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Geographic variation in Culex oviposition habitat
selection responses to a predator, Notonecta irrorata
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Abstract. 1. Predators have effects on prey populations through both consumptive
and non-consumptive effects. Predator’s presence is expected to drive variation in
prey oviposition habitat selection behaviour, but differences in biotic and abiotic
characteristics of habitats, or trait variation, may produce geographic variation in species
interactions.

2. We conducted a series of experiments in two geographic locations, Mississippi
and Missouri, USA, to assess oviposition responses of Culex mosquitoes (prey) to the
presence of Notonecta irrorata (predator). We first tested whether mosquitoes in each
location respond to the presence of N. irrorata, with follow-up experiments to determine
whether mosquitoes respond to variation in N. irrorata density, whether N. irrorata from
each location generate different responses by the same Culex population, and whether
diet and consumption of conspecifics affect oviposition.

3. We found that Culex restuans in Missouri had reduced oviposition when N. irrorata
were present. In Mississippi, C. restuans did not respond to the presence of N. irrorata
from either Mississippi or Missouri, to the variation in density of N. irrorata, or to N.
irrorata that had been fed larval mosquitoes.

4. Our study documents the first instance of geographic variation in oviposition
response of a prey species to a predator species.

Key words. Aquatic insects, geographic variation, habitat selection, oviposition,
predator–prey, preference–performance.

Introduction

Predators are one of the most important factors govern-
ing the distribution and abundance of prey populations. In
addition to direct, consumptive effects, predators also have
non-consumptive effects on prey manifested in changes to
behaviour, diet, morphology, and other characteristics (Peacor
& Werner, 2001; Relyea, 2001; Preisser et al., 2005; Win-
nie & Creel, 2007; Creel & Christianson, 2008; Peckarsky
et al., 2008). For many prey species, the lack of morphological
or chemical defences necessitates predator avoidance behaviour
for survival. Demographic habitat selection, where life cycle
or life stage habitat choices are permanent or semi-permanent,
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is a strategy to avoid predation used by colonising/ovipositing
organisms, particularly for taxa with stages incapable of dis-
persal, such as larval aquatic insects (Abrams, 2007; Resetarits
et al., 2019). Habitat choice by prey should match their expected
fitness in that patch (Rausher, 1983; Thompson, 1988; Craig
et al., 1989; Gripenberg et al., 2010). Thus, effective habitat
selection requires the detection, identification, and localisation
of predators (Ferrari et al., 2010), combined with assessment of
the risk posed to an individual.

Ovipositing female mosquitoes are able to detect and
respond to a range of aquatic predators, such as certain
amphibians, fish, beetles, and water bugs, among other taxa
(Petranka & Fakhoury, 1991; Tietze & Mulla, 1991; Stav
et al., 2000; Angelon & Petranka, 2002; Torres-Estrada
et al., 2009; Eveland et al., 2016) (unpublished data). This
includes responses by Culex and Culiseta mosquitoes to
Notonecta (Hemiptera: Notonectidae) (Chesson, 1984; Eitam
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& Blaustein, 2004; Saward-Arav et al., 2016). Notonecta are
aquatic, predatory water bugs that feed on vulnerable aquatic
invertebrate prey (Streams, 1987; Pintar & Resetarits, 2021).
They are especially efficient predators of mosquito larvae
since both occupy the upper layer of the water column, and
mosquito oviposition avoidance is a response to Notonecta
predator-released kairomones (Ellis & Borden, 1970; Blaustein
et al., 2004; Silberbush et al., 2010). Although the majority
of mosquito–Notonecta habitat selection studies have focused
on a single predator species (N. maculata Fabricius, 1794) in
one geographic region (Israel) (Kiflawi et al., 2003; Eitam &
Blaustein, 2004; Silberbush et al., 2010; Warburg et al., 2011),
few studies have explored mosquito–notonectid habitat selec-
tion interactions beyond this region or with other species
(Chesson, 1984; Eitam et al., 2002; Blaustein et al., 2005).
Notonecta irrorata Uhler, 1879 in the St. Louis region of
Missouri, USA, is known to deter oviposition by native Culex
species (Blaustein et al., 2005).

Although the threat of predation is a dominant component
of species interactions, outcomes of these interactions can
be highly context-dependent, including outcomes dependent
on geographic location (Chamberlain et al., 2014). Across
space, interactions can be a function of abiotic environmental
conditions and/or biotic factors (Travis, 1996; Harley, 2003),
all of which typically covary with latitude. Latitudinal vari-
ation in species interactions is documented among compet-
ing species (James et al., 1997; Bertness & Ewanchuk, 2002),
between plants and herbivores (Pennings & Silliman, 2005;
Post, 2005), and between predators and prey (Jeanne, 1979;
Fawcett, 1984; Stachowicz & Hay, 2000). Geographic variation
in morphological and behavioural phenotypes has been docu-
mented within many insect species (Masaki, 1979; Mousseau
& Roff, 1989; Huey et al., 2000). Temperature and precipi-
tation, among variation in other environmental characteristics,
are typically responsible for generating spatial variation in phe-
notypes (Johnston & Bennett, 1996; Meiri et al., 2005). With
such clinal variation, there is selection for different phenotypes
in different environments. This geographic variation in insect
traits includes differences during oviposition that vary based
on morphological capabilities of soil-ovipositing taxa (Her-
rmann et al., 2010) as well as differences based on host plant
specificity (Gotthard et al., 2004). However, geographic dif-
ferences in oviposition responses to predators have not been
documented.

Here, we examined oviposition habitat selection by Culex
mosquitoes in response to N. irrorata in two geographic loca-
tions, eastern Missouri and northern Mississippi, USA. We
conducted a series of field mesocosm experiments to first assess
whether mosquitoes in each location respond to N. irrorata, with
follow-up experiments to determine whether (a) mosquitoes
respond to variation in N. irrorata densities in Mississippi, (b)
N. irrorata from each location generate different responses by
the Mississippi population of mosquitoes, (c) diet and consump-
tion of conspecific larvae can generate oviposition avoidance,
and (d) N. irrorata are effective predators of Culex larvae in
Mississippi. Given the effect of N. irrorata on mosquitoes in
Missouri (Blaustein et al., 2005) and the effects of notonectids
in other regions (Kiflawi et al., 2003), we expected ovipositing

mosquitoes to avoid patches where N. irrorata is present in all
studies.

Methods

Study sites

We conducted a series of outdoor mesocosm experiments at
two study sites using N. irrorata collected from both sites to
assay responses by natural populations of mosquitoes. The first
experiment was conducted at Tyson Research Center (here-
after Tyson) in St. Louis County, Missouri, and the remaining
four experiments were conducted at the University of Missis-
sippi Field Station (UMFS) in Lafayette County, Mississippi.
Experiments 1 and 3 used N. irrorata collected from Tyson;
Experiments 2, 3, and 5 used N. irrorata collected from UMFS;
and Experiment 4 used N. irrorata from both Tyson and UMFS.
Tyson is 465 km north-northwest of UMFS. Some methods vary
between experiments due to material and space limitations,
but methods within all individual experiments are controlled,
enabling analysis within experiments and comparison of overall
results among experiments. Additionally, we used Experi-
ment 1 and other studies conducted in Mississippi to inform
Experiments 2–4.

Experiment 1: habitat selection–Missouri

In Missouri, we constructed a rectangular array of 15 meso-
cosms (3× 5) in an old field at Tyson on 30 June 2013. Meso-
cosms were blue plastic wading pools (70 litres; 0.85 m diam-
eter) that were filled with filtered water from a nearby stream
and then covered with window screen lids (1.3× 1.13 mm open-
ings) to prevent colonisation by other organisms. The mesocosm
water was aged for 3 days to degrade or dissipate any chemical
cues originating from the stream. At this time, each mesocosm
received 250 g of leaf litter and 10 g of rabbit chow (Small World
Rabbit Food, Manna Pro, St. Louis, MO, 40% protein) to stim-
ulate productivity and attract mosquitoes to the array (Blaustein
& Kotler, 1993; Relyea, 2002a; Binckley & Resetarits, 2008;
Semlitsch & Boone, 2010).

The experiment was a randomised complete block design
where each of three randomly assigned treatments were rep-
resented once per block (block = row = three mesocosms).
The treatments consisted of controls, hydrocarbons, and
Notonecta-conditioned water (NCW). Controls received no
experimental alteration. Starting 3 July, both hydrocarbon
and NCW additions were randomly added to respective treat-
ment mesocosms each day and every other day, respectively.
Hydrocarbon treatment consisted of a 5 ml mixture of syn-
thetic notonectid kairomones dissolved in 95% ethanol. The
synthetic kairomone mixture was composed of 30 μM of tri-
cosane (Sigma-Aldrich #638-67-5) and 154 μM of heneicosane
(Sigma-Aldrich #629-94-7). This dose is an approximate con-
centration that would be produced from five notonectids and
represents the only known kairomones of notonectids (Silber-
bush et al., 2010). NCW was created by housing five locally
collected N. irrorata in each of five different 0.5 litre containers
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of water for 24 h. Prior to water conditioning, all individuals
were starved for 24 h. When not conditioning water, all captive
Notonecta were fed frozen bloodworms (San Francisco Bay
Brand, Inc., Newark, CA) for the duration of the experiment.

The window screen lids were sunk into the water to allow
mosquitoes to oviposit in mesocosms on 3 July. Each meso-
cosm was checked daily for mosquito egg rafts (Culex), which
were then collected individually in small cups and transferred to
the laboratory for hatching and identification. Mosquito larvae
were reared to fourth instars and identified to species using Dar-
sie and Ward (2005). Two species comprised all individuals in
our experiment, Culex restuans Theobald, 1901 and Culex pipi-
ens×Culex quinquefasciatus (Silberbush and Resetarits unpub-
lished data). The field experiment concluded after collections on
10 July.

Experiment 2: habitat selection–Mississippi

In Mississippi, we conducted two rounds of the same exper-
iment to determine whether N. irrorata affects Culex ovipo-
sition. We used rectangular black plastic pools (∼50 litres;
66× 51× 15 cm) as habitat patches and then filled them with
unchlorinated well water and 100 g of dry hardwood leaf lit-
ter. Eight pools were arranged in a circle with a radius of 5 m
(edge of each pool to centre of array), with pools 3.8 m from
adjacent pools. We placed a single circular plastic pool (1 m
diameter; ∼110 litres) at the centre of the array filled with well
water, 20 g of rabbit chow, and 500 g of hardwood leaf litter.
This centre pool was covered with window screening to pre-
vent oviposition, and its purpose was to provide additional cues
from the decaying organic matter to attract mosquitoes to the
array. This is in contrast to many other studies that place this
organic matter within experimental mesocosms in which they
directly measure oviposition or other biotic changes (Blaustein
& Kotler, 1993; Relyea, 2002b; Binckley & Resetarits, 2008).
However, high amounts of organic matter, and nutrient-rich
manufactured materials like rabbit chow in particular, may influ-
ence oviposition and potentially interact with the perception of
predator cues in patches (Pintar et al., 2018). Therefore, our
methods provide for the ability to attract mosquitoes to the array,
while preventing interaction with cues in experimental pools
that could lead to misinterpretation of results; hence, our results
provide conservative estimates of effects. Treatment pools con-
tained a cylindrical black plant pot ‘cage’ (32 cm diameter) with
two screened sides and a screen lid to house N. irrorata. One
of two treatments (controls; N. irrorata pools) was randomly
assigned to the first pool and then alternated such that no pools
of the same treatment were adjacent. Notonecta irrorata were
collected from ponds at UMFS and were immediately added to
pools (without being gut-cleared or fed).

The first round of the experiment was conducted in June 2015,
and we placed two N. irrorata in each predator cage. We set
up two arrays (blocks) simultaneously on 9 June and collected
egg rafts on 10–17 June. The second round was conducted
in October 2015, and we placed three N. irrorata within each
predator cage. The first block was set up on 10 October and
egg rafts were collected 11–14 October, while the second block

was set up on 13 October and egg rafts were collected 14–17
October. Other observations (Bohenek et al., 2017; thousands
of other egg rafts identified to species from unpublished data)
showed that ∼99% of Culex egg rafts oviposited at UMFS are C.
restuans. Therefore, we collected a subset of egg rafts from these
experiments, raised them to the fourth instar, and identified them
to species (Darsie & Ward, 2005). All identified larvae (from 101
egg rafts) were C. restuans.

Experiment 3: habitat selection–density

We conducted another experiment in Mississippi to deter-
mine if N. irrorata density, rather than presence/absence, within
a patch can affect Culex oviposition. Responses by colonis-
ing/ovipositing taxa in experimental mesocosms are largely a
presence/absence response or a threshold response that occurs at
a very low density of predators (Rieger et al., 2004). Notonecta
irrorata were collected on 23 May 2017 from one pond at UMFS
(34∘25′09.13′′N, 89∘23′37.76′′W). On 24 May, we established
mesocosms (blue plastic pools: 70 litres; 0.85 m diameter), lin-
early arranged and separated by 1 m edge-to-edge, each con-
taining 250 g hardwood leaf litter. To reduce chances of addi-
tional notonectids colonising this experiment, the mesocosms
were established at three sites (blocks) where previous obser-
vations indicated colonising notonectids were rare. Treatments
consisted of three densities of N. irrorata: 0, 2, or 10 individuals
per mesocosm (nine replicates per treatment, three replicates per
block; N = 27). The N. irrorata densities represent low and high
densities commonly encountered at UMFS, although N. irrorata
densities can be higher. Treatments were randomly assigned to
the first and second pools in each block, with treatments of the
remaining pools systematically alternated so that each pool was
adjacent to the two other treatments. The appropriate numbers
of N. irrorata were randomly assigned, added to mesocosms on
24 May, and placed below the screens to prevent them from con-
suming any colonists. Mesocosms were covered with screening
(1.3× 1.13 mm openings) that was depressed below the water
surface to separate N. irrorata from ovipositing mosquitoes and
their eggs.

We removed and counted Culex egg rafts daily, but egg rafts
were only found 26 May–6 June. We also checked mesocosms
every day for colonising notonectids, which were removed
to maintain treatment densities (only two colonised). The
experiment was terminated on 28 June, when we searched
through the leaf litter to determine N. irrorata survival,
which was 100%. No Culex larvae were raised and identi-
fied, but based on prior experiments all were assumed to be
C. restuans.

Experiments 4a and 4b: habitat selection–transplant
experiments

Our final set of habitat selection experiments was transplant
experiments where we directly compared the effects of N.
irrorata from two populations (UMFS and Tyson) on the same
population of Culex (UMFS). On 11 June 2018, we collected
N. irrorata from UMFS, and on 12 June 2018 we collected
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N. irrorata from Tyson and transported them to UMFS. We
attempted to assay oviposition in mid-June, but there was
no Culex activity. Thus, we maintained Notonecta from both
populations in a lab at UMFS until mid-August.

The first transplant experiment (Experiment 4a) aimed to
assess Culex oviposition in response to gut-cleared N. irrorata.
The design of this experiment was similar to Experiment 2.
We used 12 black plastic pools (∼50 litres; 66× 51× 15 cm)
arranged in a circle around a central bait pool (∼110 litres). The
treatment pools were 5 m from the centre of the array and were
separated from each other by 2.6 m. There were three treatments:
controls (no N. irrorata), Tyson (N. irrorata from Missouri), and
UMFS (N. irrorata from Mississippi). The treatments of the first
two pools were randomly assigned and then alternated around
the array so that each pool was adjacent to the pools of the other
two treatments. Each treatment pool contained well water, 100 g
of hardwood leaf litter, and a cage. The bait pool contained well
water, 20 g of rabbit chow, 500 g of hardwood leaf litter, and
was covered with screening. To clear their guts, N. irrorata from
both populations were not fed for 7 days prior to the start of
the experiment. The first block was established on 12 August,
contained two N. irrorata in predator pool cages, and had its
egg rafts collected 13–16 August. Due to some mortality, the
second block contained one N. irrorata per cage (to maintain
equal numbers across all replicates in the block); the second
block was established on 16 August, and egg rafts were collected
17–21 August.

The second transplant experiment (Experiment 4b) aimed to
assess Culex oviposition in response to N. irrorata that were fed
Culex larvae. Using a similar design to previous experiments,
we set up nine black plastic pools (∼50 litres; 66× 51× 15 cm)
arranged in a circle around a central bait pool (∼110 litres).
Treatment pools were 5 m from the centre of the array and
were separated from each other by 3.4 m. Treatment pools and
bait pools were established in the same manner as the previous
experiment, and the same three treatments (control, UMFS,
Tyson) were randomly assigned as previously described. Pairs
of N. irrorata were randomly assigned to each UMFS and Tyson
pool, but only a single individual was in each cage at a time.
Starting on 24 August, 24 h prior the establishment of the first
block, we established holding containers (∼2 litres) in the lab
for each pair of N. irrorata. In the lab and for the duration of
the experiment, N. irrorata from both UMFS and Tyson were
fed 9 ml of Culex larvae (∼100 individuals) per day that had
been collected from Experiment 4a (UMFS) and raised in the
lab. Using the paired N. irrorata system, we swapped each
individual between the field and lab each day, such that every
other day one individual was in the experimental pools while
the other was in the lab with available food. The first block was
established on 24 August and egg rafts were collected from 26
August to 29 August, while the second block was established
on 29 August and egg rafts were collected from 30 August to
2 September. The same N. irrorata individuals were used in
both blocks, but they were randomly reassigned to pairs and
pools in the second block. A subsample of egg rafts from both
transplant experiments was collected, raised to fourth instar, and
identified to species; all egg rafts were C. restuans (Darsie &
Ward, 2005).

Experiment 5: predation experiment

Finally, we conducted a predation experiment to verify that
N. irrorata are effective predators of Culex larvae at UMFS.
On 19 September 2017, we set up one 110-litre wading pool
containing ∼500 g hardwood leaf litter at UMFS, and covered
it with window screening. On 20 September, we collected 38
Culex egg rafts from this pool. Egg rafts were raised in a
greenhouse in individual 100 ml plastic containers filled with
∼40 ml of water from the source pool and ∼0.02 g of rabbit
chow. On 26 September, larvae had reached the fourth instar,
and we identified one larva from each egg mass to species. All
identified larvae were C. restuans. The larvae from all 38 egg
rafts were combined and mixed in a single container and then
sorted into 12 groups of 100 individuals (all fourth instar).

We filled 12 clear plastic containers (34.6× 21.0× 12.4 cm)
with 3.0 litres of unchlorinated well water to establish micro-
cosms in a lab with a 12/12 h light/dark cycle (lights on
08.00 hours–20.00 hours) on 20 September. Notonecta irrorata
were collected from the same pond as the density experiment
at UMFS on 20 September and held in the lab without food
until 26 September when we randomly assigned seven individ-
uals to the microcosms (one N. irrorata per microcosm) and
added them at 08.00 hours. This established our two treatments
for the mosquito predation experiment: control (zero N. irro-
rata; N = 5) and predator (one N. irrorata; N = 7). The design
was unbalanced because we expected no mortality from controls
and some variation from predator replicates. We then randomly
assigned the 12 groups of 100 C. restuans larvae to microcosms
and added them at 09.00 hours on 26 September. We counted the
number of larvae alive in each microcosm after 1 h (10.00 hours),
3 h (12.00 hours), and 23 h (08.00 hours on 27 September), after
which the experiment was terminated.

Data analysis

All analyses of the habitat selection experiments (Experiments
1–4) were conducted in a similar manner. We summed the total
number of egg rafts oviposited in each pool over the duration of
each experiment, and then analysed the total number egg rafts
with mixed-effects models fit with a Poisson distribution with
treatment as a fixed effect and pool nested within block as a
random effect. In the density experiment only, we set planned
contrasts to first compare mesocosms with no N. irrorata to
those that contained N. irrorata (both 2 and 10 per mesocosm)
and second to compare mesocosms with two N. irrorata to those
with 10 N. irrorata. For all other analyses, we compared the
primary model (including treatment) to null model excluding
treatment to obtain main effects of treatment. All analyses were
conducted in r v 4.1.0 using the lme4 v 1.1-27 and multcomp
v 1.4-17 packages (Hothorn et al., 2008; Bates et al., 2015; R
Core Team, 2021).

For Experiment 5, we analysed the number of larvae alive
throughout the experiment with a repeated-measures anova that
included treatment, time, and the time× treatment interaction as
fixed effects on the square root of transformed abundances of
larvae.
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Fig. 1. Average proportion of egg rafts (±SE) oviposited in each treatment relative to controls for all habitat selection experiments. Experiments are
ordered left to right in the same order they are presented in the text. Experiments on the left side were conducted at Tyson, while those on the right were
conducted at UMFS. Results at Tyson are for both Culex pipiens×Culex quinquefasciatus and Culex restuans; results at UMFS are all C. restuans. The
colour of bars indicates the source location of Notonecta irrorata used in each experiment. The horizontal line at 1.0 represents the mean control value,
while dashed lines indicate upper and lower standard error limits for controls in each experiment. The asterisk indicates a significant difference from
the control. Tyson, Tyson Research Center; UMFS, University of Mississippi Field Station.

Results

Results of all habitat selection experiments are presented in
Fig. 1 in the order (left to right) described here (and in the
methods) and as a proportion of the controls within each
experiment for direct comparison among experiments.

Experiment 1: habitat selection–Missouri

A total of 692 egg rafts were oviposited across the duration
of the experiment: 384 C. restuans egg rafts and 306 C. pipi-
ens×C. quinquefasciatus egg rafts. There were no differences in
C. pipiens×C. quinquefasciatus oviposition across treatments
(𝜒2 = 2.27, P = 0.3218), but there was a marginal differ-
ence in C. restuans oviposition across treatments (𝜒2 = 5.55,
P = 0.0625). Post hoc Holm-adjusted Tukey’s comparisons
of treatments revealed that oviposition in pools containing
Notonecta-conditioned water (NCW) was significantly lower
than controls for C. restuans, while comparisons with the hydro-
carbon water were not significant.

Experiment 2: habitat selection–Mississippi

In the June round of the experiment, a total of 172 egg
rafts were oviposited, but there were no differences between
treatments (𝜒2 = 0.88, P = 0.3475). In the October round of
the experiment, a total of 994 egg rafts were oviposited, but
again, there were no differences between treatments (𝜒2 = 0.01,
P = 0.9220).

Experiment 3: habitat selection–density

A total of 716 Culex egg rafts were oviposited in the density
selection experiment. The number of egg rafts oviposited in

each treatment did not vary between mesocosms with or without
N. irrorata (z = 0.310, P = 0.757) or between those with 2 or
10 N. irrorata (z = 0.049, P = 0.961).

Experiments 4a and 4b: habitat selection–transplant
experiments

During the gut-cleared experiment (Experiment 4a), a total of
570 egg rafts were oviposited, and there were no differences in
oviposition rates among treatments (𝜒2 = 0.29, P = 0.8666).
In the experiment when we fed Culex larvae to N. irrorata
(Experiment 4b), a total of 681 egg rafts were oviposited, and
there were no differences in oviposition rates among treatments
(𝜒2 = 0.18, P = 0.9144).

Experiment 5: mosquito predation experiment

Notonecta irrorata began preying on mosquito larvae within
the first hour of the mosquito predation experiment (Fig. 2).
After 23 h, all C. restuans larvae were still alive in the controls,
whereas only one larva survived in the seven predator replicates
(out of 700 total larvae initially). Thus, in this experiment,
there was a strong time× treatment interaction (F1,34 = 1979,
P< 0.0001), main effect of treatment (F1,10 = 1184, P< 0.0001),
and main effect of time (F1,34 = 2771, P< 0.0001).

Discussion

We observed geographic variation in responses by oviposit-
ing Culex to N. irrorata between populations in Missouri and
Mississippi. First, it was shown previously that Culex in Mis-
souri have lower oviposition rates in patches containing N. irro-
rata; however, Blaustein et al. (2005) only reported an overall
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Fig. 2. Average number of Culex restuans larvae (±SE) in the control
and Notonecta irrorata treatments alive at the start (0 h) of the predation
experiment (Experiment 5) and after 1, 3, and 23 h.

avoidance among all Culex and likely did not consider individ-
ual species responses due to low total counts of egg rafts in
their experiment. We verified that Culex in Missouri have lower
oviposition rates in patches with N. irrorata kairomones, and we
documented species-specific responses, with lower oviposition
by C. restuans and no difference among treatments with C. pipi-
ens×C. quinquefasciatus. Second, across all of our experiments
in Mississippi, we have documented that C. restuans in this pop-
ulation do not respond to N. irrorata. This includes experiments
conducted in multiple seasons, across high and low N. irrorata
densities, with N. irrorata that were fed and gut-cleared, and
with N. irrorata from both Missouri and Mississippi (Fig. 1). To
our knowledge, this represents the first documented instance of
geographic variation of oviposition habitat selection responses
in a single predator–prey system.

Geographic variation in habitat selection across two geo-
graphic locations in response to a highly effective predator
(Fig. 2) is unexpected, given the fitness consequences. Prey
avoidance behaviour should reflect the predation risk posed by a
predator, especially among two common, native, widely occur-
ring species like C. restuans and N. irrorata (Segev et al., 2016).
At UMFS, we conducted multiple experiments to verify this
counterintuitive outcome and test alternative hypotheses. Our
first alternative was to determine if there was a response to
predator density, but high densities still produced no oviposition
response by C. restuans at UMFS. Eitam and Blaustein (2004)
observed a presence–absence response between N. maculata
and ovipositing mosquitoes, and threshold responses have typ-
ically been observed by other ovipositing organisms in aquatic
systems (Rieger et al., 2004). Thus, given the outcome of our
initial Mississippi experiments, this non-response to density
was expected, given that densities eliciting avoidance elsewhere
were typically low. Lastly, we simultaneously tested two addi-
tional hypotheses: (a) Culex oviposition responses to N. irrorata
are a response to N. irrorata diet/consumption of Culex larvae
and (b) N. irrorata from Missouri produce unique kairomones
that those from Mississippi do not. In both cases, there were
again no responses by C. restuans to any variation in N. irrorata.

Culex restuans at UMFS are capable of detecting, localising,
and responding to predators present in aquatic habitats–we have
documented that C. restuans avoid a wide range of fish species,
ambystomatid salamanders, and adult predaceous diving bee-
tles (Bohenek et al., 2017; Pintar & Resetarits, 2020; unpub-
lished data); however, there is considerable species-specific vari-
ation in whether C. restuans avoid a predator. If dietary or
consumption-related cues play roles in this predator–prey inter-
action, we would expect cues of consumed conspecific larvae to
be the most direct and informative cue of risk posed to larval
mosquitoes within patches (Schoeppner & Relyea, 2005, 2009),
but ovipositing C. restuans in Mississippi did not respond to
predators that were fed larval mosquitoes.

Culex predator avoidance behaviour during habitat selec-
tion is also species-specific at Tyson, with reduced oviposi-
tion in response to some species, but not to others. Among
tested fish species at Tyson, C. restuans reduced oviposition
with Gambusia affinis (S.F. Baird & Girard, 1853), but not
with Lepomis cyanellus Rafinesque, 1819 or Aphredoderus
sayanus (Gilliams, 1824) (Eveland et al., 2016; Silberbush &
Resetarits, 2017)–these same patterns are observed at UMFS
(unpublished data). The specific compounds that make up
predator-released kairomones are unknown for the majority of
taxa, including N. irrorata. The synthetic kairomone mixture
used at Tyson (tricosane, heneicosane) represented kairomones
produced by N. maculata, a Palearctic species (Silberbush
et al., 2010). Lack of response by both C. restuans and C. pipi-
ens×C. quinquefasciatus at Tyson to the synthetic kairomone
mixture could indicate that N. irrorata do not produce these
chemicals, produce them in different concentrations or ratios,
or they do not act as kairomones in this predator–prey system.
We did not test for responses by the Mississippi Culex popula-
tion to the synthetic kairomones, but since they do not respond
to the actual predator it is essentially moot.

Transplanting N. irrorata from Tyson to UMFS, maintaining
N. irrorata from both populations in equivalent conditions
prior to and during the experiments, and having equivalent
non-responses to their presence by ovipositing Culex at UMFS
suggest that there is nothing inherently physiologically different
about the N. irrorata themselves. It is possible that N. irrorata
in the two populations have different diets that elicit responses
in Missouri but not Mississippi. However, in Missouri, we fed
N. irrorata commercial bloodworms after 24 h without food,
whereas Blaustein et al. (2005) deprived theirs of food for
3 days, yet we obtained equivalent results. In Mississippi, we
used an array of feeding methods, including C. restuans larvae,
gut-clearing for a week, transporting directly from natural ponds
into mesocosms, and allowing N. irrorata to feed on organisms
within mesocosms for up to 3 weeks, all with the same outcome.
Furthermore, in the density experiment at UMFS, N. irrorata
presence (but not density) affected colonisation of five aquatic
beetle species in two families (Pintar & Resetarits, 2021).
This suggests that differences in C. restuans oviposition in the
two populations are not due to diet or other characteristics
of N. irrorata, but rather to differences in C. restuans. One
likely explanation is that there are differences in the sensory
capabilities or recognition between C. restuans populations at
UMFS and Tyson. Sensory differences could exist through (1)
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the (in)ability to directly detect N. irrorata kairomones that
are detected by other insect taxa (Pintar & Resetarits, 2021),
(2) detection of the kairomones but differences in whether the
kairomones are associated with predation risk, or (3) detection
and recognition of the kairomones, but perceived importance of
the risk posed by N. irrorata is low relative to other axes of
patch quality, such as a shared predator (e.g. fish). Because we
did not conduct a reciprocal transplant experiment in Missouri
using Mississippi N. irrorata, we cannot exclude the possibility
that each population produces unique chemical signatures.
Replicating all studies at both sites would provide a more robust
test of the nature of this geographic variation; however, all of our
results suggest that C. restuans in Mississippi lack an evolved
response to the presence of N. irrorata.

Although both Culex and N. irrorata strongly avoid many fish
species, this does not necessarily mean they are both relegated
to the same fishless patches. Based on patch size alone, N.
irrorata prefer to colonise larger patches (Resetarits et al., 2019)
while C. restuans prefer to oviposit in smaller patches (Bohenek
et al., 2017). Thus, patch size can act as a niche dimension,
potentially mediating the predatory effect of adult N. irrorata on
larval Culex. Although Notonecta are probably a poor taxon to
use for biocontrol of mosquito populations due to their vagility,
our results here illustrating geographic variation in responses
by ovipositing Culex to N. irrorata have potential implications
for the use of other species in biocontrol. Some fish species,
particularly Gambusia spp., are well known to have strong
effects on both oviposition and larval survival within individual
habitat patches (though not necessarily on regional abundances),
while other fish species have a range of effects. But are these
outcomes always true in predator–prey interactions in different
systems? Our results indicate that, at least for some taxa, that
answer is no. Therefore, there should be increased emphasis on
ecological interactions in local populations to achieve the most
effective methods for controlling some species.

Overall, we have documented the first instance of geographic
variation in oviposition site selection by one prey species in
response to a predator species. Although the mechanisms behind
this geographic variation, as well as the spatial scope of the
variation, need further study, there are clear consequences
for these behavioural differences. At the population level, the
lack of habitat preference at UMFS may be of relatively lit-
tle importance at the population level due to the prevalence
of C. restuans there. However, for an individual female, the
lack of response to N. irrorata can be devastating, as they
are potentially committing their entire lifetime’s reproductive
output to a habitat patch containing predators that can deci-
mate their offspring. The oviposition response by C. restuans at
Tyson enables females in this population to provide their off-
spring habitat patches devoid of these predators, at least ini-
tially. This illustrates how effective oviposition habitat selec-
tion is a critical component of predator–prey interactions, and
females across an array of aquatic taxa make decisions to opti-
mise fitness (McGuffin et al., 2006; Vonesh et al., 2009; Rese-
tarits et al., 2019). These habitat selection decisions are an
important part of the factors driving patterns of species abun-
dances, species distributions, and community structure across
landscapes.
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