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ABSTRACT For animals that lay eggs, a longstanding question is, why do females choose particular
oviposition sites? For insects that lay eggs on plants there are three hypotheses: maximizing suitable
habitat for juveniles, maximizing female lifespan, and maximizing egg survival. We investigated the
function of the oviposition-site choice behavior of a gall midge, the Hessian ßy,Mayetiola destructor
(Say). In spite of living less than a day and having hundreds of eggs, the ovipositing female is choosy
about the placement of eggs. Choosiness makes sense. The tiny gall-making neonate larva has limited
movement and strict requirements for colonization. We examined whether offspring beneÞt from the
Hessian ßy femaleÕs preference for the plantÕs youngest leaf. To do this we restricted the femaleÕs
access to the Þrst, second, or third leaf of a seedling (wheat Triticum aestivum L.) plant. Being placed
on older leaves did not impact egg survival or larval survival during migration to attack sites at the base
of the plant, but did have negative impacts on egg-to-adult survival (reduced by 48%) and reproductive
potential (reduced by 30Ð45%). These negative impacts appear to come from larvae having to search
harder to Þnd the limited number of reactive plant cells that can be reprogrammed to form the gall
nutritive tissue. We propose that the ability of larvae to Þnd these reactive cells in spite of being placed
on an older leaf is important because it creates leeway for female behavior to evolve in the face of
other selection pressures, e.g., attack by egg parasitoids.
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For the hundreds of thousands of insect species that
lay eggs on plants (Strong et al. 1984), important
contributions to offspring survival and phenotype
come from the behavior of the adult female. Many
species show nonrandom oviposition behavior (Ber-
nays and Chapman 1994), selecting a narrow range of
plant species as well as choosing particular sites within
each plant. A long-standing question is, what is the
function of these choices?

A recent review of oviposition-site choice across a
range of animals, including Þsh, reptiles, birds, and
insects, examined six hypotheses that seek to explain
oviposition-site choice (Refsnider and Janzen 2010).
Three are relevant to phytophagous insects. The Þrst
hypothesis is that the female selects sites that maxi-
mize survival during the egg stage, most commonly by
minimizing impacts of predation or conspeciÞc com-
petition. The second hypothesis is that, in choosing
particular sites, the female maximizes her own sur-
vival. This hypothesis is most relevant for iteroparous
species with multiple breeding periods, which need to
Þnd other things other than oviposition sites to extend

adult lifespan and continue to produce eggs, e.g., adult
food and multiple mates (Courtney 1981, Thornhill
and Alcock 1983, Forister et al. 2009). The third hy-
pothesis is that sites are chosen to place juveniles in
suitable habitat, e.g., habitat that maximizes Þnding
food for growth and development locations or habitat
that minimize threats from predators. Refsnider and
Janzen (2010) ended with a plea for more studies
linking oviposition decisions to Þtness, as well as more
studies on the third hypothesis, this being an “under-
appreciated driver of oviposition-site choice.”

Selection pressure to optimize oviposition-site
choice is likely to be strong for species that have
neonate larvae that cannot move to a better location
if the ovipositing female makes a poor choice (Jaenike
1978, Thompson 1988). The Hessian ßy, Mayetiola
destructor (Say) (Diptera: Cecidomyiidae), is an ex-
ample of such an insect, having a soft-bodied neonate
larva that is tiny (�460 �m in length, Harris et al. 2010)
and slow-moving, crawling at a rate of 2.5 cm/h (Mc-
Colloch and Yuasa 1917). Finding a good location for
offspring is made more difÞcult by the Hessian ßyÕs
gall-making habit (Harris et al. 2003, 2006). This means
that, instead of simply taking food from the plant, the
larva manipulates the plant to become susceptible by
reprogramming the plantÕs “reactive” cells to become
a gall nutritive tissue (Weis et al. 1988, Bronner 1992,
Rohfritsch 1992, Stone and Schönrogge 2003). Finding
the plantÕs “reactive” cells is not trivial. Only a tiny
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fraction of the millions of cells that comprise the plant
can be forced to create the nutritive tissue (Weis et al.
1988, Bronner 1992, Rohfritsch 1992). For the Hessian
ßy, these cells are the undifferentiated epidermal cells
found in zones of cell elongation at the base of the
plant, near the apical meristem (Harris et al. 2006).
Once these reactive cells are found, the larva uses its
tiny mandibles (1 �m in length by 0.1 �m in diameter,
Hatchett et al. 1990) to apply secreted salivary effector
proteins (Stuart et al. 2012). Effectors are common
features of plant parasites (e.g., fungi, bacteria, oomy-
cetes, nematodes, mites, and insects) and are intro-
duced to the plant to interfere with a variety of func-
tions, including plant defense (Hogenhout et al. 2009).

A question is, does the oviposition-site selection
behavior of the Hessian ßy help the larva Þnd the
reactive cells that are needed to create the nutritive
tissue? Assistance is limited at best because of two
features of the host plant. The Þrst is that the reactive
cells, being near the apical meristem at the base of the
seedling plant, are sheltered within the encircling
sheaths of older leaves (Kemp 1980) and therefore are
not accessible to the femaleÕs ovipositor, which places
eggs on leaf surfaces rather than piercing plant tissue.
The second reason is that during the 3Ð4 d that lapse
between the time when the egg is placed on the plant
and thetimewhenthelarvaecloses fromtheegg(Gagné
and Hatchett 1989), the focus of growth within the seed-
ling wheat plant shifts from one leaf to another (Kemp
1980, Anderson and Harris 2006). This means that the
location of reactive cells also shifts over time.

On a seedling wheat plant, the ovipositing Hessian
ßy invariably places eggs on the leaf blade rather than
the leaf sheath and, among the plantÕs blades, has a
strong preference for the plantÕs youngest leaf (Harris
and Rose 1989). We tested whether this preference
beneÞts offspring survival, growth, and reproductive
potential. Oviposition site was manipulated by re-
stricting the femaleÕs access to just one leaf of a three-
leaf wheat seedling, i.e., the Þrst, second, or third leaf.
It was possible to manipulate female choice in this way
because, over the course of 1Ð2 h, Hessian ßies de-
prived of preferred oviposition sites eventually ovi-
posit on less preferred sites (Harris and Rose 1989).

Materials and Methods

Plants and Insects. Studies were conducted over the
course of a year. Wheat (Triticum aestivum L., sus-
ceptible ÔNewtonÕ) seeds were planted in plastic cone-
tainers (3.8 cm in diameter by 21 cm in height; Stuewe
and Sons, Inc., Corvallis, OR) containing a potting mix
(Sunshine SP 100; Sun Gro Horticulture Inc., Belle-
vue, WA). Seedlings were grown to the three-leaf
stage under controlled conditions (20 � 2�C, 60Ð70%
RH, a photoperiod of 16:8 [L:D] h, and 590Ð710 mi-
cromoles/m2/S light intensity) in a plant growth
chamber (E-8 model; Conviron, Winnipeg, Canada).
Seedlings were watered daily and fertilized every 7Ð10
d with JackÕs Professional 20:20:20 (N:P:K) Fertilizer
(J.R. Peters, Inc., Allentown, PA). Seeds were sown
every other week for a continuous supply of plants.

The Hessian ßies used in tests originated from a
culture of the “Great Plains” biotype provided by S.
Cambron and J. Stuart (United States Department of
Agriculture [USDA], Purdue University, West Lafay-
ette, IN). This culture is reared continuously on T.
aestivum ÔReederÕ in the North Dakota State Univer-
sity(NDSU)/USDA greenhouse complex in Fargo,
ND. The “Great Plains” biotype is avirulent (i.e., dies
on) on wheat lines that carry any of the following
resistance genes: H3, H5, H6, H7H8, H9, H13, or H26
(Harris et al. 2006, 2010, 2012).
Experiment 1: Oviposition-Site Choice. The exper-

imental design was a randomized complete block.
Four groups of plants (blocks) were planted 1 d apart.
On each of the 4 d of the experiment, six individual
femaleswere tested for their choiceof leaves.Foreach
female, six plants in three-leaf stage were set up in a
2 by 3 array (�5 cm apart) in a circular cage (30 cm
in diameter by 40 cm in height). Cage walls were made
from blue construction paper, with a ceiling of cotton
mesh. Females had eclosed and mated earlier the same
day (0600Ð0700 hours) and were introduced individ-
ually into a cage at 1000 hours, before the onset of
oviposition, which continues uninterrupted until the
female dies, usually by midafternoon (Harris and Rose
1989, 1991). Plants were removed after death of the
female so that the total eggs per female represented
her lifetime reproductive output. Eggs on each of the
three leaves of the seedling were counted under the
microscope. Oviposition on the three leaves was an-
alyzed using analysis of variance (ANOVA) (JMP Sta-
tistical Software, version 9, SAS 2012), including a leaf
variable for the three leaves available for the ovipos-
iting female and a random blocking variable for the
four groups of plants. The statistical model took into
account that the six plants presented to each female
might not be good independent measurements and it
would very likely violate the assumption of indepen-
dence in the ANOVA if we used the response from
each plant separately. Thus, we summed, over all six
plants presented to each female, the eggs found on the
Þrst, second, or third leaves. Thus, each of the 24
females had a single response for each leaf type. We
ran the model by using either the proportion of eggs
each female laid on each leaf type or the total number
of eggs laid by each female on each leaf type. How-
ever, because both response variables showed the
same pattern, we only present the proportional data.
Means separations were performed by the TukeyÐ
Kramer HSD test at P � 0.05 (JMP Statistical Soft-
ware). Many papers have debated the best analysis of
multiple choice preference tests such as the one we
just described (reviewed in Bruzzone and Corley
2011). Therefore, we used a second analysis to help
verify the results of the perhaps overly simple, but
commonplace use of an ANOVA. To do this we used
a multivariate method that calculates HotellingÕs T2

statistic based on normalized data. We followed the
analytical method of Lockwood (1998) to help verify
a statistical difference in eggs laid by leaf type across
experimental units. Calculations were performed “by
hand” in a Microsoft Excel spreadsheet.
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Experiment 2: Offspring Survival, Movement, and
AdultSize.Theexperimentaldesignwasa randomized
complete block. For each of the 10 blocks of 12 wheat
seedlings grown to the 3-leaf stage, four plants were
assigned randomly to one of three treatments: 1) eggs
on the Þrst leaf, 2) eggs on the second leaf, and 3) eggs
on the third leaf. To control where the female placed
eggs, a single mated female that had not been exposed
to plants was introduced into a small glass vial (1 cm
in diameter by 6 cm in height) at 1300 hours. The vial
then was inverted, placed over the chosen leaf, and
held there until Þve to 15 eggs had been deposited on
the adaxial surface of the leaf. After removing the vial
and female, the number of eggs was counted under a
microscope and recorded. Each female was only used
to infest a single leaf. Infesting plants with eggs was
carried out in a controlled temperature chamber (ßu-
orescent lights, 20 � 2�C, 70Ð80% RH). After being
infested, plants were held for 3 d in a plant growth
chamber (20�C, 60Ð70% RH, a photoperiod of 16:8
[L:D] h, and 590Ð710 micromoles/m2/S light inten-
sity; E-8 model, Conviron) and then were moved (at
1500 hours) to a higherhumiditychamberfor48h(20�
2�C, 70Ð80% RH, and a photoperiod of 16:8 [L:D] h).
The elevated humidity improves larval survival during
eclosion from the egg as well as during migration down
the leaf blade to the bundled leaf sheaths (McColloch
and Yuasa 1917). Plants then were returned to the lower
humidity of the plant growth chamber and remained
there until being sampled.

Three days after eclosion of larvae from eggs, two of
the four plants assigned to each leaf treatment were
sampled destructively between 0900 and 1000 hours to
score survival during the egg and migratory stages, as
well as the location of individual larvae. This time
interval was chosen because larvae have had time to
migrate to the base of the plant (this taking �6Ð14 h,
McColloch and Yuasa 1917) and also have had �2.5 d
to search for attack sites. Under the microscope, the
following data were recorded: 1) number of un-
hatched eggs on the leaf surface, 2) number of larvae
at the base of the plant, and 3) the leaf that the larva
was found on. Hessian ßy larvae always feed on the
abaxial leaf surface within 2 cm of the base of the leaf,
with the head facing toward the leaf base (McColloch
and Yuasa 1917, Harris et al. 2006).

The other two plants assigned to each leaf treatment
were held in the plant growth chamber for 20 d. By this
time, Hessian ßy larvae have completed feeding,
formed a puparia, and pupated (Gagné and Hatchett
1989). Each plant was removed from the soil and soil
was washed away from the roots. Leaves and roots of
each plant were trimmed so that a 5-cm section of the
base of the plant and 2 cm of roots remained. This
section of the plant contained all pupae, which were
still located at the site where they had fed. This
trimmed plant then was placed in a glass vial (3 cm in
diameter by 8 cm in length). A 2-cm-deep layer of
moist potting mix was placed around the roots to
ensure that the plant remained viable. This soil layer
then was covered with a 1 cm layer of moist white
sand, with this making it easier to Þnd the adults that

emerged from the plant. Each vial was sealed with a
plastic lid having an inset of a Þne mesh (1.5 cm in
diameter) to allow air exchange. Vials were held in a
high humidity chamber (20 � 2�C, 70Ð80% RH, and a
photoperiod of 16:8 [L:D] h) and checked daily
(0900Ð1000 hours) for adults. Adults were removed
using an aspirator and placed in a labeled vial containing
70% ethanol. Wing length was recorded using the
method of Bergh et al. 1990). Each measurement (one
wing per ßy) was made to the nearest 0.01 mm by using
an eyepiece micrometer (20�). The start point of the
measure was the axillary sclerite and the end point was
theradial sectorvein.Adultemergencewas recordedfor
7 wk after emergence of the Þrst adult.

Data were tested for normal distribution and ho-
mogeneity of variance (OÕBrienÕs test, JMP Statistical
Software). Survival was analyzed using ANOVA (JMP
Statistical Software). Survival during the egg stage was
calculated as hatched eggs per plant divided by total
oviposited eggs per plant. Survival during migration
was calculated as the number of larvae found at the
plant base divided by the total larvae that hatched
from eggs. Egg-to-adult survival was calculated as the
number of adults that emerged from the plant divided
by the total eggs per plant. The statistical model in-
cluded a leaf variable for the three leaves and a block-
ing variable for the 10 groups of plants. Adult wing
lengths were analyzed using ANOVA (JMP Statistical
Software). The statistical model included a leaf vari-
able for the three leaves and a blocking variable for the
10 groups of plants. Means were separated using the
TukeyÐKramer HSD test at P � 0.05. To determine if
oviposition-site choice inßuenced where larvae ended
up attacking the plant, we used the same model struc-
ture in a nominal logistic model (JMP Statistical Soft-
ware). Here response variables were if the larva 1)
remained to attack the adjacent younger leaf, 2)
moved within the bundled leaf sheaths to attack a
younger leaf, or 3) moved within the bundled leaf
sheaths to attack an older leaf.
Experiment 3: Oviposition Choice, Feeding
Choice, andLarvalGrowth.Design was a randomized
complete block design with three blocks completed
over a 2-mo period. Methods were identical to those
described for experiment 2, again with three leaf treat-
ments achieved by restricting access of ovipositing
females to either the Þrst, second, or third leaf. How-
ever, here plants were sampled 10 d after the day of
larval eclosion (0900Ð1000 hours) to determine if lar-
vae had remained in the place where the female laid
her eggs or moved to attack at a different location. Ten
days was chosen because this is when larvae have
almostcompleted feeding(Gagné andHatchett 1989).
Each larva was scored as having fed on the third or
fourth leaf (no other locations were found) and then
measured for body length (to the nearest 0.01 mm)
using a Nikon SMZ800 microscope (Nikon, Tokyo,
Japan) Þtted with an eyepiece micrometer (Fryer
Company, Minneapolis, MN).

For each given plant, the number of larvae found on
the third leaf and the fourth leaf are probably not
independent, therefore, we calculated the difference
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in the number of larvae found on the two leaves for
each plant in the experiment. We then used that data
to see if oviposition site inßuenced this difference in
where larvae were found. To look for effects of ovi-
position site and feeding site on larval length, we used
the same procedure as above for treatments where
females laid eggs on the Þrst or second leaf. Because
no larvae were found to attack the third leaf when the
eggs were laid on the youngest (third) leaf, we asked
an additional question, which is if the larval length
varies by oviposition location for only those larvae
attacking the fourth leaf. Data for all of these analyses
were tested for normal distribution and homogeneity
of variance (OÕBrienÕs test, JMP Statistical Software)
and analyzed using ANOVA (JMP). The statistical
model included an oviposition site variable and a
blocking term. For the second analysis, means were
separated using the TukeyÐKramer HSD test at P �
0.05. One additional analysis was performed to test if
the distribution in differences in larval length had a
mean different than zero by using a t-test (JMP Sta-
tistical Software). This allowed us to determine
whether larvae found attacking the fourth leaf were
larger than those attacking the third leaf after account-
ing for plant-to-plant differences.

Results

Oviposition-Site Choice. The 24 females tested for
oviposition-site choice placed 204.25 � 17.33 (mean �

SEM) eggs on the six plants they were given before
dying (range, 81Ð367 eggs per female). Females laid
their eggs differently across the three leaf types
(Fig. 1; F2, 66 � 333.11, P � 0.0001), a result we
conÞrmed using a more complicated multivariate
analysis (T22, 22 � 553.8, P � 0.0001) that helps to
account for potential problems that arise from the
assumption of independence among data points. The
majority of eggs were placed on the youngest leaf
(TukeyÐKramer,P� 0.05). Percentages of eggs placed
on the youngest leaf ranged from 35 to 95%. However,
the vast majority of females (90%) placed �60% of
their eggs on the youngest leaf.

A second analysis compared the effects of leaf type
(F2, 138 � 86.57, P� 0.0001) and leaf surface (F1, 138 �
181.15, P � 0.0001), as well as the leaf type � surface
interaction (F2, 138 � 69.68, P� 0.0001). The interac-
tion was associated with a stronger preference for the
adaxial surface when oviposition occurred on the sec-
ond and third leaves (94.56 � 1.38% and 94.48 � 0.06%
of total eggs per leaf type, respectively) rather than
the Þrst leaf, where the preference was less pro-
nounced (89.26 � 3.64% of total eggs per leaf type).
Offspring Placement, Survival, and Growth. Sur-

vival was not inßuenced by oviposition-site choice
during the egg stage (Table 1; survival from egg place-
ment to larval eclosion, F2, 30 � 0.15, P � 0.87) or
during migration to attack sites at the plant base (Ta-
ble 1; F2, 30 � 0.63, P� 0.54). Egg-to-adult survival was
inßuenced by oviposition-site choice (Table 1; F2, 30 �
7.63, P� 0.0013), being almost twice that observed for
offspring placed on the Þrst or second leaf. There were
no blocking effects.

Within-plant selection of oviposition site had sig-
niÞcant effects on adult wing length (Fig. 2). For
males that emerged from eggs on the Þrst, second, and
third leaf, the younger the leaf, the longer the adult
wing length (F2,25 � 37.09, P � 0.001). A similar pat-
tern was observed for females (F2,35 � 47.14, P �
0.001). There were no blocking effects.
LarvalMovement andGrowthonDifferentLeaves.

Three days after initial attack at the base of the plant,
placement of eggs by the adult female inßuenced how
far larvae moved to Þnd attack sites at the base of the
plant. For eggs placed on the Þrst, second, or third leaf,
percentages of larvae moving one or more leaves were
100% (n� 130/130), 46% (n� 66/144), and 0% (n�
0/119) (�2

2 � 346.18, P � 0.0001). When movement
occurred (n � 196 larvae), it was always to a younger
leaf. How far larvae moved was inßuenced by oviposi-
tion-sitechoice(�2

4 �379.73,P�0.0001).Larvaeplaced

Fig. 1. Oviposition-site choice by Hessian ßy females
(n� 24) given a choice between the three leaves of a wheat
seedling. The Þrst leaf is the oldest leaf and the third the
youngest. Means accompanied by a different letter are sig-
niÞcantly different at P � 0.05 (TukeyÐKramer HSD test).

Table 1. Hessian fly survival after being placed in one of three plant locations by the ovipositing female

Hessian ßy stage

Location of eggs

First leaf Second leaf Third leaf
% survival (mean � SE) % survival (mean � SE) % survival (mean � SE)

Egg stage 94.72 � 2.29a 94.53 � 2.95a 92.56 � 3.13a
Migration to plant base 77.68 � 7.00a 87.56 � 4.17a 83.54 � 8.01a
Egg-to-adult 30.22 � 5.87b 30.69 � 6.27b 57.51 � 6.25a

Within each row, means followed by the same letter are not signiÞcantly different at P � 0.05 (TukeyÐKramer HSD test).
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as an egg on the Þrst (oldest) leaf of the seedling moved
the greatest distance, with 72% moving one leaf away to
attack the third leaf and the remainder (18%) moving
two leaves away to attack the fourth leaf. For larvae
placed on the second leaf, 54% remained in that location
(i.e., they simply moved from the adaxial surface of the
second leaf to attack the abaxial surface of the third leaf)
and the remainder (46%) moved one leaf away to attack
the fourth leaf. For larvae placed on the third leaf, 100%
remained in that location (i.e., they simply moved from
the adaxial surface of the third leaf to attack the abaxial
surface of the fourth leaf).

Ten days after initial attack at the base of the plant,
placement of eggs by the adult female inßuenced
where larvae were found at the end of the feeding
stage (Fig. 3A). Because Hessian ßy larvae become
sessile during the Þrst instar once a feeding site is
accepted and lose the creeping pads that are necessary
for walking upon molting to the second instar (Gagné
and Hatchett 1989), the larvaÕs location at 10 d indi-
cates where the larva fed throughout its feeding pe-
riod. The difference between the number of larvae
found feeding on the third leaf and the number of

larvae found feeding on the fourth leaf of that same
plant depended on where eggs had been placed
(Mean � SEM: for eggs on Þrst leaf, 1.83 � 0.48 more
larvae found on third leaf compared with the fourth
leaf; for eggs on second leaf, 0.83 � 0.60 more larvae
found on third leaf; for eggs on third leaf, 9.00 � 0.26
more larvae found on fourth leaf; F2,13 � 430.1, P �
0.0001). None of the larvae eclosing from eggs placed
on the Þrst leaf remained in the location where ovi-
position occurred (Fig. 3A). Instead larvae moved
either one leaf away to attack the third leaf (67%) or
two leavesaway toattack the fourth leaf (33%).Larvae
eclosing on the second leaf either moved between two
adjacent surfaces(56%moved fromtheadaxial surface
of the second leaf to the abaxial surface of the third
leaf) or moved one leaf away to attack the fourth leaf
(44%). All larvae eclosing on the third leaf stayed in
this location, simply moving from the adaxial surface
of the third leaf to the abaxial surface of the fourth leaf.
Across the three oviposition-site treatments, no larva
moved to settle a leaf on an older leaf.

The original intent of the experiment scoring larvae
at 10 d was to investigate the interactive effects of

Fig. 2. Inßuence of oviposition-site choice by Hessian ßy females on wing lengths of male (A) and female (B) offspring
placed as eggs on the Þrst, second, or third leaf of a wheat seedling. Means accompanied by a different letter are signiÞcantly
different at P � 0.05 (TukeyÐKramer HSD test).

February 2013 GANEHIARACHCHI ET AL.: OVIPOSITION-SITE CHOICE BY A GALL MIDGE 127



oviposition site and feeding site on larval growth (Fig.
3B). However, although larvae placed as eggs on the
Þrst and second leaves distributed themselves be-
tween the third and fourth leaves, larvae that were
oviposited on the third leaf were found only on the
fourth leaf. This negated the three oviposition sites �
two feeding sites analysis and made us ask different
questions of the data. The Þrst question looked at
differences, within a single plant, in the size of larvae
attacking the third leaf compared with those found
attacking the fourth leaf. We found that this difference
in larval size between the third and fourth leaf was
similar and not signiÞcantly different for eggs ovipos-
ited on the Þrst or second leaf (for eggs on the Þrst leaf,
larvae were on average 0.29 � 0.07 mm longer when
found attacking the fourth leaf compared with the
third leaf; for eggs on the second leaf, larvae were on
average 0.30 � 0.06 mm longer on the fourth leaf;
F1,8 � 0.04, P� 0.85). Because there was no difference
across the two treatments, we combined the data and
found that the larvae on the fourth leaf were signiÞ-
cantly larger than larvae found on the third leaf. Thus,
the distribution of values for the size of larvae on the
fourth leaf minus the size of larvae on the third leaf of
the same plant was signiÞcantly greater than zero
(t11 � 6.72, P � 0.0001).

When looking at just those larvae found attacking
the fourth leaf (Fig. 3B, black bars), oviposition site
inßuenced larval size (F2,13 � 21.58, P� 0.0001), with
larvae oviposited on the third leaf signiÞcantly larger
than those oviposited on the second leaf, and those
signiÞcantly larger than the larvae oviposited on the
Þrst leaf (P � 0.05).

Discussion

Hessian ßy females exhibited oviposition-site
choice by placing almost three-quarters of their eggs
on the youngest leaf (Fig. 1). Choice of site within the
leaf was even more speciÞc, 95% of eggs being placed
on the adaxial leaf surface. The signiÞcance of the
Hessian ßyÕs preference for the youngest leaf is sug-
gested by its consistency across geographically wide-
spread populations (70Ð75% of all eggs on the young-
est leaf), speciÞcally this population and another
North American population tested decades ago (Har-
ris and Rose 1989) and a third population from New
Zealand (Kanno and Harris 2000, Harris et al. 2001).
Nevertheless, the allocation of eggs to the youngest
leaf is not so rigid that 100% of eggs are placed on the
youngest leaf. Moreover, females varied in how
choosy they were, with proportions of lifetime eggs
allocated to the youngest leaf ranging from 35 to 95%.

One beneÞt of the femaleÕs preference for the
youngest leaf is improved offspring survival. Egg-to-
adult survival (Table 1) was almost twice as much for
eggs placed on the third leaf versus eggs placed on the
two older leaves. Negative impacts of being placed on
older leaves did not occur during the egg stage or
during migration from egg-laying sites to the plant
base (Table 1), when survival was uniformly high
across the three leaf treatments. Eggs can be harmed

by oviposition-site choice when the female chooses a
location that is more likely to be visited by predators
(Schellhorn and Andow 1999) or when the location
has its own direct defense against eggs (Doss et al.
2000, Hilker and Meiners 2011). For the latter, eggs
can be killed or ejected from the plant through re-
sponses such as induced neoplasms, programmed cell
death, and production of toxins. Such effects on Hes-
sian ßy eggs have not been observed either for host or
nonhost plants (reviewed in Harris et al. 2003).

Another beneÞt of the femaleÕs preference for the
youngest leaf is improved growth. Evidence for this
comes from measures of larvae (Fig. 3B) and adults (Fig.
2), sizes being signiÞcantly greater when eggs are placed
ontheyoungest leaf.ForHessianßies, sizetranslates into
reproductive potential because adults do not feed
(Bergh et al. 1990). For the female, size determines the
number of mature eggs carried at the time of adult eclo-
sion. These eggs represent the femaleÕs full potential
because gall midges are semelparous as well as being
pro-ovigenicandcannotextend their lifespanby feeding
or resorbing eggs (Rosenheim et al. 2007, 2008). For the
male, size determines the number of females that can be
inseminated (Bergh et al. 1990).

Using Hessian ßy mean wing lengths across the
three oviposition-site treatments (Fig. 2) and the re-
lationships between adult size and reproductive po-

Fig. 3. Inßuence of oviposition-site choice by Hessian ßy
females on (A) where larval offspring were found feeding
and (B) body length of larvae 10 d after attack of the grass
seedling commenced.
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tential that were generated by Bergh et al. (1990), we
can estimate the impact of oviposition-site selection
on the femaleÕs offspring, which in the Hessian ßy are
usually unisexual (Stuart et al. 2012), being either all
male or all female. From the relationship generated for
female Hessian ßies by Bergh et al. (1990, number of
eggs � �309 � 212 � wing length), we estimate that
that eggs placed on the Þrst, second, or third leaf
produce female offspring with 144, 190, or 269 eggs,
respectively.Fromtherelationshipgenerated formale
Hessian ßies (Bergh et al. 1990, the number of eggs the
male is able to fertilize � �11,307 � 5,921 � wing
length), we estimate that that eggs placed on the Þrst,
second or third leaf produce males able to fertilize
3,259; 4,147; or 5,686 eggs, respectively, with these eggs
representing the lifetime fecundity of 15, 19, or 30
females. These estimates indicate that, regardless of
whether the offspring is male or female, eggs placed by
the female on the Þrst or second leaf have, on average,
50Ð75% of the reproductive potential of eggs placed
on the youngest leaf.

We discovered that the Hessian ßy larva also makes
choices. Thus, instead of being doomed to accept a bad
choice made by its mother, a larva can leave that
location and move in hopes of Þnding a better location
within the plant. This sounds like a simple task but is
complicated by the architecture of grass seedlings
(Kemp 1980), which places the reactive sites required
by larvae at the center of a labyrinth of encircling leaf
sheaths. A female that places her egg on the youngest
leaf saves her offspring from the added effort of having
to Þnd reactive cells by moving through this labyrinth.
Instead the larva simply crawls down the leaf where it
was placed as an egg to the plant base where reactive
cells can be contacted by shifting from one adjacent
surface to another. As can be seen in Fig. 3A, this is
what all larvae eclosing on the youngest leaf did, i.e.,
they stayed in the location chosen by the female,
simply shifting from the adaxial surface of the third
leaf to the adjacent abaxial surface of the fourth leaf.
In contrast, offspring of females that placed their eggs
on the plantÕs oldest leaf must move away from that
location and Þnd younger leaves (Fig. 3A). Two-thirds
of the larvae that survived moved to attack the next
younger leaf (the third leaf), with the rest moving to
attack the plantÕs youngest leaf (the fourth leaf). Off-
spring of females that placed their eggs on the second
oldest leaf were intermediate in their movement (Fig.
3A), a little over half remaining in the location chosen
by the female and the rest moving to attack the ad-
jacent fourth leaf. We conclude from this that Hessian
ßy larvae have some way of determining whether
epidermal cells can be manipulated to create nutritive
cells. If not, the behavioral response of the larva is to
continue moving, testing other cells at intervals to
determine if the site is acceptable and movement can
stop. We doubt that larvae follow directional cues to
Þnd the required reactive cells. Presumably some of
the larvae that move end up dying because they never
Þnd reactive cells, this being the reason that egg to
adult survival was reduced for offspring placed on
older leaves (Table 1).

We propose that the Hessian ßy larvaÕs contribution
toward Þnding “reactive” cells is important because it
creates leeway for female behavior to evolve in the
face of other selection pressures. If larvae were not
able to move from a “bad” site chosen by the female
to Þnd a better site, the ovipositing female would be
wasting her eggs if they were placed anywhere other
than the plantÕs youngest leaves. But because larvae
can move to Þnd better attack sites (at least to some
degree), this frees oviposition-site choice from being
limited to the youngest leaf. This variable oviposition
site selection in turn may beneÞt offspring by hinder-
ing discovery by natural enemies. The Hessian ßy egg
is the stage most at risk of predation. The adult has too
short of a lifespan and spends too much time ßying to
be targeted by predators, although web-building spi-
ders are a hazard for females (Barnes 1956). Larva and
pupa are not vulnerable because they are sheltered
within the encircling leaf sheaths. In contrast the Hes-
sian ßy egg sits exposed on leaf surfaces for 3Ð4 d and
is attacked by a large number of parasitoids through-
out its geographic range (Hill 1926, Barnes 1956,
Gagné 1989, Withers and Harris 2005). In North Da-
kota it is not uncommon for 90% of the fall generation
to be attacked by egg parasitoids (M.O.H. and K.M.A.,
unpublished data). An experiment to test the impact of
oviposition-site choice could include the three treat-
ments used in the current study, as well as a fourth
treatment having a natural distribution of eggs over the
three leaves, i.e., 5% on the Þrst leaf, 20% on the second
leaf, and 70% on the third leaf (Fig. 1). We predict that
overall parasitism is lower for the naturally-occurring
distribution of eggs than for a distribution of eggs that
places all eggs on the youngest leaf. Escape from attack
by natural enemies has been proposed as an important
selection pressure for the evolution of oviposition-site
choice (Bernays and Graham 1988, Mayhew 1997) but
hasbeenstudiedvery little relative toselectionpressures
from plants and competitors.
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