Oecologia (1997) 109:166-174 © Springer-Verlag 1997

Daniel R. Papaj - Henar Alonso-Pimentel

Why walnut flies superparasitize: time savings as a possible explanation

Received: 25 January 1996 / Accepted: 25 June 1996

Abstract This study evaluated a possible fithess advamhere others have been laid previously (reviewed in Pro-
tage, specifically time savings, that might account for &opy and Roitberg 1987; Averill and Prokopy 1989; Pa-
unusual propensity in walnut flieRRllagoletisspp.) to paj 1993; Godfray 1994), i.e., they avoid “superparasiti-
superparasitize their walnut hosts and to place eggs inittg” their hosts. Avoidance of superparasitism is com-
existing egg-laying cavities. The first part of this studyonly mediated by a host-marking pheromone laid down
demonstrated that, in laboratory assays, females of woing egg deposition (reviewed in Prokopy and Roit-
walnut fly speciesR. boyceiandR. juglandis save time berg 1987; Averill and Prokopy 1989) and is thought to
when cavities are reused and thaRirjuglandis where reduce levels of competition between the progeny of one
it was examined in detail with in vivo staining of egg$semale. Although superparasitism avoidance is both
time saving was not an artifact of differences in the sikemmon and reasonable, there are nevertheless condi-
of clutches deposited at new versus existing sites. Ws under which it “pays” to superparasitize (Alphen
further demonstrated that time savings reflected a redand Visser 1990; Visser et al. 1990). In fact, several spe-
tion in the time required to generate the cavity itself. ties of tephritid flies, including walnut-infesting species
the second part of the study, we evaluated the possibitifythe genusRhagoletis display an extraordinary pro-
that, in the field, time saved by reusing existing cavitipgnsity to deposit clutches of eggs in already occupied
is nullified by extra time spent mating associated withfiauit. Not only do females of these species often express
previously described tendency for males to guard thespreference for parasitized fruit, but they deposit clutch-
cavities. Field observations & juglandisindicated that es directly into previously established egg-laying cavities
use of existing sites was, as expected, associated withapaj et al. 1989, 1992; Papaj 1993, 1994, Lalonde and
creased mating. Yet, despite the added time spent mdaéngel 1994; Papaj and Messing 1996). Cavities in the
ing, in observations of similar length females attemptifigld have been estimated to contain as many as 20
to lay eggs at existing sites deposited clutches more dtitches (Back and Pemberton 1915; Papaj, unpublished
ten than females attempting to lay eggs at new sites. $iservations), even though females engage in fruit-mark-
discuss these results in the context of the more comnirogy behavior which has been shown in at least one spe-
pattern of superparasitism avoidance observed in hasts to result in deposition of a pheromone that deters

specific insects. egg-laying (Prokopy et al. 1978; Papaj et al. 1992). Giv-
en the prominence of theoretical and empirical studies of
Key words Tephritid fruit fly - Superparasitism - superparasitism in behavioral ecology (reviewed in God-

Host-marking pheromone - Clutch size - Paras’ioid  fray 1994), such seemingly paradoxical behavior de-
mands close scrutiny. It would seem particularly worth-
while to document fithess advantages of superparasitism
Introduction that are generalizable to taxa showing superparasitism
avoidance.
Numerous host-specific insects such as entomophagou#$ possibly generalizable advantage concerns time
parasitoids and herbivorous insects avoid laying egged by laying eggs in parasitized hosts (Papaj 1993).
An increasingly well-developed body of theoretical and
empirical work on the egg-laying behavior of insects

Bé%a'r’tﬁf’:rl;t; 'E?aué\é,c’ynioési)'?ﬁﬂﬁéry Biclogy suggests that, under time limitation, individuals “man-
and Center for Insect Science, Biological Sciences West 310, age .thelr time in functional WaYS (Stephens and .Krebs
University of Arizona, Tucson, AZ 85721, USA 1984; Mangel and Clark 1988; Mangel and Roitberg

fax: + 520-621-9190; e-mail: papaj@ccit.arizona 2du 1989; Godfray 1994). Time limitation is not requisite for
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effective time management adaptations: even female study, we conducted field observations aimed at evaluat-
sects described as egg limited can benefit by managimg the presumed trade-off between time saved by laying
time effectively (Papaj 1990). Moreover, especiallgggs in existing sites and time expended in additional
where egg deposition itself has costs in terms of redueedtings incurred by the use of such sites.
life expectancy, an egg-limited insect can simultaneously
be a time-limited one (Roitberg 1989). On these grounds
at least, behavior which “saves time” should be generalterials and methods
functional. In this study, we examine the possibility that
time-saving accounts for superparasitism in walnut-igentrolling for effects of clutch size on time-savings
festing flies.

There is previous evidence for time saving as a befféneral protocol
fit of superparasitism. Studies of the Mediterranean frgjkrails of the natural history and distributionRfboyceiand R
fly, for example, suggest that a female saves time by @gtandiscan be found in Boyce (1934) and Bush (1966). Both fly
positing her eggs in an existing cavity (Papaj et al. 19%Recies are readily available localR.boyceiflies used in labora-
Papaj 1993; Papaj and Messing 1996). A similar resiQfy experiments originated from infestéaglans majorfruit col-

- o -Jected at several sites in the Pinalefio Mountains in Graham Coun-
was found for females of an encyrtid parasitoid of lepi , Arizona. R. juglandis flies originated from infested fruit col-

opteran eggs which, despite clear losses in terms of |@éted either in the town square of Patagonia, Santa Cruz County,
val fitness, have a preference for reusing holes drilled #izona, or in lower Garden Canyon in Cochise County, Arizona.

to the host egg by other females over drilling their owypae (with puparia) were stored in darkness at about 5°C until
holes (Takasu and Hirose 1991). they were retrieved and warmed at room temperature. Flies were

; maintained in 1-gallon (3.79-) plastic containers supplied with
~There were two reasons in the present study for exajiein hydrolysate food strips, free sucrose, and water. Flies used
ining this issue further in walnut flies. First, walnut fliesor testing generally varied from 14 to 21 days in age. Experi-

lay their eggs in clutches. What looks like time savirgents were run from 10 a.m. to 4 p.m.
might actually reflect differences in clutch size (Papaj
1993), particularly when the second clutch is smalllt_ar ¢ iment 1

than the first (cf. Papaj et al. 1990). Second, aspects %l?ora ory expenimen

the mating system of walnut flies suggested to us thafs experiment assessed the time spent depositing a first and sec-
time saved by using existing egg-laying cavities, evenoifd clutch. Eight to ten females of one species were placed in a

real, might be offset or even exceeded by time expendéd: 17 x 17 cm clear actylic-frame cage, and an equal number of
: L : . i ales of the other species were placed in another cage. A walnu
in additional matings. Walnut flies have a resource-ba ﬁ placed on top of a pedestal within each cage. Observations be-

mating system in which males defend territories on frulan when females arrived on the walnut. We measured the time
even guarding existing egg-laying cavities (Papaj 1994p)ent laying eggs, noting whether oviposition was completed at a
Since, as in otheRhagoletisflies (Prokopy et al. 1971; new or an existing site. Timing with a stopwatch began when a fe-

; ; s~pale inserted its ovipositor into the fruit. Deposition of a clutch
Smith and Prokopy 1980, 1982), matings tend to be in as inferred from the occurrence of ovipositor-dragging behavior.

ated while a female is attempting to lay eggs, the prop§fiis pehavior is typical for the genus and appears to involve depo-
sity of males to guard existing sites may expose a feméit®n of a host-marking pheromone. Females were not permitted

that prefers such sites to relatively more encounters withmark, being brushed gently off the fruit as soon as they began to
males. To the extent that matings are unwanted, usé“égthe”ov'pos'tors-

o . . . . . fter deposition of a second clutch at a given site, the site was
existing sites may incur a time expenditure and possiBlged with athletic tape to prevent females from depositing a third

fitness loss. That matings are, in fact, unwanted is Sd@itch at the same site. After accumulation of several double

gested by three observations: (1) females arriving at frelittches on each fruit, fruits were removed and exchanged be-
aways contain lve sper (Alonso-piments and Papbeer csges, s par of iy iebaree sy of fese o
unpgbllshed observation); (2) as in otlﬁi-:hggoletlsspp. therefore attempted to generate double clutches by each species in
studied, females are generally attempting to lay eggfial numbers on each fruit.

(and not engaging in active courtship behavior) when

mating occurs and often appear to physically resist mat-

ings and (3) egg loads of females mated in this way &agoratory experiment 2

as hlgh as those of femfi"?s that actually la.y eggs ( I_experiment 1, any time difference between first and second
onso-Pimentel and Papaj, in press), suggesting that thgines could reflect time saved in “setting up” the clutch or a
are indeed highly motivated to lay eggs. difference in clutch size. In this experiment, an in vivo stain, acri-
In the first part of this study, we examined whethdine orange, was used to distinguish first from second clutches.
clutch deposition time was different for first versus sefnen taken up in sucrose solutions by adults, eggs fluoresce

. . . reen at the appropriate wavelengths (Brenner 1984; Strand et al.
ond clutches deposited in the same cavity for each of 0). Owing to fly availability, this experiment was conducted

walnut-infesting specie®}. boyceiandR. juglandis We only with R. juglandis
then stained eggs in vivo to determine whether any ob-Female flies were allocated in groups of eight to ten to cages
served time difference between first and second clutcl§@gsisting of 16-fl oz (473-ml) clear, plastic cups mated to plastic

: I " g . .. _petri dish bottoms. In half of the cages, females were provided
was due to a difference in “setup” time involved in pleref‘lth acridine orange in three forms: acridine orange/sucrose solu-

ing the walnut husk and generating the cavity or simpfyns (1 vol acridine orange: 10 vol sugar: 100 vol water), sugar
to a difference in clutch size. In the second part of thighes soaked with several drops of the acridine orange/sucrose so-
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lution, and protein hydrolysate food strips dipped briefly in thisere is no clear-cut nonparametric equivalent of a repeated-mea-
acridine orange/sucrose solution. sures analyis of variance on continuous data, we used repeated-
At least 48 h before testing, females were individually markedeasures analyses of variance. In the analysis, clutch position was
by chilling them on ice and placing one- to -three dots of tempdreated as a repeated measure and fly species (experiment 1) or
paint on their thorax. On the test day, two 17 x 17 x 17 cm clemgridine orange treatment (experiment 2) as an independent vari-
acrylic-frame, screen observation cages were set up in an obseatsde. In relating clutch size to measurements of the duration of
tion room maintained at ambient indoor temperature (about 23¥g)g-laying phases, we constructed a series of simple linear regres-
and ambient (usually low) humidity. Eight to ten marked femalsfon models.
from one treatment were placed in one cage, and an equal number
of marked females of the other treatment were placed in another
cage. A walnut was placed on top of a pedestal within each cafjme spent in extra male encounters
Individual flies were then placed on the walnut and observations
begun. Occasionally females flew to the fruit without being placé&tkld observations
on it and observations were made of these females as well. Wheth-
er females were placed on the fruit or flew there did not in any dbbservations were made Bf juglandisfemales foraging on fruit
vious way affect their propensity to use existing sites or make natva number of southern Arizona sites: Box Canyon, Sonoita
ones. Creek, and Harshaw in Santa Cruz County, as well as lower Gard-
We measured the time spent laying eggs with a stopwatedr Canyon and upper Carr Canyon in Cochise County. Our basic
started when a female inserted its ovipositor into the fruit. Clutphotocol was as follows. We patrolled the tree until a female was
deposition was judged as described above. We further dissighted on a fruit. We then recorded her behavior on the fruit using
guished two phases in egg-laying behavior and measured the dilma-Observer 3.0 software (Noldus Technology; Noldus 1991) on a
tion of each phase for first and second clutches, where possiBigon Organizer Il Model LZ64. We recorded the occurrence and
The first phase, termed the circling phase, is characterized by dheation of walking and ovipositor-boring attempts. We also noted
pivoting of the female about the point at which her ovipositor vghether egg-laying attempts occurred at sites of damaged tissue
inserted in the fruit. The circling phase is followed by a quiescednticative of existing egg-laying sites or at undamaged sites. We
phase in which the female is motionless save for subtle moaéso recorded any interactions between the focal female and males
ments of the ovipositor. During the quiescent phase, the abdomiprabther females that occurred during the observation period. Inter-
segments (and especially segment 7) are conspicuously moreaekions with males included both failed and successful mounting
tended than during the circling phase. attempts by males. Finally, we recorded whether egg-laying at-
Any clutches deposited by females of a given treatment weeepts ended spontaneously, were interrupted by interactions with
sealed with athletic tape to prevent females of the same treatnmales or other females or attacks by predators, or resulted in
from depositing another clutch at the same site. Females werectetch deposition. Clutch deposition was inferred from the occur-
moved and replaced after they had deposited a clutch. After sevence of ovipositor-dragging behavior, as described above. An ob-
al single clutches had been accumulated on each fruit, both frgisvation continued until a female flew from the fruit.
were removed from their cages, the tabs were removed and theéNhile this protocol permitted us to assess adequately the con-
fruits exchanged between cages. Females were again permittezetpuences of mating for use of new versus existing sites, deposi-
deposit eggs in the test fruit. When a second clutch was deposited of clutches at new sites was too rare in this set of observations
at a site (as indicated by the initiation of host-marking behavior), permit us to evaluate adequately the time saved in nature by de-
the site was sealed with tape to prevent deposition of furthmsiting clutches at existing versus new sites. In an effort to make
clutches. We attempted to generate equal numbers of doubie evaluation, we included in our analysis, data on oviposition
clutches in each dye treatment sequence (acridine orange thertiomes from observations made at other sites in other years. Made
treated versus untreated then acridine orange) for a given test finitthe context of another study (Papaj 1994), these observations
At the end of a test day, oviposition sites were dissected camere conducted under a protocol in which a fruit, not a female,
fully under a stereoscope. Single clutches were counted in salimas the focal unit. In all other respects, data collection was similar
Eggs from double clutches were mounted in Fluoromount mouta-that described above; thus, estimates of oviposition time ought
ing medium on a depression slide and the number of eggs in eacbe unbiased and not radically different from estimates made us-
clutch were counted under a fluorescent microscope. Specimigsthe focal-female protocol. Most importantly, the data added
were illuminated at 480 nm because, contrary to Brenner's (198/re not biased towards clutches at new or existing sites.
report for the screwworm fly, stained walnut fly eggs did not fluo-
resce more in the UV range than did unstained eggs. At the longer
wavelength, acridine-orange-stained eggs fluoresced bright grestatistical analysis
while unstained eggs appeared dark gray.
Time data again tended to be skewed to the left. Given the univari-
ate nature of the designed comparisons, nonparametric statistics,
Laboratory experiment 3 namely Mann-Whitney tests, were appropriate. Frequency data
were analyzed withG-tests with appropriate corrections (Sokal

In an effort to assess when in the oviposition sequence eggs V@@ Rohlf 1995).
actually laid, we permitted some females to initiate sites but then

interrupted them after the circling phase was deemed to have end-

ed and the quiescent phase to have commenced. At the same B8y Its

we permitted other females to initiate new sites and complete ovi-

position at those sites. In each case, we made time measure ntsI . . . . .
and sealed the site with adhesive tape to prevent further use t:g%‘éa uation of time savings with controls for clutch size
males. At the end of the experiment, sites were dissected and eggs ]

counted under stereoscopy. Laboratory experiment 1

. _ For both species, second clutches were deposited in less
Statistical analysis time than were first clutches (Table 1). Repeated-mea-
Although the time data distribution was skewed to the left, tRMres ANOVA indicated a strong effect of clutch position

skew was not severe and so ought not to have jeopardized th@h- the duration of clutch depositiort(;; = 12.08,
terpretation of significance levels. For this reason and becaése 0.001). By contrast, there was no significant effect of
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Table 1 Total time of deposi-

tion of first and second clutchesFlY species Clutch n Mean time of Mean Time

at same sites on a fruit and dif- position deposition (s) difference (s)

ference in deposition time for

first ve. second clutches. ar- Rhagoletis boycei First 21 476 £68.3) 215.2474.3)

ranged according to fly species. Second 21 257.%37.7)

Standard errors of means . ) .

shown in parenthes:s Rhagoletis juglandis First 14 532.4£190.1) 408.5£190.5)
Second 14 123.9t24.4)

Table 2 Effect of dye treatment and clutch position on the total time spent ovipositing at a site and mean clutch size. The mean differ-
ences are also shown. Standard errors of means are shown in par-intheses

Dye Clutch Mean total Mean Mean clutch Mean
treatment position time (s) difference (s) size difference
Acridine orange First 470.868.3) 268.0£109.5) 19.7£2.2) -0.5 &3.5)
Second 210.1418.3) 20.1£2.3)
None First 564.7%160.3) 347.64157.2) 16.2£2.3) -1.9 ¢£3.7)
Second 217.1435.8) 18.1£2.7)
species on the duration of clutch depositiBpg= 0.14, 8000 (A
n.s.) and no interaction between species and clutch posi—§ -
tion (F;y 33=1.16, n.s.). e
o
3§ 2000
H o
Laboratory experiment 2 2 -
Results for first and second clutches deposited at theg 1000 L = = //////
same site are shown in Table 2. The median total timeO T ——————— . —="
spent depositing eggs at a site is higher for first than for 3 _1._____-_—..—————/
second clutches, regardless of acridine orange treatmentg J/:i A _EE g
Repeated measures ANOVA indicated that clutch posi- 0 H . L . — =
tion had a highly significant effect on the total time spent 0 10 20 30 40
laying eggs (clutch position effect; ,, = 10.05, Clutch Size
P = 0.004). In the same analysis, dye treatment had no 600 F
significant effect on the total duration of clutch deposi- & B -
tion (dye treatment effed; ,,=0.21, n.s.). & sof
Acridine orange treatment had no obvious effect on fly g .
vigor or behavior. This is most apparent in the data on thés 400 | n e

size of single clutches (i.e., those clutches at sites thaﬁx
never received additional eggs). The size of such clutche§ 300
did not depend significantly on acridine orange treatmentg
[mean for acridine orange flies = 17.5 + 2.4 (SE) eggs;5 2%
mean for untreated flies = 23.7 = 2.9 egddest, S
t = -1.65,df = 38, n.s.]. The same lack of effect was
found for the total duration of clutch deposition (mean for 0
acridine orange flies = 413.0 + 46.1 s; mean for untreated
flies = 426.8 + 68.1 st-test,t = -0.165df = 40, n.s.). Clutch Size
In contrast to total time spent laying eggs, mean clutch _ ) » )
1 Regression of total duration of clutch depositionRarjug-

Size was Ipv_ver for first than for second CIUtChes.’ rega@ﬁdis clutch size. Data were pooled over dye treatmehtBirst
less of acridine orange treatment. However, the differenggghes (regression coefficient = 8.85= 0.75, df = 26, n.s.,

were small and, in a repeated-measures ANOVA (Tabbe- 2.1%).B Second clutches at the same sites (regression coeffi-

2), neither clutch positiorF( ,¢= 0.20, n.s.) nor dye treat-cient = 5.55¢ = 2.66,df = 26,P = 0.01,R? = 21.4%;

ment €, ,6= 1.57, n.s.) had a significant effect on clutch

size. Neither was there a significant interaction betwe@ne required to deposit the eggs themselves into the

clutch position and dye treatmeht ;= 0.08, n.s.). fruit. Rather, the time difference likely reflects a differ-
The absence of a clutch size difference between figsice in “setup time”, i.e., the time required to penetrate

and second clutches implies that the difference in the tioe husk surface and sculpt the cavity into which eggs

tal duration of clutch deposition is not a difference iare placed. This interpretation received support when to-

100

Time o




170 OECOLOGIA 109(1997) © Springer-Verlag

Table 3 Effect of acridine orange treatment and clutch positigecond clutches deposited at the same site are also shown. Stan-
the on duration of two components of oviposition, circling andhrd errors are shown in parentheses
quiescence, irR. juglandis Differences in duration for first vs.

Dye Clutch Mean duration Mean Mean duration Mean
treatment position of circling difference of quiescent difference
phase (s) (s) phase (s) (s)
Acridine orange First 348.3 (£109.3) 308:61(12.6) 193.5£14.9) 17.2£16.4)
(n=14) Second 39.7 (x15.3) 176.812.3)
None First 506.5 (x277.7) 450.3266.2) 168.3£18.6) 5.0 £14.9)
(n=15) Second 69.2+23.3) 144.1£25.4)
2500 o 400

) A o 3 A

(0] (0]

22 17}

Py 2000 2 300

3 T

£ ]

T 1500 F <

£ o~ o 200

S = ke

S 1000 [ O o /,// E

s} e — - S 100

8 500 [ s

; - g

o 0 E//EE [ “T‘Em J 8 0

0 10 20 30 40
Clutch Size
300 300
B
o

200 200

100 100

Duration of Quiescence Phase (sec)

Duration of Circling Phase (sec)

Clutch Size Clutch Size

Fig. 2 Regression of duration of the circling phaseRinjuglan- Fig. 3 Regression of duration of the quiescent phasB.gaglan-

dis clutch size. Data were pooled over dye treatmeftstirst dis clutch size. Data were pooled over dye treatmeftstirst
clutches (regression coefficient = 11.867 0.82,df = 18, n.s., clutches (regression coefficient = 3.@4; 2.27,df = 18,P < 0.02,

R2 = 3.6%).B Second clutches at the same sites (regression codff-= 26.9%).B Second clutches at the same sites (regression coef-
cient = 1.88f = 1.28,df = 22, n.s.R2 = 6.9%, ficient = 3.84,t = 3.07,df = 22,P = 0.006,R2 = 30.0%’

tal duration of clutch deposition was regressed againstFurther support for this interpretation emerges when
clutch size. For first clutches, there was no significant t&e total duration of clutch deposition is broken down in-
lationship between overall time spent ovipositing artd the duration of circling and quiescent phases (Table
clutch size (Fig. 1a). For second clutches, however, ov@y- The median duration of the circling phase was greater
all duration of clutch deposition was significantly antbr first than for second clutches, whereas the median
positively related to clutch size (Fig. 1b). The differenaduration of the quiescent phase differed little between
in significance levels squares with the notion that féest and second clutches. Separate repeated-measures
males at new sites are spending significant amountsAdfOVAs indicated that clutch position had a very highly
time penetrating the husk and forming the cavity, wheggnificant effect on the duration of the circling phase
as females using existing sites are spending time prim@fi; ;4= 9.12,P = 0.007), but no significant effect on the

ly placing eggs within the already formed cavity. duration of the quiescent phade, (4 = 0.85, n.s.). For
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Table 4 Results of the experiment in which females were interrupted at the end of the circling phase and beginning of the quiescent
phase, while control females were uninterrupted. Standard errors are shown in parintheses

Treatment n Mean duration Mean total Mean clutch Mean ratio of
of circling duration of size eggs number: time
phase (s) oviposition (S) in oviposition
Interrupted 13 54.5 (£10.9) 54.5 (£10.9) 0.7 (£0.6) 0.018 (+0.017)
Uninterrupted 11 58.9 (+14.9) 199.2 (£21.1) 17.5 (£2.5) 0.097 (£0.019)

an=12 for clutch size and ratio dista

Table 5 Consequences of use

of new versus existing sites for Attribute Statistic At new sites At existing sites
matings inR. juglandis Shown . . )
are ﬁeg|d date{ fgr focal females Proportion of egg-laying attempts Median 0 0.375***
that made at least two egg-lay- interrupted by male SE 0.03 0.07
ing attempts during an observa- N 17 8
tion Number of matings Median 1 3*
SE 1.2 3.1
N 17 8
* P<0.05; *** P<0.001 accord- ; ; ;
ing to a Mann-WhitneyJ-test Mating duration (s) Sl\éedlan 4?07 284&5
of values at new versus existing N 13 '

sites

neither duration variable was there a significant effect Bktra time spent in additional male encounters
dye treatment.
Regressions of duration on clutch size further suigield observations

ported the notion that the circling phase involved estab-
lishment of the cavity whereas the quiescent phase @wing in part to interruptions by males, few clutches
volved the placement of eggs in the cavity. The duratiosere actually deposited during our observations and di-
of the circling phase was not significantly related tect field evidence for time savings was therefore scant.
clutch size for either first or second clutches &Adal- When field data from other sites and years were included
ues (measures of the proportion of variation in circling the analysis, the median overall ovipositor-boring time
duration explained by regression on clutch size) wem clutches deposited at punctures was 150.5 + 74.3 s
small (Fig. 2). In contrast, for both first and secon@®E) ( = 8), whereas the median time for clutches de-
clutches, the duration of the quiescent phase was sigmifisited at new sites was 363 + 47.31s(5). This differ-
cantly and positively related to clutch size (Fig. 3). ence was significant (Mann-Whitnéy-test,U = 35.00,

P < 0.03) and, while we could not rule out differences in

clutch size as a factor in this difference, fully consistent
Laboratory experiment 3 with laboratory data.

Any given female tended either to attempt to use ex-

In a final effort to demonstrate that circling behavior irsting sites or to establish new ones, but rarely used both
volved piercing the husk and generating a cavity but ngpes of sites. In analyzing data with respect to matings,
the actual placement of eggs within the cavity, we intave therefore grouped females according to their pre-
rupted some females after the circling phase was deerfezted site. As predicted, given that males guard egg-lay-
to have ended and the quiescent phase to have cmg-sites, females attempting to deposit eggs at existing
menced. Other females were permitted to complete csites were proportionately more frequently interrupted by
position at new sites. The interruption treatment was alales than were females attempting to establish new
ternated with the control treatment systematically oveites (Table 5). In addition, the overall number of mat-
time. The results are shown in Table 4. The durationings (whether occurring in the context of egg-laying or
the circling phase was not significantly different for imaot) was significantly higher for females initiating egg-
terrupted versus uninterrupted femaleteét,t = -0.237, laying at existing egg-laying sites. Since the duration of
df = 19, n.s.). Yet uninterrupted females laid a mean ioflividual matings did not depend significantly on site
over 15 eggs, compared to almost no eggs for interrupséatus in this set of observations (Table 5), it seems likely
females {-test,t = —6.58,df = 21, P < 0.001). In fact, just that females attempting to lay eggs in existing sites spent
2 of 13 interrupted females laid any eggs at all. Finallmore time overall engaged in mating than females at-
the mean ratio of number of eggs laid to overall duratitempting to lay eggs at new sites.
of clutch deposition was significantly lower for interrupt- The apparent difference in time spent mating notwith-
ed than for uninterrupted femalestést, t = —3.48, standing, females initiating egg-laying in existing sites
df=20,P =0.002). deposited proportionately more clutches during a given
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Table 6 Patterns of egg-laying

attempts and clutch deposition Attribute Statistic At new sites At existing sites
for R. juglandisfemales at new
vs. existing sites. Time data arePercentage of females % 9.7 42.1%*
shown for that subset of focal ~depositing clutches N 34 19
females for which accurate Percentage of females % 50 421
time records were ma e attemptmg egg_|aying N 34 19
Time spent attempting Median 90 14-5
to lay eggs (s) SE 50.6 50.1
N 27 14
Total time on fruit (s) Median 330 42%
** P<0.01 according to a SE 1971 3938
N 29 14
G-test

observation than females initiating egg-laying at nedwaps been best studied, time saving probably depends on
sites (Table 6). This difference was due neither to difféhe kind of host attacked. Where hosts are capable of es-
ences in the proportion of females that attempted to Eping or defending themselves from attack (reviewed in
eggs at each type of site nor to differences in time sp&udfray 1994), for instance, selection to minimize the
attempting to lay eggs (Table 6). Rather, the differenogpositor penetration time of an endoparasitoid might
was due to the tendency for an egg-laying attempt to be-very strong and “setup” times for parasitization, even
sult in egg deposition: 100% of females 8) that at- of unparasitized hosts, consequently short. Some paras-
tempted to lay eggs at existing sites actually did so, caiteids, for instance, inject venom rapidly into hosts, re-
pared to just 18% of femalen € 17) that attempted totreat, and return to lay eggs when the host is unable to
lay eggs at new sites. defend itself (Vinson and lwantsch 1980). In this case,
Given that the median overall time that a focal femadeperparasitism involving reuse of oviposition sites may
was observed at a new versus an existing site was prowide little in the way of time savings in a process that
significantly different (Table 6), it seems likely that feis already relatively rapid.
males using existing sites were laying eggs at higherSimilarly, where hosts are relatively easy to penetrate
rates than females establishing new sites, at least(dérg., caterpillars), time saved by reusing sites may be
terms of the time spent on the fruit. It also seems likatyarginal. Both with respect to active host defense and
that the time spent in mating by females attempting hiost penetrability, it is interesting to note that the only
use existing sites, whether or not it constituted “wasteilVo instances in which entomophagous parasitoids have
time, was more than offset by the time saved in “setupéen shown to reuse oviposition sites involve, in one
time for clutch deposition. While our data do not pernigse, lepidopterous eggs and, in the other, silk-cocooned
us to make a direct, statistically robust comparison, thewfly pupae (Price 1970; Takasu and Hirose 1991).
extra time spent mating when attempting to reuse si®h hosts are relatively incapable of escape or active
was in the order of 100 s (Table 5), whereas the estinggfense, and both possess relatively tough outer cover-
ed time saved in the field by reusing a site for egg-layiimgs.
was on the order of 200 s. Females that reuse sites thus
appear to gain a net advantage in terms of the time re-
quired to deposit clutches. Fitness consequences of reusing egg-laying cavities

i i There are several reasons to believe that the saving of
Discussion time by the reuse of existing egg-laying cavities has even
more significance in terms of the overall reproductive
Time saved by reusing egg-laying sites as a benefit success of a walnut fly female than is reflected in our as-
of superparasitism says. First, savings in time spent ovipositing may confer
reductions in predation risk. Predation on walnut flies on
Time saving for superparasitizing walnut flies essentiafisuit appears to be intense and, as noted for related spe-
involves reduction in “handling time,” specifically timecies (Papaj 1993), female walnut flies seem particularly
spent in penetrating the husk and generating the cavityirnerable to attack by predators when ovipositing. If so,
the walnut husk within which eggs are placed. In otharsaving in clutch deposition time stands to increase fe-
host-specific insects, time savings in terms of host hamale fithess over and above any advantage in terms of
dling time may or may not be an issue. For those herlire rate at which clutches are laid. Second, in most as-
orous insects or entomophagous parasitoids that depsaits, we used ripe to very ripe fruit. The time required to
eggs on the outside of host surfaces, for example, daere through a fruit surface depends on its penetrability,
ings in handling time associated with the reuse of sitghich depends in turn on the degree of ripeness (Papaj
would presumably be negligible. In entomophagous eand Messing 1996). Where attacked fruit are less ripe
doparasitoids where superparasitism avoidance has ped therefore less penetrable than fruit used in our as-
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says, time savings might be significantly greater thahnumerous families including Ericaceae, Rosaceae, So-
measured in our assays. lanaceae, and Juglandaceae (Bush 1966), yet only those
That time savings should depend on fruit ripenessaitfacking juglandaceous hosts appear to reuse cavities
consistent with the behavior of the taxonomically relatéBapaj 1993, 1994; Lalonde and Mangel 1994). Unfortu-
walnut husk fly, R. completa Lalonde and Mangel nately, since all walnut-infesting species belong to a sin-
(1994) noted that penetrability dtiglansfruit changed gle clade within the genus (tlsiavisgroup; Berlocher
markedly over the course of a season and that use ofamd Bush 1982), it is possible that this behavior arose
isting sites byR. completadeclined in association withjust once within the genus and it is therefore not possible
that change. However, at least three other explanatibtmstate with confidence that the trait depends critically
for use of existing sites have been advanced (Papaj 19898host taxon or any other trait common only to mem-
1994; Lalonde and Mangel 1994), the first two of whiders of the clade.
are also consistent with Lalonde and Mangel’s findings. Even if host taxon were important, variation among
First, females may save energy as well as time when species in reuse of sites might involve variation in the
isting sites are exploited; energy may actually be limitests and/or benefits of this behavior. We have no reason
ing. Second, tephritid ovipositors are subject to physitalbelieve that time savings associated with reuse of ovi-
wear, and use of existing sites may relieve such weaosition sites on walnut husks are significantly greater
Time savings and ovipositor wear are not necessarily than those associated with fruit attacked by other spe-
dependent of one another. Females with worn ovipositoigs, but data are lacking. Alternatively, the restricted
may take relatively longer to establish new sites and distribution of the reuse trait within the genus may have
benefit more in terms of savings by reusing sites than fe-do with its possible cost, specifically competition in-
males with less worn ovipositors. curred by progeny placed in occupied fruit (Lalonde and
Finally, larvae may benefit in some way by beinglangel 1994). The fruit attacked by other members of
placed in existing sites, possibly growing faster as methe genus (e.g., hawthorn berries, blueberries, dogwood
bers of a second clutch by taking advantage of symbidiierries, snowberries, and cherries) seem to offer less ma-
bacteria injected by the female depositing the first cluttdrial for growth and development than does a walnut
(reviewed in Papaj 1993). Evaluating this possibility r&usk. For example, hawthorn berries rarely yield more
quires data relating larval survival to number of clutchegban threeR. pomonellapupae, even when considerably
While such data are lacking, we suspect that larvae canore eggs have been deposited in them (Averill and Pro-
pete within fruit to a degree that more than offsets akypy 1987; Feder et al. 1995). In contrast, walnut fruit
social facilitation. Infestation levels in fruit in the fieldcommonly yield dozens d®. juglandisand/orR. boycei
for instance, are positively correlated with fruit size, gaipae (Papaj, unpublished data).
expected if larvae were competing (C. Nufio and D.R. That use of existing cavities constitutes a trade-off be-
Papaj, unpublished data). For the taxonomically relateceen benefits such as time savings, on the one hand,
Mediterranean fruit fly which also reuses sites, thereand costs of larval competition, on the other, is illustrat-
good evidence for larval competition (reviewed in Papegl by the behavior of the taxonomically related Mediter-
1993). Moreover, Mediterranean fruit fly females are denean fruit fly, Ceratitis capitata Under experimental
terred by a host-marking pheromone laid down after eggnditions, females of this species were found to use ex-
laying and thus behave as though larvae compete (s¢ing sites when benefits in terms of time savings are
viewed in Papaj 1993; Papaj and Messing 1996). high, but to avoid use of existing sites when benefits in
time savings are low and costs of competition high (Pa-
paj and Messing 1996). Similarlpoencyrtus nezarae
Why don’t allRhagoletidlies reuse existing sites? parasitoids reused oviposition holes in host eggs when
inexperienced or when deprived of the opportunity to
Few studies of superparasitism avoidance have considiposit for several days, but preferred unparasitized
ered the possibility that there are advantages associdtests after a recent oviposition (Takasu and Hirose
with superparasitism. Nevertheless, the benefits of supgE$91). In noting this pattern, Visser (1992) speculated
parasitism enumerated above are surely broadly applitet parasitoids were attending to time savings (and thus
ble. Evaluating possible benefits for species that avea&lising sites) when time limited but were attending to
superparasitism would provide useful confirmation of itarval competition (and thus using unparasitized hosts)
ferences made about the functional significance of sughen egg limited. It would add rigor to the functional
behavior. If avoidance of superparasitism, where ddnalysis of superparasitism to evaluate the possible dy-
served, is truly functional, then the costs of superparasidmics of a handling time/larval fitness trade-off in such
ism in terms of competition must exceed these benefassystem.
In this context, it is worth asking why moRhagoletis
species studied avoid superparasitism (reviewed in Aweknowledgements We thank Ruth Allard, Zac Forsman, Laurie
rill and Prokopy 1989). In particular, why don’t mor%(}nneman, Jessa Netting, and César Nufio for comments. Sheri
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