September 1996 to June

2000.

ª 2017 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IOLOGY . J . E VOL . B I O L . 3 0 ( 2 0 1 7 ) 1 3 13 – 1 3 24

JOURNAL OF EVOLUT IONARY B IO LOGY ª 20 1 7 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

Parasitoid egg load evolution 1317



1996–10 March 1997, 14 November 1997–2 December

1997, 16 November 1998–14 May 1999 and 10 Novem-

ber 1999–26 April 2000 (Fig. 2). At least one adult par-

asitoid was obtained in each weekly collection made

between these dates, except on 18 November 1997 and

on 16 January 1999 when no parasitoids were recov-

ered. Of the 53 collections from which at least one

adult parasitoid was sampled, a mean (� SE) of

8.3 � 1.0 individuals per collection was obtained (range

1–28). The first M. hyperodae females emerged in

November well before the weevil population began

increasing in December due to the emergence of the

first summer generation of adult weevils (Fig. 2).

Egg loads of adult parasitoids

Figure 3 shows the significant negative correlation

between parasitoid egg load and host population

density (P < 0.001), which was described by the curve

p = e4.13–0.0073d, where d = hosts m�2. This relationship

was tested at high host densities by measuring regres-

sion residual deviance while truncating the host popu-

lation density data to values ranging from 200 to

30 m�2, using decrements of 1 m�2. Minimum residual

deviance occurred at 90 hosts m�2, and there was no

significant relationship with parasitoid egg load at

higher host densities (Fig. 3). For host densities less

than 90 m�2, the relationship with parasitoid egg load

was described by the curve, p = e4.22–0.01095d, where

d = hosts m�2 (P < 0.001; Fig. 3). When host densities

were at a mean annual minimum of 4 m�2 in the first

week of December (Fig. 1), parasitoids contained a

mean of 65 eggs, but when the first summer generation

of hosts reached a mean annual peak of 96 m�2 in mid-

January (Fig. 1), parasitoids contained a mean of 26

eggs (Fig. 3). The differing egg load distributions of par-

asitoids collected during November–December (spring–
early summer) when hosts were scarce compared to

those collected during January–May (mid-summer–
autumn) when host were abundant are shown in Fig. 4

Fig. 3 Regression of Microctonus

hyperodae egg load with Listronotus

bonariensis adults m�2. Points show

mean egg load per sample with 95% CI.

Fig. 4 Egg load frequencies of

Microctonus hyperodae collected in early

summer (November to December) and

from mid-summer to autumn (January

to May).
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(chi-square test, d.f. = 9, Pearson v2 = 203.5, expected

value = 9, P � 0.001). Of the 441 females sampled, 15

(3%) had zero eggs. Irrespective of time of year, mean

egg loads per sample (Fig. 1) sometimes exceeded the

mean pre-oviposition egg load of about 47 eggs mea-

sured in laboratory studies (Phillips & Baird, 2001;

Urrutia et al., 2007); reasons for this apparent variation

are currently unknown.

Body size was measured for a subsample of 79 para-

sitoids collected between November 1996 and March

1997. Body size was greatest at the start of the season

and declined as the summer progressed (P < 0.001).

Parasitoids collected in November had a mean (� 1 SD)

hind tibia length of 833 � 38 lm (n = 18), and those

collected in March had a mean hind tibia length of

772 � 58 lm (n = 8). After month of collection had

been included in the generalized linear model, there

was no relationship between parasitoid body size and

egg load (P = 0.887).

Time of year was confounded with host density

because, during summer, host density increased until

either early January (e.g. 1996–1997; Fig. 1) or April

(1999–2000; Fig. 1). However, both terms remained

significant (P < 0.001) when they were both fitted in

the regression. As shown in Fig. 5, egg loads declined

from a maximum at the onset of adult parasitoid emer-

gence in mid-November to a minimum at the end of

the period in which adult parasitoids occurred. This was

described by the negative exponential curve, p = e4.37–

0.0081t, where p = parasitoid egg load, and t = time

elapsed between 1 November and the sampling date in

days (Fig. 5). At t = 15 (mid-November), females con-

tained 70 eggs, and at t = 134 (mid-March), they con-

tained 27 eggs.

After accounting for variation due to host density

and/ or time of year, there was no significant egg

load variation between years or between parasitoid

generations.

Estimates of slopes for linearly varying parasitoid
oviposition rates

Densities of unparasitized hosts exhibited two charac-

teristic patterns of change when female parasitoids were

present in the field. Both were consistent with previous

observations (Goldson et al., 1998a) and are described

below.

The first occurred between mid-December and mid-

January, when unparasitized hosts erupted from negli-

gible to very high densities (Fig. 2). The slopes of the

mid-December to mid-January increases in unpara-

sitized host densities were 0.16 in 1996–1997, 0.07 in

1997–1998, 0.07 in 1998–1999, and 0.02 in 1999–
2000. Thus, we modelled two oviposition rates that

increased linearly from zero, with slopes of 0.001 and

0.3, to the maximum of 2 eggs per hour. It was also

notable that female parasitoids began emerging 16–
33 days before host densities reached their annual

minima in mid-December (Fig. 2), and these females

could not have reproduced until after host densities

began to increase because the few senescing overwin-

tered hosts available before mid-December would not

have lived long enough to support immature parasitoid

development. Therefore, we also explored how a mod-

est delay of 100 hours between parasitoid emergence

and the start of oviposition influenced investments in

reproduction.

The second characteristic pattern of change occurred

from mid-January to mid-May, when unparasitized

host densities declined from their January peaks,

though only to moderate levels, which then tended to

stabilize and persist during winter (Fig. 2). The slopes

of the mid-January to mid-May declines in unpara-

sitized hosts, disregarding 1997–1998 when few para-

sitoids were captured, were �0.06 in 1996–1997, �0.02

in 1998–1999, and �0.002 in 1999–2000 (Fig. 2). Thus,

we modelled two oviposition rates that declined

Fig. 5 Regression of Microctonus

hyperodae egg load with date from 1

November to 30 May during 1996–
2000. Points show mean egg load per

sample with 95% CI.
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linearly from a maximum of 2 eggs per hour, with

slopes of �0.001 and �0.1, to a minimum of 0.05 eggs

per hour.

Modelling results

We recovered two general results consistent with previ-

ous studies (Ellers et al., 2001; Rosenheim, 2011). The

first was that parasitoid investment in eggs and the pro-

portion of females that became egg limited both

increased with egg cost (Fig. 6). The second was that

investment in eggs increased with oviposition rate

(Fig. 6A cf. 6B) as did the proportion of females that

became egg limited (Fig. 6C cf. 6D). At our highest lin-

early increasing oviposition rate, which had a slope of

+0.3, we obtained results for optimal investment in

reproduction (Fig. 6A) and proportion of females that

are egg limited (Fig. 6C) that were essentially identical

to the results obtained by Rosenheim (2011) using a

constant oviposition rate of 1 egg per hour.

We also obtained several new results: the first two

reflect the intuitively straightforward expectation that

females experiencing delays to oviposition will experi-

ence stronger selection pressure for longer lifespans.

The less straightforward aspect of these results is how

temporal stochasticity influenced evolutionarily optimal

investments in eggs.

The first new result was that when oviposition rate

increased only slowly (slope = +0.001), investment in

eggs peaked at an intermediate level of temporal

stochasticity (Fig. 6B), as did the proportion of females

that became egg limited (Fig. 6D). Short-lived
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parasitoids had a low probability of encountering hosts

when stochasticity was minimal, so invested in lifespan.

The probability of encountering hosts first increased

with stochasticity, allowing greater investment in eggs,

then declined again as short lifespans became penalized

by high stochasticity. Previous research has recorded

only a negative relationship between temporal stochas-

ticity and investment in eggs (Rosenheim, 2011).

The second new result was that the positive response

of investment in eggs to temporal stochasticity was

intensified by delays between emergence and the start

of oviposition (Fig. 6E,F). When temporal stochasticity

was minimal, no females survived the delay to oviposit

and optimal egg investments were undefined (Fig. 6E,

F). Once temporal stochasticity was sufficient for

females to encounter hosts, investment in eggs

increased with increasing stochasticity, though at a

declining rate (Fig. 6E,F). Investment in eggs showed a

stronger positive response to stochasticity when oviposi-

tion rates increased slowly rather than quickly (Fig. 6F

cf. 6E).

The less straightforward aspect of the new results

reflects the observation that females experiencing

rapidly declining oviposition rates will have restricted

capacity to optimize fitness (Fig. 6I–L). This is because

the marginal fitness gains obtainable from trading off

investments in eggs and lifespan are strongly limited by

the forthcoming low constant oviposition rate. When

oviposition rate declined very slowly, investment in

eggs (Fig. 6I) and the proportion of females that

became egg limited (Fig. 6K) responded to increasing

stochasticity similarly to when oviposition rate either

increased quickly (Fig. 6A,C) or was constant

(Rosenheim, 2011; approximated by Figs 6A and 5C).

However, when oviposition rate declined quickly,

investment in eggs responded weakly to temporal

stochasticity only at the highest egg cost (Fig. 6J) and,

unlike any other scenario, the proportion of females

that became egg limited tended to increase with tempo-

ral stochasticity (Fig. 6L).

Discussion

Our field results showed that egg loads of an insect par-

asitoid were negatively correlated with host population

density, thus contributing to scarce empirical support

(Phillips et al., 1998; Segoli & Rosenheim, 2013; Dieck-

hoff et al., 2014) for theoretical expectations that egg

limitation risks should increase with host encounter

rate (Rosenheim, 1996; Mangel & Heimpel, 1998;

Sevenster et al., 1998; Ellers et al., 2000; Gandon et al.,

2009). Our model results revealed that host population

dynamics can interact with temporal stochasticity to

influence evolution of parasitoid egg load in previously

unrecognized ways. In particular, resource allocations

to eggs may increase with temporal stochasticity when-

ever parasitoids either experience delays between

emergence and oviposition, or experience low host

availability that increases only slowly. These responses

to temporal stochasticity would act in concert with spa-

tial stochasticity, which also favours resource alloca-

tions to eggs over lifespan (Godfray, 1994; Ellers et al.,

2000; Rosenheim, 2011), and contribute to the gener-

ally low rates of egg limitation observed in empirical

studies (Heimpel & Rosenheim, 1998). Together, our

field and model results showed that host population

dynamics, and their interactions with temporal stochas-

ticity, impose conflicting selection pressures on females

and their offspring within a single season.

Some parasitoid species that experience seasonally

varying selection pressures have evolved seasonally

varying reproductive strategies (Godfray & Shaw, 1987;

Sequeira & MacKauer, 1993; Ellers et al., 2001), but no

such adaptations have been recognized in M. hyperodae.

Indeed, results from the current and previous studies

suggest M. hyperodae females allocate similar resources

to eggs irrespective of the time of year they emerge.

The first evidence for this comes from comprehensive

laboratory studies of M. hyperodae pre-oviposition egg

load, which detected no seasonal variation (Phillips &

Baird, 2001; Urrutia et al., 2007). Moreover, although

laboratory studies found a weak relationship between

egg load and female size (Phillips & Baird, 2001), and

our field measurements indicated that female parasitoid

size declined slightly between spring and autumn, we

found no relationship between body size and egg load

in the field data. This was unsurprising due both to the

greater variation inherent in field studies compared to

laboratory studies and to the minor effect on egg load

that the observed small size difference would have. For

example, based on the relationship between egg load

and female size measured in laboratory-reared M. hyper-

odae (Phillips & Baird, 2001), the difference in mean

pre-oviposition egg load between the larger females

present in spring and the smaller females present in

autumn would only be about four eggs. Also, previous

laboratory studies (Phillips & Baird, 2001; Urrutia et al.,

2007; C.B. Phillips unpublished data) indicate that

M. hyperodae pre-oviposition egg load responds positively,

though weakly, to the temperature at which its immature

stages develop. Females sampled during mid-summer–
autumn will have developed at higher mean temperatures

than those sampled during spring–early summer, thus act-

ing to compensate for any reduction in egg load due to

smaller body size. Finally, after accounting for variation

due to host density and/ or time of year, our analysis

found no significant egg load variation between spring–
early summer and mid-summer–autumn. Indeed, females

with the highest egg loads in our field study had probably

laid few or no eggs, and the highest egg loads recorded

during mid-summer–autumn were similar to those

recorded in spring–early summer (Fig. 4). Thus, we con-

clude that M. hyperodae females allocate similar resources

to eggs irrespective of the time of year they emerge.

ª 2017 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IOLOGY . J . E VOL . B I O L . 3 0 ( 2 0 1 7 ) 1 3 13 – 1 3 24

JOURNAL OF EVOLUT IONARY B IO LOGY ª 20 1 7 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

Parasitoid egg load evolution 1321



This conclusion is conservative for our study because

the most plausible alternative is that mid-summer–
autumn parasitoids (which experience abundant hosts)

should emerge with more eggs than spring–early sum-

mer parasitoids (which experience few hosts). Never-

theless, we observed that mid-summer–autumn

parasitoids have lower post-emergence egg loads. Thus,

if allocations to eggs were assumed to be greater during

mid-summer–autumn, then our empirical evidence that

mid-summer–autumn parasitoids experience higher

oviposition rates would be even stronger. Our conclu-

sion of similar allocations to eggs across seasons is

important to the following considerations of responses

by M. hyperodae to seasonally varying selection pressures.

In spring, M. hyperodae females begin emerging well

before their hosts. Consequently, they coincide with

very low host densities, experience low oviposition

rates and are at high risk of time limitation. Such asyn-

chrony between parasitoids and their hosts appears

common (e.g. Griffiths, 1969; Weseloh, 1976; Cameron

& Walker, 2002; van Nouhuys & Lei, 2004; Evans et al.,

2013). Selection favouring females with long lifespans

must be stringent in this situation, so why do M. hyper-

odae females that emerge in spring apparently allocate

as many resources to eggs as their summer offspring do,

thus possessing many more eggs than they can usually

lay (e.g. Fig. 4)? First, as shown by our modelling, tem-

poral stochasticity in reproductive opportunity will

favour investment in eggs, as will spatial stochasticity

(Godfray, 1994; Ellers et al., 2000; Rosenheim, 2011).

Second, some parasitoid adaptations for extending lifes-

pan such as feeding on floral nectar will incur minimal

costs for egg production and lifetime fecundity if, due

to early parasitoid emergence and an absence of hosts,

time spent foraging reduces neither the rate of oviposi-

tion nor survival (e.g. through increased predation

risk). Indeed, M. hyperodae possesses this adaptation, but

is usually unable to capitalize on it due to the frequent

absence of suitable nectar sources from New Zealand

pastures (Vattala, 2005; C.B. Phillips, unpublished

data). This was clearly shown by replicated controlled

field experiments that provided M. hyperodae females

with floral nectar (flowering buckwheat) within other-

wise typical New Zealand pasture (Vattala, 2005). With

access to nectar, early emerging M. hyperodae doubled

their reproduction (measured as the proportion of hosts

parasitized), which confirmed that early emerging

M. hyperodae are mostly time limited (Vattala, 2005).

Thus, evolution of foraging by M. hyperodae probably

mitigated some of the cost of early emergence and, in

tandem with spatial and temporal stochasticity in repro-

ductive opportunity, reduced selection for greater

resource allocations to lifespan at the expense of eggs.

Possible benefits of early emergence in M. hyperodae are

discussed later.

Females present in summer coincided with much

higher host densities and were at greater risk of egg

limitation. This was consistent with the previously

described field experiment (Vattala, 2005), which

recorded no increase in M. hyperodae reproduction

when females were provided access to nectar during

summer. Under such conditions, selection favouring

investment in eggs over lifespan would be reinforced

by spatial stochasticity in reproductive opportunity

(Rosenheim, 2011), but moderated by temporal

stochasticity.

Females present after mid-February coincided with

declining host densities. The model results showed that

when these declines are abrupt, the marginal gains in

fitness obtainable by trading off investments in eggs

and lifespan are restricted by the ensuing low constant

oviposition rate; long-lived females lay scarcely more

eggs than short-lived females, thus responses to tempo-

ral stochasticity are weak.

As described above, previous studies combined with

our field observations and model results provide ratio-

nales for the apparent absence of a seasonally varying

reproductive strategy in M. hyperodae, despite the exis-

tence of seasonally varying selection pressures.

(Another plausible rationale is that the M. hyperodae’s

responses to these pressures are constrained; Hoffmann,

2014.) Nevertheless, the early emergence of M. hypero-

dae females in spring, up to 33 days before hosts

become available in early summer, appears maladaptive

at first glance. Could it have benefits? It is possible that

spring-emerging M. hyperodae females gain fitness by

trading their early season fecundity for the late season

survival of their offspring. Each season, M. hyperodae

experiences strong developmental time constraints

because it can survive the next winter only as an egg

or larva (Fig. 1; Barlow et al., 1994; Goldson et al.,

1998b). Thus, parasitoid larvae that emerge from their

hosts in autumn are at risk of being killed by cold

weather before they can reach the adult stage and find

new hosts in which to oviposit offspring that will sur-

vive the winter. By emerging in spring, females risk

dying before their hosts emerge and appear irrevocably

destined to achieve only low fecundity (Fig. 4). How-

ever, their late summer offspring may gain fitness

because host availability and parasitoid fecundity are

high, and the risk of mortality due to cold weather is

reduced. In some seasons, the offspring of first-emer-

ging parasitoids might even achieve an extra generation

during summer and autumn. Fitness advantages for

spring-emerging females would be greater in seasons

when lethally cold conditions arrive relatively early in

autumn, whereas later emerging females would benefit

from prolonged warm autumns (provided the warm

conditions ended before descendants of spring-emerging

parasitoids could complete an additional generation).

Thus, ‘adaptive asynchrony’ (Singer & Parmesan, 2010)

is a possibility worthy of further investigation in

M. hyperodae. Under this hypothesis, M. hyperodae

females emerging in spring, which are at risk of time
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limitation (Fig. 4), would make a larger contribution to

total population reproduction by the end of autumn

than females emerging during summer, which are at

greater risk of egg limitation (Fig. 4). This population

dynamics perspective differs slightly from Rosenheim

(2011) which, from the viewpoint of purely stochastic

variation in reproductive success, emphasized how it

was egg limited parasitoids that made the major contri-

bution to total reproduction.

Monitoring of host density through time demon-

strated the existence of considerable temporal variabil-

ity in host abundance, thus illustrating the scenario

modelled by Rosenheim (2011) where trade-offs

favouring parasitoid reproduction over survival during

periods of high host abundance can be strongly penal-

ized during periods of low host abundance when traits

such as longer lifespan or larger egg size would be more

successful. However, host seasonality is partly pre-

dictable and must be a critical evolutionary driver for

many parasitoid species (Forrest & Miller-Rushing,

2010), particularly specialists that depend on one or a

few host species to reproduce. Our study indicates that

understanding the evolution of parasitoid egg load

would benefit from a shift of research emphasis from

purely stochastic variation in parasitoid reproductive

opportunities to greater consideration of host dynamics.
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