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SUBSTANTIALLY SUBMAXIMAL OVIPOSITION RATES BY A
MYMARID EGG PARASITOID IN THE
LABORATORY AND FIELD!

Janmes T. Cromin? anpe DonarD R. STRONG
Bodega Marine Labaratary, University of California, Davis,
P.O. Bax 247, Bodega Ray, California 94923 USA

Abstract. We examined in the laboratory and field the foraging behavior of the ste-
nophagous egg parasitoid 4ragrus delicatus (Hymenoptera: Mymaridae) within discrete
patches of its planthopper host, Prokelisia marginata (Homonptera: Delphacidae) on leaves
of salt marsh cord grass, Sparting alterniflora. Females efficiently discriminated between
leaves with and without hosts, leaving empty leaves within 6 min, on average. On leaves
with hosts, wasps remained =10 times as long (¥ + 1 s = 62 * 8 min); time on a patch
was independent of host density. In the laboratory, newly mated female 4. deficatus en-
countering hosts for the first time and bearing an average of 33 yolked and mature eggs,
parasitized an average of 6 hosts (laying 18% of her eggs) before dispersing from patches
containing an average of 81 hosts. Many more hosts were probed than were parasitized.
In field experiments with mixtures of newly mated and experienced females, the proportion
of eggs laid by these wasps was even lower; between 4% and 26% were laid in a series of
experiments that spanned 20 dates over 10 mo. In all tests, available hosts far exceeded
wasp fecundity.

Most, if not all hosis, were alive, available, and supported development of parasitoids
if parasitized. Increasing numbers of female wasps visiting a patch led to increasing par-
asitism rate, to an average aof 75% with 20 female wasps. Even though many hosts on a
patch were probed and rejected by each wasp, rejected hosts were parasitized by subsequent
wasps and yielded live parasitoid offspring; rejected hosts were not unsuitable hosts. Leaf
thickness provided no refuge from parasitism by A. deticatus. Hosts laid deep within plant
leaves {X = 118 um) were no less vulnerable to attack than those laid shallow, and all hosts
were well within the range of the long ovipositor of A. deficatus (X = 394 pm).

Single wasps dispersed hefore the ratio of unparasitized to parasitized hosts was much
decreased by their efforts; dispersal was not precipitated by high encounters with parasitized
hosts. Handing time constraints were small (X' = 2.2 min) in relation ta total patch time
(X = 62 min), and thus did not account for the low number of ovipositions. Interference
among searching parasitoids was not responsible for the underutilization of hosts in the
field because single wasps, searching alone in new patches not previously visited by A.
delicatus, displayed the same characteristically low attack rates as wasps searching together
with others.

Classical arguments of parasitold foraging, which assume maximization of oviposition
rate with respect to time, are inconsistent with the substantially submaximal oviposition
rates for this parasitoid. Anagrus delicarus passed up many suitable and available hosts in
each patch and visited multiple patches during its lifetime; number of eggs laid increased
linearly with the number of patches visited. Wasps visiting =5 patches laid an average of
32 egps (93% of average egg complement). Qur hypothesis is that this is a foraging sirategy
build upon compromising the time rate of avipasitian in favor of spreading ovipositions
amang patches and sites. We observed high mortality of host-plant leaves, and thus of
host-insect patches, in the field due to leaf senescence (20-30%), which would favar spread-
ing of parasitoid offspring among leaves.
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interference; planthopper; Prokelisia marginata; refugia; risk-spreading, salt marsh.
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INTRODUCTION

Foraging parasitoids are routinely confronted with
hast populations that are spatially fragmented among
leaves, plants, and different clumps of the host plant.
Much theoretical emphasis has been placed on how
these parasitoids should apportion their time among
host patches in order to maximize their lifetime re-
productive success (Stephens and Krebs 19868). The
classical idea for solitary parasitoids is that success is
based upon the highest rate of aviposition with respect
to time. Parasitoids should forage longer and parasitize
propartionately more hasts in paiches of high host den-
sity (Hassell and May 1974, Murdoch and Oaten 1975,
Charnov 1976, Cook and Hubbard 1977). By doing
s0, the rate of encounter with hosts is maximized, and
most eggs are laid in the shartest time. Foraging wasps
are generally assumed to employ any of a vanety of
indirect means {“rules of thumb™) 1o distinguish fea-
tures of patches and alter their foraging efforts in re-
sponse (Stephens and Krebs 1986).

Physiological or morpholagical constraints, such as
low parasitoid fecundity or long handling times for
individual hosts, may lower attack rates below theo-
retical maxima (Holling 1959, Hassell 1978, Lessells
1985). For example, Morrison et al. (1980} suggested
that, in spite of area restricted search by Trichogramma
spp., limited egg supply led to underutilization of high
density patches of its host, Heliothis zea. Environ-
mental factors may also confuse or interfere with
searching parasitoids. An invulnerable host age class
or host refuge can slow parasitoid oviposition by ex-
tending host acceptance time or by making hosts dif-
ficult to find (Murdoch and Oaten 1975). The presence
of conspecific parasitoids (adults or their offspring) or
their by-products {marking pheromones) can also re-
duce patch use by individual wasps. This interference
among parasitoids can lead to a decline in either the
per capita number of hosts attacked or the rate of attack
as wasp density increases (Hassell and Varley 1969,
Free et al. 1977). Intraspecific interference appears to
be a common constraint of insect parasitoids (Hassell
1978).

Maximum egg laying rates per vulnerable host are
not the only possibility for parasitoid foraging, how-
ever. Spreading eggs among host paiches as an adap-
tation to risks that vary unpredictably among patches
in space certainly could result in submaximal aovipo-
sition rates, Wasps may adapt an evolutionary com-
promise that maximizes fitness by lowering the vari-
ance 1n success rate (Sih 1980, Real et al. 1982, Iwasa
et al. 1984, Houston and McNamara 1986, Real and
Caraco 1986, Mesterton-Gibbons 1988, Strong 1988).

In this paper, we use a series of [aboratory and field
experiments to describe how a fairyfly parasiteid, An-
agrus delicqtus Dozier {Hymenaptera: Mymaridae),
forages then disperses away from patches of hosts that
are only minimally depleted of hosts. Egg limitations,
time constraints, suitability and availability of hosts,
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and host and parasitoid density are examined to de-
termine their effect on parasitoid foraging. We then
compare A. delicatus foraging behavior with predic-
tions from theory based on a parasitoid that maximizes
the time rate of oviposition. Finally, we propose and
offer evidence to support an alternative faraging strat-
egy whereby wasps lower the time rate of oviposition
in favor of reduced variance in offspring survival.

MEeTHODS
Study organisms

Prokelisia planthoppers (Homaptera: Delphacidae)
are the most abundant insect herbivores of intertidal
marshes along the Atlantic and Gulf coasts of the Unit-
ed States (Denno and Grissell 1979, McCoy and Rey
1981, Vince etal. 1981, Stiling and Sirong 19824, Den-
no et al. 1987). These planthoppers feed on and ovi-
posit in the leaves of their only host plant, salt marsh
cord grass, Spartina alterniflora Loisel, which often
occurs on beach fronts, small oyster bars, and islands
of varying size. Inserted inside the linear cord grass
leaves, Prakelisia epgs are typically aggregated in dis-
crete patches of | ar 2 em along the 20-30 ¢m average
leaf length. Prokelisia dolus Wilson is rare at our sites
and is restricted to higher elevation back-marsh. sites.
This study concerns only P. marginata (Van Duzee),
which is widespread and abundant throughout the salt
marsh (Denno et al. [987; . T. Cronin and D. R.
Strong, unpublished data). In north Florida, P. mar-
ginata egg-to-adult generation times range from 3 wk
during the summer months to 6 wk when tem peratures
decline (Strang et al. 1990). All life history stages are
present throughout the year.

The fairyfly parasitoid, A. delicarus, i1s a minute (0.7
mm} solitary insect that attacks the egg stage of its only
known hosts, P. marginata and P. dofus (Stiling and
Strang 1982¢, Cronin and Strong 1990a). Adults live
at most 2 d in nature (Cronin and Strong 19904) but
can disperse several kilometres during their brief ex-
istence (Antolin and Strong 1987). Parasitism rate from
A. delicarus is usually fairly low (<20%), but acca-
sionally reaches high levels (= 80%), and is both spa-
tially and temporally density independent (Stiling and
Strong 19824, Strong 1989, Cronin and Strong 199048).

Experimental host patches

The planthopper adults used in this study were col-
lected from offshore islands and beach fronts in Qyster
Bay, Wakulla County, Floerida, USA with a sweep net,
aspirated into glass tubes, and quickly transparted on
ice to the laboratory. Females were unambiguously
sarted to species according to the procedure of Denna
et al. (1987). Individuals with a frons length-to-width
ratio of =1.64 were classified as P. dofus, and those
with ratios >1.77 were classified as P. marginata. A
key based upon the shape of the valvifers of segment
8 (Heady and Wilson 1990) corroborated our use of
frons ratios in discriminating these two species. We
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restricted our study to P. marginata hosts, but note
here that P. marginata and P. delus do not differ no-
ticeably in rate of attack or acceptance by A. delicarus
{Cronin 1991).

Uniform diserete host patches were produced in the
laboratory with 10 female and 2 male P. marginata
placed in a “clip cage.” The cage was constructed of a
40 mm length of 18 mm diameter acetate tubing that
was inserted over a single leaf (ranging in size from 12
to 30 cm) on a potted S. alterniflora culm. The tubing
was positioned at the leaf base and capped at each end,
leaving the upper surface exposed (Cronin and Strong
1990a). The planthoppers fed upon and ovipaosited into
the leaf sections within the cages for a 48-h period,
producing discrete patches of host eggs that were of
uniform age and area. Patches averaged 58.2 £ 5.7
hosts {mean + | SE; range: 2-257 hosts, #» = [282),
which fall within the range of densities found in nature
(Stiling and Strong 19825, Strong 1989).

The A. delicatiis used in this study were collected as
developing larvae and pupae in leaves of 5. alterniflora
obtained from salt marshes of Oyster Bay. As a control
for the possibility of host-specific parasitoid races
{**biotypes'), wasps were collected only from habitats
that supported large populations of P. marginata.
Leaves were placed in plastic howls in the laboratory
and kept healthy by immersion of the ends in a water-
retaining starch gel. Wasps were reared from these leaves
according to the procedure outlined in Cronin and
Strong (1990a), which ensures that female A. delicatus
are of similar age and quality: <3 h old, mated, and
with no previous oviposition experience. Qviposition
rates are maximal under these conditions.

Laboratory experiments

Pavrasitoid reproductive capacity. — Egg maturation in
A. delicanis was determined with the vital stain trypan
Blue (Telfer and Anderson 1968, Barbosa and Frangilla
1979). Eggs still in the process of yolk deposition ab-
sorb the dye and stain blue, whereas those that have
ceased vitellogenesis remain clear. We consider eggs
mature at completion of vitellogenesis.

We determined the time course of egg maturation
and number of mature eggs of A. delicaius by dissec-
tions of female wasps at three stages of development:
young pupae, old pupae, and newly eclosed adults <3
h old. In young pupae (=10 d prior to eclosian), the
head and body are just outlined, and the avipositor is
lightly scleratized. Old pupae (3 d prior to eclosion)
are fully formed and darkly pigmented. The numbers
of mature (clear) and immature (stained) eggs were
recorded for 7 female wasps in each group. To chiain
amore complete picture of the distribution of fecundity
at eclosion, we counted eggs, by dissection, from an
additional 100 female wasps that had just eclosed.

The potential for other oocytes to mature during
adult life was assessed by examining the distal portion
of the ovarioles {the germarium). The reproductive
tracts af 5 recently eclosed adult famales were embed-
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ded in a metbacrylate resin (JB-4, Polysciences, Inc.,
Warrington, Pennsylvania, USA), sectioned in 1-um
increments, and examined at 200 x under a compound
light microscope. We recorded the size and state of
developmment of all cocytes.

Parasitold foraging wirthin parches. — A single host
patch (on a leaf still attached to the potted cord grass
culm) was positioned under a dissecting microscope
outfitted with a video camera that magnified (25x)
and projected the patch onto a television monitor. A
single female wasp was gently released onto the unen-
closed patch and her foraging bebavior recorded on
videocassette. Wasps remained for lang periods on sin-
gle leaves, and a trial was contipued until the wasp left
the leaf, either by flying or by walking. Behavioral trials
were conducted between 1200 and 1600 on 39 female
A. delicatus, each on a different host patch. We deter-
mined survivarship of parasiteid offspring from egg to
adult eclosion by incubating plants (15 patches) in iso-
lation until all developing wasps had emerged. Number
surviving can be unambiguously assessed by a count
of the round A. delicatus exit holes on the lower leaf
surface. For replicates in which the ovipositing wasp
could be recovered after she left the leaf, we dissected
the wasp in insect Ringer's solution and counted the
number of eggs remaining in the reproductive tract.

Videotapes were scored for the durations and se-
quence of three distinet behaviors: probing (insertion
af ovipositar), searching {walking and antennal move-
ment), and resting (ovipositor retracted and no move-
ment). Duration of probes by all 4. deficatis is bi-
maodal; each probe is ¢ither short (mode 20 s) ar long
{mode 120 s}, and there is no overlap between the two
distributions {Cronin and Strong 19904). Dissection of
probed eggs revealed that parasitoid eggs were laid only
during long probes (=90 s; Cronin and Strong 19904x).
Shorter probes never resulted in oviposition; all were
ahorted {e.g., failures, misses, or rejections of hosts).
Therefore, oviposition can be unambiguously inferred
from duration of avipositar insertion into the leaf. From
video recordings we caleulated (1) duration of time on
the leaf (total patch time); (2} total time spent search-
ing; (3) rate of oviposition {reciprocal of the mean time
spent between successive ovipositions, excluding the
interval between the start of the experiment and the
first oviposition); (4) time spent ovipositing (time taken
to lay one egg, from insertion to withdrawal of ovi-
positor, plus time spent grooming afterwards = han-
dling time); (5) number of ovipositions; (6) time spent
in aborted probes; (7} number of aborted probes; (8)
giving-up time, GUT (time spent on patch after the
last oviposition or, if no oviposition, the total time on
the patch); and (9) total time spent resting.

Host refuge. —We examined whether host depth
within a leaf affects the vulnerability or accessibility of
a host to parasitism by 4, deficatus. Eleven host patches
were created, and 5 female wasps were caged for 24 h
in a clip cage surrounding each patch (l- to 3-d-old
hosts). This number of wasps ensured that virtually all
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hosts would be encountered by the wasps. Five days
after exposure, leaves were dissected, the depth of all
hosts was measured and categorized as parasitized or
unparasitized. Host depth was measured with an ocular
micrameter {(marked with a 10-pm grid) as the distance
from the upper leaf surface to the most proximal por-
tion of the host {the head region of the developing
planthopper nymph). To determine whether hostdepth
influenced parasitism, we divided hosts into classes
spanning 23 um increments in depih. For each class
the prapartion parasitized was determined. The rela-
tionship between parasitism (angular transformed} and
depth was determined by least squares regression, where
parasitism. was weighted by the number of host eggs
in each depth class.

Using an ocular micrometer, we measured the ovi-
positors of 100 female wasps obtained from field sam-
ples. Previous examination (D. R. Strong and J. T.
Cronin, unpublished dara) of the entry paint of the 4.
delicatis ovipositor into the host, where a blackened
scar 1s made, indicated any point aleng the entire length
of a successfully parasitized host may be probed. We
therefore measured vulnerability to attack as the degree
of averlap between avipasitor length and egg depth.

Hast suitability. — To determine if 2 substantial frac-
tion of P. marginata eggs in a patch provide suitable
hosts for the development of A. delicaius larvae, we
exposed host patches to varying densities of mated,
newly eclosed female wasps. From 1 to 8 wasps were
released simultaneously on a single uncaged host patch.
After all wasps dispersed, the plant bearing the host
patch was placed in iselation for 5 d, after which time,
plants were dissected to determine parasitism. Hasts
were deemed suitable for development if wasp larvae
survived to the end of the 3-d incubation period, which
is approximately the start of their second instar. This
procedure was replicated 15 times for the one wasp per
patch treatment and between 5 and 7 times for all
others,

In an attempt to promote maximal rates of parasit-
ism, we released 20 female A. delicarus over a 3-d
period on eight additional host patches, Parasitism was
determined as described above.

Parasitoid foraging among patches, arena experi-
ment. —We examined the foraging and dispersal be-
havior of A. deficatus amang host patches by releasing
individual wasps into a large arena cansisting of 81
cord grass culms (60 em average height, 4-6 leaves per
culm), each planted singly in a pot 11.5 ¢m on 2 side.
The pots were set together to form a 9 x 9 array,
resulting in 2 103 x 103 ¢m arena. Thus the 0.7 mm
long wasp was in an environment with linear dimen-
sions of = [ 500 times its body length. Each plant con-
tained a single host patch on one of its leaves.

A single mated female A delicarus (<3 h old) was
released onto the host patch of the central cord grass
plant. At 5-min intervals the patch was examined for
the presence of the wasp. When the wasp dispersed, its
patch time was recorded and a systematic inspection
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of all other patches was undertaken. Qbservations were
made from outside the arena and no plants were dis-
turbed during the search. Less than 1 min was required
to examine all 81 host patches for the presence of the
wasp. Every 3 min this search was repeated until the
wasp was found on one of the patches; if not located
within 30 min the experiment was terminated. Upon
location of the wasp, the x-y coordinates of the new
host patch were recorded. This entire procedure was
repeated until the wasp could no longer be found after
30 min of search. At the conclusion of the experiment
a]l plants were incubated in isolation for 5 d and then
dissected to determine numbers of parasitized hasts
surviving to the end of the incubation period. Patches
not visited by wasps were included to determine if
visits to other patches had been overlooked or if con-
tamination by alien wasps had occurred. We note here
that patches scored as unvisited yielded no wasps. A
total of 12 replicates of this experiment were per-
formed, L/d for 12 consecutive d.

Field experiments

Per capita parasitization. —Host patches were cre-
ated on each of two leaves per plant on 10 individually
potted cord grass culms, for a total af 20 replicate
patches. The 10 experimental plants were then placed
in a pure stand of cord grass in the backmarsh at Oyster
Bay, where tidal effects and the action of waves are
minimal. The pots were sunk flush in the marsh in a
line transect, each separated from the next by a distance
of 2 m. After 72 h of exposure to natural parasitoids,
the plants were returmed to the laboratory and allowed
to incubate for an additional 5 d before each host paich
was dissected. Parasitism was recorded.

Atthe same time, 25 plants occurring naturally along
the same transect were haphazardly chosen, and a spot
of sticky Tanglefoot (The Tanglefoot Co., Grand Rap-
ids, Michigan, USA) was applied to a 40-mm section
at the base of one green leaf on each. Searching para-
sitoids either alight directly on the sticky surface or
walk inte it after landing on an unaltered section aof
the leaf. The Tanglefoot holds them securely (see Re-
sufts). This method allows an estimate of the number
of A. delicarus encauntering each host patch in the field.
We describe below a test of the possibility that the
Tanglefoot neither attracts nor repels 4. delicatus. At
the end of 72 h, these sticky leaves were collected along
with. experimental plants, inserted hetween a pair of
acetate sheets, and examined under a dissecting scape
for female parasitoids.

This experimental procedure was repeated on 20 ex-
perimental dates over 10 mo starting in July 1988 and
ending in April 1989. Intervals between repetitions
were set by the availability of adult planthoppers for
sources of hosts. The same line transect was used
thraughout.

Thus, parasitism and parasitoids searching per patch
were estirmated separately in host patches and on leaves
with Tanglefoot, respectively. Caombining both mea-
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sures on the same patch would have required direct
observation of wasp foraging in the field, a daunting
task given the small size of these wasps. We therefore
estimated per capita parasitization using the following
procedure, For each experimental date, we calculated
the mean number of captured wasps per leaf (w) from
the Tanglefoot traps, the mean number of hosts par-
asitized per patch (p) from the experimental host patch
data, and the mean number of hosts parasitized per
female wasp (p/w}. This p/w quotient represents an
estimate of the per capita number of hosts parasitized.

This technique provides a single estimate of per cap-
ita parasitization over the 20 experimental host patches
on a single date, which is well within the substantial
dispersal capacities of A. deficarus (Antolin and Strong
1987). An earlier analysis of these data revealed no
spatial relationship between host density and parasit-
ism within each of the 20 experimental dates (Crenin
and Strong 19904). In the present study we first ex-
amined how average per capita parasitization varied
seasonally among summer, fall, winter, and spring
samples. Second, we examined how average per capita
parasitization varied in response to mean host density,
parasitoid density, and parasitism among all experi-
mental dates.

We determined the average number of eggs in the
population of foraging female wasps by counting the
eggs in captured specimens. One hundred females were
collected on yellow sticky traps (coated with Tangle-
foot) from the field transect. Collections were made on
30 July, 21 August, 15 September, 7 November 1988,
3 January, 21 February, and 7 March 1989. For an
estimate ofefliciency in the field, we calculated an index
of the percentage of available eggs that had been laid
by female wasps before their capture, by dividing the
per capita number of hosts parasitized by the mean
number of eggs contained within each captured wasp.

We tested with a laboratory experiment the as-
sumption that A. delicarus is neither attracted nor re-
pelled by the Tanglefoot on leaves. Two potted cord
grass plants were positianed 25 cm apart on a labo-
ratory bench: one with Tanglefoot applied ta a 40-mm
section of the leaf base and the other with 2 single host
patch on one of its leaves. A bowl |5 em wide and 6
cm deep containing > 50 adult female 4. deficatus was
positioned 25 ¢cm from either cord grass plant in an
equilateral triangle with the two plants and the bowl
forming the vertices. The experiment was initiated by
removing the lid on the bowl and allowing the wasps
to disperse. The experiment was repeated five times
aver 2 d and the position of the bowl and two planis
was changed randomly each time to minimize position
effects on parasitoid movement. We menitored both
the leafwith Tanglefoot and the leaf with the host patch
continuously for 2 h for armival of 4. deficatus and
recorded the wasp numbers encountering the hast patch
and Tanglefoot trap. Wasps encountering the host patch

were aspirated to eliminate counting them more than
once.,
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Host mortality in the field —We estimated mortality
of hest patches (leaves bearing parasitized hosts) caused
by grazing from herbivares or natural senescence of
leaves. On L5 July 1990, we initiated a study of the
fates of 25 randomly chosen cord grass culms in the
backmarsh site at Oyster Bay. On this date, P. mar-
ginata adults were present and laying eggs on all ex-
posed leaves, from the culm’s base to its tip; most
leaves bhore planthapper eggs. We numbered leaves
consecutively from the base to the tip, including only
green and fully exposed leaves. Culms had between 5
and 7 leaves that met this eriterian, and the culms were
similar in height (64.2 £ 2.2 em [mean = 1 sg]). At
weekly intervals for 14 wk we examined leaves for
damage from grazers (usually grasshoppers or deer) or
senescence, and scored leaves as missing/dead if they
were chewed to the base or if they were completely
brown and dry. No wasp larvae in these brown leaves
survive (J. T. Cronin and D. R. Strong, unpublished
data).

Anagrus delicatus takes on average 504 degree-days
to develop from egg ta adult (Cronin and Strong 19904).
If a leaf dies before the degree-days exceed this value,
developing wasps in that leaf will die. We obtained
records from NOAA (The National Oceanic and At-
mospheric Administration, Seattle, Washington, USA)
on the average daily temperatures during the census
period for the vicinity surrounding Oyster Bay. Far
wasps ovipositing on 15 July, we estimated the date
that their offspring would achieve the necessary degree-
days to complete development. From our records on
the cord grass culms, we selected the census week that
was closest to, but did not exceed, the predicted emer-
gence date of the developing wasps. We then deter-
mined the proportion of leaves at each position along
the stern that were missing or dead. We repeated this
process for wasps ovipositing en 26 July.

We estimated the proportion of the female A. defi-
catus population that searched for bosts at each leaf
position for both 15 and 26 July. Ten plants were cho-
sen at random from the same site as the culm census,
and Tanglefoot applied to the basal 40 mm of all green
and exposed leaves. After 3 d, the leaves were collected,
female wasps were counted and the propartion of wasps
at each leaf position determined.

Far two instances in time {15 and 26 July) we esti-
mated the proporiion of the wasp population whose
offspring did not complete development in a leaf bear-
ing hosts. This was accomplished by multiplying the
proportian of wasps at each leaf position by the pro-
portion of leaves at that pasition that did not survive
504 degree-days, and summing for all leaf positions.

Data analysis

In examining the relationship between a behavioral
response and host density, we used the smoothing tech-
nique LOWESS (locally ordered weighted scatterplot
smoathing) which describes the form of a response
without any a priori functicenal form (Cleveland 1979,
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TanLe L. Average number of mature parasitaid eggs and per
capita number of hosts parasitized by female Aragrus de-
Heatus under different conditions. Means with different su-
perscript letters are significantly different (P < (1) on the
basis of the Tukey HSD multiple-comparisons test (Sokal
and Rohlf 1981).

Candition ! Mean | s Range
Mature eggs per wasp
<3 hald 100 333 046 21-45
Field-caught 100 (8.8 1.1 0—42
Eggs laid per parasitoid
Labaratory
Within patches 33 6.1° 1.0 0-21
Among patches 12 18.3% 14 4-39
Field
Within patches 24 2.0 0.5 0-8

L981). The approximarte fraction of points used in the
computation of smoathed values, F, was set at 0.5,
which is a standard value and provides an intermediate
leve] of smoothing. Smoothing was perfarmed by the
SERIES module in SYSTAT (Wilkinson 1990). We
also provide estimates of the fit of these data to equa-
tions based on ordinary least-squares regression tech-
niques (“parametric”} for single- and higher-order
polynomials (Sokal and Rehlf 1981). Variables in-
volving time, density, and numbers generally had dis-
tributions skewed to the right, To normalize distri-
hutions, data were nartural log transfarmed prior to
analysis. Parasitism rate data were angular transformed
(arcsine of the square root of the proportion). In our
apalyses, where no statistically significant patterm in
response existed with least-squares regression, we
omitted the LOWESS curve.

REesurTs
Laboratory experiments

Parasitold reproductive capaciry.— Vital staining with
trypan blue indicated that parasitoid egg development
occurred throughout pupal development and ceased
by, or within 3 h after, adult eclosion. None of the
“yvoung” pupae{10d before eclasion) contained mature
eggs, whereas 73.4 + 6.1% (mean * 1 sg) of the eggs
in old pupae (3 d before eclosion) had ceased vitello-
genesis (yolk uptake). All eggs (100.0%) from adults
<3 h old had completed vitellogenesis. An adult famale
A. delicatus ecloses, on average, with 33 yolked eggs
{Table 1), and this is the total egg complement available
te the female during her lifetime. Qacytes distal to the
mature eggs in the ovarioles were much smaller, av-
eraging < 1/10 the size of the smallest mature egg. These
oocyles contain little or no yolk. Itisextremely unlikely
that these small oocytes would mature during the 1-2
d life-span of an adult wasp.

Farasitold foraging within patches. — Patch time, the
total time spent on a single patch (ranging in host den-
sity from O to 257), averaged a little more than 1 h,
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and 77% of that time was spent actively searching for
hests (Table 2). Twenty-two percent of the time was
spent ovipositing (the total proportion of time spent
handling hests), and only 1% of the time was spent
resting. Wasps probed each patch an average of 77
times: many of the §1 = |1 (mean * 1 sE) hosts per
patch were probed, but wasps only oviposited in 6
hosts, on average (Tables 1 and 2). Some hosts that
were probed and rejected initially were later parasitized
by the same wasp. Handling times for hosts averaged
2 min and wasps laid epgs at a rate of 1 every 10 min.
Thus, of the 33 eggs present in the ovaries at eclosion,
an average of only 23% were laid in the initial patch
encountered. Eighty-five percent of the parasitized hosts
in a patch yielded adult wasps under laberatory rearing
conditions (Table 2). An additional [ 1% died as adult
wasps attempting to emerge from the host chorion or
cord grass leaf.

Individual rates of oviposition did nat change ap-
preciably as a wasp exploited a patch. For each wasp
having a minimum of three aviposition intervals, ex-
cluding the interval between release on a patch and
first oviposition, but including the GUT, we calculated
the carrelation between interval length and sequence.
In 20 cases meeting this criterion, |5 were positively
correlated, 3 of which were statistically significant. Based
on the combined probabilities test of Fisher (Sokal and
Rohlf 198 1) using these 20 independent tests, we found
no evidence for a trend in these data (x? = 50.12, P >
10, df = 40). A wasp’s rate of ovipositien (=
l/oviposition interval) remained unchanged on a host
patch.

The interval between the last oviposition and the
wasp's departure from the leaf (GUT) averaged [ 3 min
(Table 2). For wasps with =2 intervals, excluding the
first, there were 7.7 time intervals between ovipositions
on average (6.7 ovipositions + GUT), and the GUT
exceeded the longest interval in 39% of the replicates

TabLe 2. Foraging behavior of single newly mated 4unagrus
delicatus on patehes bearing 81 + 11 (X + | sg) Prokelisia
marginata eggs (hasts).

Percent
Time budget {min} 2] Mean 1sE  of total
Tatal per patch 37 62.5 7R 100
Searching 37 483 7.1 17
Qvipositing 33 135 24 22
Resting 33 0.6 0.3 |
Handling time 27 2.2 a1
Giving-up time 33 134 2.1
Qvipasition pattern P2 Mean, 1 sE
Number of probes 33 77.2 0 11.1
Number of avipositions 33 6.1 1.0
Oviposition rate (min-'} 23 0.1 0.01
Percent wasp eggs laid 19 234 4.3
Offspring survival
Number 15 5.1 0.7
Percent 15 84.8 4.7
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FiG. 1. (a) The relationship between the time Aaagrus
delicatus spends on a patch (patch time) and host density.
Least-squares regression indicated no significant relationship
(P = 0020, # = .397, 1 = 371 (b) The number of hosts
parasitized was independent of host density (#* = 0.001, P =
851, n =33} Two cases where hosts and ovipositions equalled
zera were omitted from the analysis because of undue leverage
{based on analysis of studentized residuals; Sokal and Raohlf
1981). However, their inclusion in the analysis did not change
the qualitative result.

(9 of 23). A wasp that leaves the patch at random, with
respect to her oviposition rate, would be expected to
have a GUT that is the longest time interval in 1/7.7
(13%) cases; this is significantly less than our observed
frequency (x* = 4.09, P < .05, df = 1).

Over the entire range of densities used, the total time
A. delicatus spent oo a patch was unrelated to the num-
ber of hosts (Fig. la). However, wasps were quick to
discern the presence or absence of hosts. An average
of 59 £ 4.2 min {mean = 1 SE, # = 3) was spent
searching a patch that lacked hasts, whereas an average
of 56.3 + 23.4 min (1 = 3) was spent when [-10 hosts
were present (¢ = 3.166, P = .034; log-transformed
data). The number of ovipositions was strongly related
ta the total time spent searching a pateh (Fig. 2), but
was independent of host density (Fig. 1b). Because at-
tacks did not increase proportionately with host den-
sity, parasitism decreased and thus was inversely den-
sity dependent over the full range of host densities (»?
= 0.627, P < .001). No relationship existed between
GUT and host density (Fig. 3a) or between GUT and
the number of ovipasitions by the wasp on the patch
(Fig. 3b).
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Fici. 2. NMumber of hosts parasitized as a function of total
search time expended per wasp per patch. The ——
curve was fit by LOWESS and the - - - line by linear regres-
sion (r* = 0.679, P = 001).

Hast refuge. —Hoast depth inside the leaves did not
provide a refuge from A. delicatus. Host eggs were in-
serted between the ridges of the leaf blade with the
planthopper's developing head positioned nearer the
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Fta. 3. {a) The time spent on a patch after the last ovi-

position {giving-up time) was independent of host density (2
=011, P =072, n = 30). (b) The giving-up time was also
unaffected by the number of ovipositions (v = 0002, P =
.821). The two cases where host density was zero were de-
termined to be outliers (based on studentized residuals), and
were removed from the analysis. Inclusion of these two points
did not change the qualitative ouicome of ne relationship, in
either analysis.
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Fic. 4. Proportion of hosts parasitized increased linearly
with the number of wasps visiting each patch {#* = 0.391, F
= 001, n = 56). LOWESS and linear regression show nearly
identical relationships, only the LOWESS cutve is presented.
Average host density was 131.5 £ 8.7 host eggs (mean = |

se) and did not differ among the wasp density treatments based
on ANOVA (F, ., = 1.008, P = 437).

leaf surface. There was no relationship between para-
sitism. and host depth: even the deepest hosts were
vulnerable to parasitistn by A. deficarus (#* = 0.195, P
=.250). Because the ovipasitor of 4. delicarus was over
three times as long (394 = 4 ym [mean = 1| sE], n =
100) as hosts were deep {L18 = 2 um, n = 694), the
shortest ovipositors were capable of reaching the head
region of over 99% of the host eggs. Only 4 of 694 eggs
had depths greater than the shortest ovipositor.

Hosr suitabifiry. —Parasitism rate increased propor-
tionately with the number of female wasps visiting a
patch (Fig. 4). For wasp densities per patch of =8,
parasitism climbed linearly from < 10% to =35%. Par-
asitism rate climbed te an average of 75.4 = 5.3%
(mean *+ | sE) over a 3-d period when 20 wasps were
released an a patch.

FParasitoid foraging among patches, arena experi-
ment. — Parasitoids remained an average of 218 + 34
min {mean £ | SE) an their Arst host patch in the 9 x
9 array of card grass culms. This was considerably
longer than in the previous experiment {Table 2), but
the number of hosts parasitized was similar (7.6 = 1.2
hosts per female, # = 12). Dispersal among patches
was predominantly by flight (3% of movements), but
occasionally wasps walked onto a new leaf that was in
contact with the leaf they were searching.

The time between leaving a patch and discovering
a new one was <5 min (the observation interval) in
27 of 29 moves. Anagrus deficatus began searching and
probing on the new patch immediately after its dis-
covery. The maximum number of leaves and patches
visited by a single wasp before she dispersed from the
arena (could not be found after 30 min search) was 6.
Both the time spent foraging and the number of hosts
parasitized in the arena increased approximately lin-
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early with the number of patches visited (Fig. 3). On
a per patch basis, wasps parasitized an average of 6.4
+ 0.7 hosts (mean * 1 se, n = 37); and approximately
the same number of hosts were parasitized an the first
through fifth patches visited (F, ,, = 2.11, £ = .11;
number of parasitized was log transformed). Wasps
visiting =5 patches successfully parasitized an average
of 32 hosts (n = 4) and laid =95% of their total of 33
egps. On average wasps parasitized 18 hosts (laid 55%
of their eggs) before they dispersed from the arena (Ta-
ble 1).

It should be noted that the number of hasts para-
sitized per wasp in this experiment was estimated % d
after hosts were attacked (to allow time for hosts to
manifest signs of parasitism; a reddish color). Mortality
of developing wasps during this period would have
resulted in an underestimate of the number of wasp
eges laid. However, because martality during the entire
juvenile peniod was 5% (Table 2), per capita parasit-
1zation was, at most, underestimated by only 15%, the
equivalent of <1 wasp egg laid per patch. In fact, mor-
tality from day 1 to 5 appeared to be insignificant. On
a per patch basis, an average of 6.1 wasp eggs laid in
the videotape experiment (Table 2} did not differ sig-
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Fic. 5. Number of hast patches visited by Anagrus deli-

catus in the expenmental arena and its effect on {a) total time
spent foraging for hosts and (b) the number of hosts parasit-
ized. Both foraging time (r* = 0.574, # = 004, n = [2) and
number parasitized (v? = 0.750, £ < Q01, n = 12) increased
with the number of host patches visited. Only the LOWESS
curves are presented; lines from ordinary least-squares re-
gression are quite similar.
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TaBLE 3. Seasonal variation in parasitaid performance (per
capita number of hosts parasitized) *

Per capita number

parasitized Percentage of
Season A (X + | sE) eges laid
Summer 4 4.8 + .5 26.0
Fall 4 2.2 + (.9 12.0
Winter 7 0.7 £ 0.3 3.7
Spring 3 0.9 £ 0.5 4.8

* ANOVA on log-transformed performance indicates sig-
nificant difference among seasans (F, ,, = 3.510, P = .040).
Means with different superscript letters are significantly dif-
ferent (P < .05) based on the Tukey HSD test carrected for
differences in sample size using the Tukey-Kramer adjust-
ment (Sokal and Rohlf 1981). Experimental dates are: 12, 19,
26 July, 23 August 1988 tor summer; 7, 21 October, 4, | [, 8
November, 14 December 1988 for fall; L1, 24 January, 13,
20 February, 3, 6, 12 March 1989 for winter; and [, 4, 10
April 1989 for spring.

nificantly from an average of 6.4 hasts showing signs
of parasitism at day 5 in the arepa experiment (it =
0.271, P = .05, df = 65). Thus, inferring the number
of wasps eggs laid from hosts examined 5 d after attack
(in either the arena or field experiments) should not
bias conclusions concerning the oviposition behavior
of 4. delicarus.

Field experiments

Tanglefoot capture for density estimares. —Tangle-
foot did not appear to attract or repel A. deficatus. The
number of wasps found on leaves with Tanglefoot and
leaves with hosts did not differ significantly (£ = 1.827,
P =105, df = 4).

Per capita parasitization. — Per capita number of hasts
parasitized was even lower in the feld than in the
laboratory experiments. Each wasp parasitized twa
hosts per patch on average over the 20 experimental
dates (Table 1). Per capita parasitization was highest
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FiG. 6. The field relationship between the per capita num-

ber of hosts parasitized and the number of host eggs per patch
in the field experiment. Each point represents the mean host
density and number of hosts parasitized per wasp for that
experimental date. The relationship was not significant based
on least-squares regression (#* = 0.051, P = 339, n = 200,
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Fic. 7. The field relationship between female parasitoid
density and (a) the rate of parasitism per patch, and (b) the
per capita number of hosts parasitized per patch among the
20 experimental dates. There was no relationship between
parasitism and wasp density (»' = 0.18, P = 062, n = 20).
Haosts parasitized per wasp fell with increasing wasp density
(r? = 047, P = 001) The curve was fit hy LOWESS.

in the summer and fall (4.8 and 2.2, respectively) and
lowest during winter and spring (0.7 and 0.9, respec-
tively). However, the only significant difference among
seasons occurred between the summer and winter (Ta-
ble 3).

Female 4. deficatus captured in the field on vellow
sticky traps had an average of 19 mature eggs remaining
in their ovaries {Table [): this number did not differ
among the seven sampling dates (F, ,, = 1.397, P =
.233; 3 January was omitted due to low sample size).
We used this egg count as an estimate of the average
number of eggs remaining and available per female
wasp in the field. These wasps laid an average of 10.7%
of their estimated 19 available eggs in any given patch.
Seasonally, the highest percentage of available epgs were
laid in the summer (26%) and the lowest in the winter
(4%), a difference that is statistically significant (Table
3). Parasitism of hosts on outplanted cord grass culms
was low and averaged only 7.0 = 1.1% (mean * 1 sg,
n=20).

Na relationship existed between the number of haosts
parasitized per female 4. deficarus and host density
over the 10 mo of the 20 experimental dates (Fig. 6).
Parasitoid densities in the field spanned two orders of



1822

magnitude, and the rate of parasitism was variable and
independent of parasitoid density (Fig. 7a). This is con-
sistent with the fact that per capita number of hosts
parasitized declined as parasitoid density increased (Fig.
7b).

Hast mortality in the field — During July and August
1990, 24 d were required for wasps to accumulate suf-
ficient degree-days (504) to complete their develop-
ment. Therefore, wasp eggs laid on 15 and 26 July
should have emerged as adults, an average, on 8 and
19 August, respectively. In cord grass culm censuses
taken just prior to these emergence dates (5 and 16
August), leaf moriality averaged 20% and 31%. Mor-
tality was 100% for the leaf lowest an the culm, but
dropped off rapidly to 0% for the three most apical
leaves. All leaf mortality was due to senescence. Graz-
ing damage was rare and primarily restricted to the
apical portions of the leaf where hosts are generally
ahsent.

The numbers of 4. deficaris females trapped an leaves
with Tanglefoot were randomly distributed among the
leaf pasitions on bath sample dates {15 July: ¥ = 1.12,
P = .05; 26 July: x* = 0.46, P » .05). Examination
of five randomly chosen plants from the marsh re-
vealed that hosts were recently parasitized at all leaf
positions {(hosts were just turning red): wasps ovipos-
ited in all green and exposed leaves. Based on the fre-
quency distribution of wasps amaong leaf positions and
the proportion of leaves at each position dead before
adult wasp eclosion, we estimate that 30% of the host
patches attacked by wasps on 15 July, and 39% at-
tacked on 26 July died before offspring could complete
development.

DHscuUssIoN

Anagrus delicatus females eclosed as adults with an
average of 33 mature eggs; no other eggs mature during
their lifetime. The arena experiment canfirmed that
maost, if not all, of the yalk-bearing eggs were mature
when females eclosed and were readily available for
parasitism. Mated, newly eclosed females that visited
= five host patches laid an average of 32 eggs in § h,
=95% of their total egg camplement. Studies of other
mymarid life histories (Clausen 1962, Waloff and Jer-
vis 1987} and reproductive structures (Jackson 1969,
King and Copland 1969) suggest that pra-ovigenic de-
velopment, i.e., mature and available eggs befare eclo-
siot of adult females, is a common feature of the fam-
ily.

Anagrus delicatus normally spread their eggs among
several host patches; fermales lay only a small fraction
of their eggs in any one¢ patch, even if that patch con-
tains an abundance of hasts. In laboratory experiments
wasps parasitized on average 6 of the 8| hosts in single
patches. This deposition equated to an average of 23%
of their eggs laid in the initial patch visited. Similar
results, per patch, were obrained for single female wasps
in 81 host patches on 81 culms ina 9 % 9 array. Over

JAMES T. CRONIN AND DONALD R. STRONG

Ecology, Vol 74, No. 4

all 81 patches, the number parasitized per wasp in-
creased with the number of patches visited. In field
experiments with outplanted cord grass, only two hasts
an average were parasitized per wasp per host patch.
Eleven percent of their eggs were laid per patch in the
field. Per capita parasitization varied seasonally and
was higher in the summer than the other three seasons.
We cannat explain the cause for this seasonal variation.

Per capita parasitization by wasps in the field was
lower than that of lahoratory wasps. The difference was
maost pronounced during the autumn, winter and spring,
where parasitization was one-half to one-third of that
in the lahoratory. Tt is unlikely that the varying age
and experience (in laying eggs) of field wasps, in com-
parison to the uniformity in the laboratory, contributed
to the difference in per capita parasitization rates. Lab-
oratory experiments suggested that wasps parasitized
a roughly constant number of hosts per patch, for up
to five patches visited (which was a sufficient number
of patches for most of their eggs to be laid). Thus, per
capita parasitization per patch does not appear to change
with time or experience. We can only suggest that the
difference in parasitization rates by laboratory and field
wasps may have resulted from environmental factors
such as diurnal temperature, tidal effects, and/or the
presence of predators and competitors in the field. Re-
gardless of the cause, hoth laboratary and field data
indicate that female 4. delicarus abandon many host
patches long before depleting either their egg supply or
their hosts.

Our experiments addressed a number of factors that
may have contributed to the low per capita parasitiza-
tion per patch. First, number of wasp eggs did not limit
parasitization, as has been suggested in other studies
(Morrison et al. 1980, Collins et al. 1981, Reeve 1987,
Yamada 1988, Roitherg et al. 1990). No wasps dis-
persed from the experimental patches without mature
eggs remaining in their repraoductive tracts, > 74% of
their eggs had not been laid. Second, long handling
times, which are often advanced as a cause for few
ovipositions and density-independent parasitism (De-
Bach and Smith 1941, Holling 1959, Hassell 1978), did
not limit the number of hosts parasitized. Only 2 min
were required to parasitize a host, a small fraction of
the total time spent on a patch. In fact, the arena ex-
periment indicated that wasps could lay practically all
their eggs in a short period of time, handling 32 hosts
in just 8 h.

Third, the many remaining unparasitized hosts in a
patch were largely accessible ta searching adults and
suitable far development of wasp larvae. There was no
apparent refuge from searching 4. delicatus: hasts at
all depths beneath the leaf surface suffered similar rates
of parasitism. In addition, parasitism rate {measured
as the proportion of hosts bearing healthy second instar
wasps) increased proportionately with the number of
adult wasps that visited a host patch, and exceeded
90% at very high wasp densities. Thus, hosts probed
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and rejected by one wasp were successfully parasitized
by subsequent wasps and yielded parasitoid offspring
(atleast ta second instar}. In rejecting hosts, 4. deficatus
may be attempting to distinguish subtle differences in
host traits (e.g., host size), as a number of other par-
asitoid species have been found to do (for review see
Vinson 1976, van Lenteren 1981). While 4. delicatus
may be “‘choosy,” the previous data leaves little doubt
that most planthopper eggs used in this study repre-
sented potential hosts to searching 4. delicatus.

Fourth, host density did not affect per capita para-
sitization rates. Wasps did not “aggregate their search
{or patch) time” (sensu Morrison 1986), nor did they
parasitize more hosts in higher density patches in the
laboratory. Neither was there evidence for density de-
pendence in per capita parasitization in the feld (see
also Cranin and Strong 19905). These results are in
cantrast with a number of studies that have found den-
sity dependence in individual foraging behavior {van
Lenteren and Bakker 1978, Collins et al. 1981, Galis
and van Alphen 1981, Roitberg et al. 1982, Waage
1983, Marrison 1986, Smith and Maelzer 1986).

Fifth, the increasing ratio of parasitized to unpar-
asitized hasts (Waage 1979, Galis and van Alphen 1981,
van Alphen and Vet 1986) as wasps exploited a patch
did not cause them to disperse saoner. In the labora-
tary, the ratio of unparasitized to parasitized hosts {{):P)
per patch was high, averaging [ 2 unparasitized to every
parasitized host at the time of departure; thus, the like-
lihood af encountering parasitized hosts was low. Sim-
ilarly in the field, where parasitism of outplanted patch-
es averaged only 7% after 3-d exposure, LHP was 14:1.
Moreover, even if a parasitized hast 15 encountered,
A. deficatus readily superparasitizes hosts and does nat
leave a patch sooner that has a low {:P ratio (J. T.
Cronin and D. R. Strong, unpublished data). We are
intrigued by the lack of host discriminating behaviar
of A. delicarus females; lack of discrimination of this
sart 15 unusual among reported cases (van Lenteren
1976, 1981, van Alphen and Ver 1986, van Alphen
and Visser 1990).

Last, wasp density did affect per capita parasitization
in the field. Wasps trapped on leaves over a 3-d period
ranged from an average of 0.25 ta 23 per patch over
the 20 experimental dates. Over this range, per capita
number of hosts parasitized decreased approximately
linearly with wasp density. Interference among wasps,
leading to lower per capita attacks at higher wasp den-
sity, is widespread among parasitoids (see Hassell 1978
for additional examples) and has been found in two
other mymarids (Chantarasa-ard et al. 1984, Pitcairn
et al. 1990). This response to wasp density observed
in the field may have contributed to the discrepancy
between laboratary and field estimates of per capita
parasitization, but it does nat explain the low propor-
tion of wasp eggs laid per host patch. Even solitary 4.
dellcatus lay a small fraction (<8 of 19) of available
eggs.
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Parasitold foraging strategy

Data on the allocation of A. deficatus foraging effort
to host patches of different density allows us to evaluate
the simple “rules of thumb™ considered to be employed
by foragers (Stephens and Krebs 1986). Wasps did nat
spend a fixed time foraging in a paich, i.e., the time
rule (Gibb 1958). Dispersal from the patch was quick
in the absence of hosts, but wasps remained for =1 h
if any hosts were present. Nor did wasps leave a patch
if the elapsed time between ovipaositions exceeded same
constant fixed interval, ie., the giving-up time rule
{Hassell and May 1974, Murdoch and Qaten 1975,
Chamov 1976). Although the GUT was the longest
interval in more cases than random chance would die-
tate, 61% of the wasps had oviposition intervals that
exceeded the GUT.

On the ather hand, wasps did lay a relatively con-
stant number of eggs at all host densities, i.e., the num-
ber rule {Krebs 1973). According to Iwasa et al. (1981)
and Green (1984}, a fixed-number strategy can lead to
maximal encounter rates with prey pravided the vari-
ance in the frequency distribution of patch densities is
small. However, Prokelisia eggs are highly clumped
among leaves (Strong 1989) and this strategy would
result in inefficient use of high density patches. A num-
ber rule 1s consistent with the density-independent/
inverse density-dependent patterns of parasitism found
in this system (Stiling and Strong 19825, Strong 1989).

One major conclusion is that the behavior of 4, deli-
caius in leaving host patches results in substantially
submaximal oviposition rates on an individual and
population basis. By this we mean that the average
wasp is capable of attacking many more hosts Jocally,
but rejects many suitable hosts and disperses instead.
Mareover, she disperses when the rate of oviposition
on. that patch is no lower than when she initially began
searching that patch. Because search time and number
parasitized did nat increase with host density (except
for time at very low host densities [< [0 hasts]), the
oviposition rate would not be improved upan encoun-
tering a new patch. Certainly the time rate of avipo-
sition by the wasp population is much reduced {i.e.,
submaximal} as a result of expending time searching
for new patches or mortality between patches instead
of ovipositing in the suitable hosts in the patch already
discovered. Planthopper densities are typically clumped
on cord grass, and a large fraction af leaves bear na
hosts during much of the year. Under this circum-
stance, the time invested in locating a new patch could
be long relative to the 0.1 ovipasitions/min within a
patch.

Submaximal ovipaosition rates by A. delicatus may
be a strategy that improves (“maximizes”) lifetime fit-
ness by reducing the risk of martality to offspring de-
veloping within a patch (Hamilton and May 1977, Kuno
1981, Metz et al. 1983, Iwasa et al. 1984, Levin et al.
1984, Houston and McNamara 1986, Mesterton-Gib-
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bans 1988 and athers). In our census, = 20-30% of the
cord grass leaves in Oyster Bay completely senesced
before developing wasps could eclose. Mortality was
restricted to the lower leaves, but 4. deticarus did not
appear to bias its search or ovipositions to leaves higher
an the stemn. A wasp that lays its eggs on an ill-fated
leaf can lose a substantial, if not entire, portion of her
contribution to the next generation. Such imposing risks,
at the level of the host patch, can easily favor a wasp
that “spreads’ her eggs among several to many patches.

Lower aviposition rates may also be favored if mor-
tality of adult wasps while searching a patch ar mor-
tality of offspring within a patch varies unpredictably
from leaf to leaf (or larger spatial scale). Offspring mor-
tality may result from predators (no hyperparasitoids
exist), superparasitism from other 4. deficarus, and/or
from avipositing in unsuitable hosts {¢.g., older host
embryos which do not fledge wasps). At this point we
are beginning to investigate such risks in nature.
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