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Abstract

Colonization, including oviposition, is an important driver of population and community dynamics both within and across
habitat patches. Most research has focused on the roles of habitat availability or quality on colonization and its outcomes.
However, the spatial distribution of habitats also likely affects these processes. We conducted field experiments in Georgia,
USA, using clustered and dispersed arrays of equal numbers of oviposition patches to investigate how patch aggregation
influenced oviposition by Aedes mosquitoes. We tested the effects of aggregation on: (1) the total number of eggs an array
received, (2) the proportion of patches within an array that received eggs, and (3) the number of eggs per colonized patch. We
compared results to predictions from three models (Field of Dreams, Propagule Redirection, and Excess Attraction), which
vary in the degree to which arrays attract colonists and apportion those colonists among patches. Clustered arrays received
22% more eggs than dispersed arrays, with clustered patches significantly more likely to receive eggs. At the species level,
A. albopictus responded more to clustering than did A. triseriatus. These results are inconsistent with Propagule Redirection,
but support the Excess Attraction and Field of Dreams models. Although clustered arrays occupied a relatively small area,
they attracted at least as many ovipositing mosquitoes as did dispersed arrays. However, the number of eggs per colonized
patch did not differ between clustered and dispersed arrays. Therefore, density dependence among larvae, and hence the
production of adult mosquitoes on a per-patch basis, should be similar in dispersed and clustered landscapes.
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Introduction competitor density (Keen 1982), all of which likely con-

tribute to patch quality. However, external conditions, such

Colonization of habitat patches is a critical driver of popula-
tion dynamics and community structure within individual
patches (Binckley and Resetarits 2005; Vonesh et al. 2009)
and across collections of patches (Hanski 1998; Loreau and
Mouquet 1999; Mouquet and Loreau 2003). Colonization is
influenced by a variety of factors intrinsic to the patch, such
as resource availability (Fader and Juliano 2014), preda-
tor density (Rieger et al. 2004; Dussault et al. 2005), and
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as the composition of the inter-patch matrix (Baum et al.
2004; Bender and Fahrig 2005) and the quality of neigh-
boring patches (Resetarits and Silberbush 2016), also can
influence the colonization of a focal patch.

Habitat availability (i.e., the number or density of patches)
is another extrinsic factor that can drive patch-level coloni-
zation, although its effects appear to vary among systems.
For example, Stier and Osenberg (2010) found that larval
fish arriving in a reef environment after a pelagic larval stage
had lower settlement rates on corals that were surrounded
by other corals (high patch density) compared to isolated
corals (low density). Their results indicated that the high-
density corals competed with one another for a relatively
fixed number of larvae, which distributed themselves across
the available coral patches. In other words, when more corals
were available, larvae were divided among them, resulting
in fewer larvae per individual coral.
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However, although Stier and Osenberg (2010) observed
lower densities of fish per coral in the experimental arrays
with multiple corals, these arrays of coral habitat received
slightly greater total settlement than single isolated cor-
als, suggesting that the local pool of available larvae
increased with the addition of habitat, although much less
than expected given the amount of added habitat. A more
extreme example of this latter pattern occurred in studies
of the colonization of small ponds by aquatic beetles. As
in the fish-coral study, these ponds were previously unoc-
cupied, so potential colonists were coming from outside
the experimental system. When habitat quality was similar
among experimental ponds, beetles colonized individual
ponds at a constant rate, regardless of whether there were
one or four ponds in the local neighborhood (Resetarits
and Binckley 2009; Resetarits and Binckley 2014). Thus,
in contrast to the results for reef fish and corals, increasing
the number of ponds in a local area yielded a proportional
increase in the number of beetles colonizing that area. In
yet another study in an oyster reef system, Keller et al.
(2017) found results that depended on the species being
considered and its life stage; some results fit the reef fish
pattern and other results resembled the beetle pattern.
Together, these studies illustrate that different colonization
patterns can occur in different systems, with the drivers
of these patterns likely related to the strength of signals
produced by patches (which would likely increase with an
increase in the number of patches in a local area), signal
detection capabilities of potential colonists, and mobility
of those colonists (e.g., Hamman et al. 2018).

These results can be viewed with respect to two compet-
ing processes: (1) how a region containing habitat patches
attracts potential colonists; and (2) how those potential
colonists get divided up amongst the available patches
in that region. The Propagule Redirection Hypothesis
(Osenberg et al. 2002; Hamman et al. 2018) asserts that
a collection of patches in a local area attracts no more
total colonists than an isolated patch, and as a result, a
constant number of colonists get distributed across the
patches, resulting in proportionately fewer colonists per
patch. In contrast, if an area with more patches attracts
proportionately more colonists, and those individuals then
get evenly distributed among patches, the number of colo-
nists per patch will be the same for a single isolated patch
or a cluster of many patches. This scenario has been called
the Field of Dreams Hypothesis (Palmer et al. 1997; see
also Stier and Osenberg 2010; Keller et al. 2017; Ham-
man et al. 2018 for further elaborations), and results in
a proportionate increase in colonists in areas with more
patches. A more extreme version of Field of Dreams could
arise if areas with multiple patches attracted a dispropor-
tionately large number of colonists compared to a single
patch, and thus the number of colonists per patch would
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increase with patch number. We refer to this scenario as
the Excess Attraction Hypothesis.

Originally, these hypotheses were formulated with respect
to the effects of habitat abundance (e.g., areas with high vs.
low numbers of available habitat patches). However, they
can be extended to consider the effects of the spatial dis-
tribution of patches (e.g., dispersed vs. clustered), keeping
the regional abundance of patches constant, but changing
the local density. Thus, an array of highly dispersed patches
could be viewed as having low local density, with each patch
behaving like a single isolated patch in the original formula-
tions of the hypotheses.

Although disentangling all the factors driving coloniza-
tion patterns in a system is difficult, understanding which
colonization scenario (e.g., Field of Dreams or Propagule
Redirection) dominates is a necessary step towards a more
complete understanding of the dynamics of that system. Col-
onization patterns set the stage upon which post-colonization
effects (e.g., density-dependent growth, survival, or repro-
duction) act to determine the production of new colonists
(Palmer et al. 1997; Stier and Osenberg 2010; Hamman et al.
2018). Thus, considering how different species respond to
the density and spatial aggregation of habitat patches can
have important implications: e.g., for management and res-
toration of threatened populations or the control of disease
vectors that depend on patchily distributed habitat types.

Terrestrial organisms with aquatic larval stages, such as
many insects and amphibians, are prime examples of species
whose population dynamics may be influenced by the spatial
distribution of habitat patches. For these organisms, females
frequently search for suitable habitat patches in which to
oviposit. For example, container-breeding mosquitoes in the
genus Aedes lay eggs in small, often ephemeral, bodies of
water such as tree holes or artificial containers in human-
altered landscapes. These mosquitoes also have the behavio-
rally plastic capacity for skip oviposition, which allows them
to distribute eggs from a single batch into multiple larval
habitats. Females tend to spread eggs out more when multi-
ple habitats patches are available in small (~ 1 m?) areas (de
Abreu et al. 2015; Davis et al. 2015), although they do this
less if some of the patches are of lower quality (Oliva et al.
2013; Davis et al. 2015). This ability potentially allows them
to reduce competition between their offspring by depositing
fewer eggs per patch, and/or could serve as a bet-hedging
strategy, enabling them to spread out their eggs in case one
patch becomes uninhabitable.

Density-dependent competition during the larval stage
affects Aedes mosquito population dynamics (Briegel
1990; Armbruster and Hutchinson 2002; Walsh et al. 2011;
Gilles et al. 2011; Yoshioka et al. 2012), and influences
their competence as disease vectors (Alto et al. 2008,
2005). Thus, how eggs get distributed among habitat
patches could affect adult mosquito production as well as
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spatial patterns of disease transmission, which is a major
public health concern, as these mosquitoes are important
vectors for many human diseases such as Zika, dengue,
and chikungunya. Research investigating factors that drive
patterns of oviposition by female mosquitoes has primar-
ily focused on patch characteristics that indicate habitat
quality, such as resource quantity (Yoshioka et al. 2012;
Fader and Juliano 2014) or type (Dieng et al. 2003; Pon-
nusamy et al. 2008; Reiskind et al. 2009), the presence
of conspecifics or heterospecific competitors (Zahiri et al.
1997; Allan and Kline 1998; Edgerly et al. 1998; Yosh-
ioka et al. 2012; Fader and Juliano 2014; Wasserberg et al.
2014; Fonseca et al. 2015), or the presence of predators
(Pamplona et al. 2009) and parasites (Lowenberger and
Rau 1994). However, little is known about how the spatial
distribution of suitable habitat patches affects mosquito
oviposition behavior.

To address this question, we conducted a field experi-
ment on Aedes mosquitoes in NE Georgia, USA. Specifi-
cally, we sought to determine whether Propagule Redirec-
tion, Field of Dreams, or Excess Attraction Hypotheses
capture the spatial patterns of oviposition in this system,
extending these colonization paradigms to consider the
spatial aggregation of patches, and not simply patch avail-
ability: i.e., we compared oviposition in arrays of habitat
patches containing an equal number of spatially clustered
or dispersed patches. We compared the three hypotheses
with respect to three measures of egg deposition: (1) the
total number of eggs per array of habitat patches; (2) the
number of patches in an array that received eggs; and
(3) the average density of eggs per patch in patches that

received eggs. We also considered how skip oviposition
would influence these patterns.

In the absence of skip oviposition, the three hypotheses
can be easily distinguished (Table 1, Appendices A-B in
Online Resource 1). Propagule Redirection predicts that the
total number of eggs per array and the number of eggs per
colonized patch will be lower in the clustered arrays (Fig.
S1 in Online Resource 1). Specifically, a cluster of patches
will receive the same number of eggs as a single dispersed
patch. Therefore, due to the greater areal spread of the dis-
persed patches, we would expect the entire array (and the
cues produced by its patches) to be encountered by a greater
number of females, and receive more total eggs than a clus-
ter of patches. This is essentially a sampling effect, where
dispersed habitats can be thought of as sampling gravid mos-
quitoes over a larger area, whereas patches in a clustered
array have overlapping sampling areas, and thus compete
for the same set of females, resulting in fewer eggs per colo-
nized patch compared to dispersed patches.

In contrast, the Field of Dreams Hypothesis predicts that
the number of eggs per array and the eggs per colonized
patch will be equal in the clustered and dispersed arrays (Fig.
S2 in Online Resource 1). These predictions arise from the
assumption that the number of female mosquitoes that visit
and oviposit in a clustered array increase in proportion to the
number of patches in the cluster. Because the clustered patches
occupy a much smaller area of the landscape than the dis-
persed patches, this means that the cluster of patches must
draw in mosquitoes from a larger area than a single dispersed
patch to achieve the same per-patch oviposition rate. Specifi-
cally, the total area sampled by a clustered array must be equal
to the area sampled by a dispersed array. However, at the patch

Table 1 Summary of different colonization and skip oviposition scenarios and their predicted oviposition outcomes for patch- and array-level
responses in dispersed (D) vs. clustered (C) treatments (assuming that arrays are not saturated with mosquitoes)

Colonization scenarios

Predicted oviposition patterns

Hypothesis Description Skip oviposition Array response Binomial response  Patch response (eggs
(total eggs per (% patches with per colonized patch)
array) eggs)

Propagule Redirection (dilu- A cluster of habitat patches ~ No C<D C<D C<D

tion) receives the same no. of More in C C<D C?7D CKD
colonists as a single dis- More in D C<D CKD CoD
persed patch

Field of Dreams (proportion- Each patch receives an equal No C=D C=D C=D

ate increase) no. of colonists, irrespec- More in C C=D C>D C<D
tive of clustering More in D C=D C<D C>D

Excess Attraction (greater Each patch receives dispro-  No C>D C>D C>D

than proportionate portionately more colonists More in C C>D C>»D C9D
increase) than a single patch when it More in D Cc>D CcoD C»D

is near other patches

Separate predictions are given for scenarios where skip oviposition occurs more in either clustered or dispersed patches. “C ? D” indicates that
the pattern is ambiguous, and could either be C>D, C=D, or C<D, depending on the degree of skip oviposition. If skip oviposition occurs
similarly across both treatment types, predictions remain the same as the case in which skip oviposition does not occur
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level, the increased number of females attracted to the clus-
tered array gets allocated among patches within the cluster,
resulting in the same number of ovipositing females (and thus
eggs) per patch: i.e., the number of eggs deposited into a patch
is independent of the proximity of its neighbors.

Finally, the Excess Attraction Hypothesis predicts that the
total number of eggs per array will increase when patches are
clustered: i.e., the attractive effect of clustering more than
compensates for the redistribution of females among patches
in the cluster. As result, the number of eggs per colonized
patch is also greater (Fig. S3 in Online Resource 1).

In addition, if the landscape is not saturated with mosqui-
toes, such that some patches do not receive eggs, then the three
hypotheses can be further distinguished from one another
based on the frequency of patches that receive eggs within
each array (i.e., the presence/absence of eggs). Under Prop-
agule Redirection, the dispersed array is expected to “‘sample”
more females on the landscape, and therefore receive more
eggs per patch. Therefore, the probability (Pr) that a patch
in the dispersed array is found and oviposited in by at least
one female would be greater than in the clustered array (i.e.,
Pr(0) in a Poisson process declines as the expected number
of events—in our case, the expected number of ovipositing
females visiting a patch—increases). Thus, predicted treatment
effects on the proportion of patches that receive eggs should
mirror the prediction with respect to the total number of eggs
per array (Table 1, Figs. S1-S3 in Online Resource 1).

If not all patches receive eggs, and if skip oviposition
occurs to different degrees in the two treatments, then the
predictions regarding the proportion of patches receiving
eggs and the number of eggs per colonized patch, but not
the total number of eggs per array, will change (Table 1;
Figs. S2, S4, S5 in Online Resource 1). In the treatment in
which skip oviposition is more common, the frequency of
patches with eggs will increase relative to the other treat-
ment, because the eggs will be distributed more evenly
across the available patches (Table 1). This effect will reduce
the number of eggs per colonized patch in the treatment
with more skip oviposition, since the same total number of
eggs would be spread out among more patches. As a result
of these effects, skip oviposition slightly blurs the distinc-
tions among the three hypotheses with respect to the propor-
tion of patches receiving eggs and eggs per colonized patch,
although the three hypotheses remain distinguishable (see
Appendix C in Online Resource 1 for more details).

Methods
Field sites

Five forested sites with populations of the native East-
ern tree-hole mosquito, Aedes triseriatus (also known as
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Ochlerotatus triseriatus: Reinert 2000), and the invasive
Asian tiger mosquito, Aedes albopictus, were selected within
or near the city of Athens, Georgia, USA—three in White-
hall Forest, and two in Oconee Forest Park (GPS coordinates
in Table S1, Online Resource 1). These forests are separated
by approximately 4 km, and experimental sites within a for-
est were separated by 0.25-1 km. All sites contained a mix-
ture of tree species, primarily deciduous species dominated
by maple and oak, as well as a few individual pines. Sites
were set up in the forest interior, approximately 50 m from
its edge, in areas with relatively low underbrush density.
As it was a drought year, most sites had few natural larval
habitats such as water-filled tree holes. Those that did gener-
ally had only one or two natural habitats within 20 m of any
experimental patch. Preliminary analyses did not provide
any demonstrable effect of this small variation in natural
habitats, so we did not explore their effects further.

Experimental setup and oviposition assays

Previous field studies on Aedes mosquitoes used ground-
deployed oviposition patches (Trexler et al. 1998), and in
our observations of natural larval habitats near these sites,
the majority of tree holes that we found containing water
and mosquito larvae were at the base of trees. Therefore, at
each site, 12 black plastic cups (10 cm diameter) simulating
natural oviposition patches were deployed on the forest floor,
6 in a clustered and 6 in a dispersed habitat array. Cups were
staked to the ground, and had two holes drilled in the sides
to prevent water from overflowing or submersing mosquito
eggs during rain events. In the clustered array, five cups were
positioned in a circle 1 m from a central cup. As mosquitoes
can detect olfactory cues from larval habitats on a scale of
meters, and visual cues on similar or slightly larger scales
(Day 2016), we presumed that if a mosquito encountered one
patch in a clustered array, it also would be able to perceive
other patches in the array. In the dispersed arrays, cups were
arranged in three staggered rows of two cups each, sepa-
rated from the clustered array and from each other by ~20 m
(Fig. 1). This distance was used, because it is likely beyond
the olfactory and visual detection ranges of Aedes mosqui-
toes (Bidlingmayer and Hem 1980; Day 2016), although
mosquitoes can move more than 20 m over the experimental
time frame (Niebylski and Craig 1994; Honério et al. 2003;
Marini et al. 2010; Medeiros et al. 2017).

At the start of each oviposition assay, the top half of each
cup was lined with seed germination paper (Anchor Paper
Co., St. Paul, Minnesota), which was held in place with three
paperclips. Cups were filled with 430 mL of a solution of
deionized (DI) water infused with the dried leaves of the
most common species of oak in the region, the white oak
(Quercus alba), and a 1:1 mixture of yeast and lactalbumin.
This solution was fermented at room temperature for 3 days
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Fig.1 Experimental setup at each site. Experimental oviposition
patches (circles) were deployed in clustered (dark gray) and dispersed
(light gray) arrays. Clustered arrays had five patches distributed 1 m
from a central patch, while dispersed arrays had six patches arranged
in three staggered rows, with > 20 m between patches. The two arrays
were positioned > 20 m from one another

before the oak leaves were removed and the solution was
homogenized and apportioned into the experimental cups.
Aedes mosquitoes prefer to oviposit in leaf-infused water
compared to DI or tap water, and in the eastern US, oak
leaves are an effective oviposition attractant (Trexler et al.
1998). Cups were deployed for 7 days, after which the egg
papers and cups were collected and taken back to the lab.
In the lab, cup water was checked for mosquito hatchlings
(which only occurred in a few cups), and eggs laid on the
oviposition paper were counted under a dissecting micro-
scope, and then induced to hatch. Larvae in the cup water
were assumed to come from eggs still attached to the paper
(as some eggs were observed missing their shell caps, indi-
cating that larvae had hatched). After hatching, the larvae
(from both cups and from egg paper) were reared to adult-
hood, so they could be identified to species (details are pro-
vided in the larval rearing section, below).

The oviposition assay was conducted three times to
increase replication, with the three temporal blocks begin-
ning on 25 July, 23 August, and 7 September 2016. After the
first round of the experiment, each cup was surrounded by a
cylinder of hardware cloth fencing (1 cm mesh and 18 cm in
diameter) that reached 4 cm higher than the rim of the cup,
which reduced interference by wildlife, but did not appear
to affect mosquito oviposition rates.

Larval rearing

After the egg papers were collected from the field, they
were incubated in the lab for 7 days at room temperature
(23-24 °C), and then submersed in a solution of DI water
and 0.15 g/L of a 1:1 mixture of lactalbumin and yeast.
Hatchlings were counted and transferred to experimental
rearing containers (Mosquito Breeder, BioQuip Products)

with 300 mL of DI water and 0.4 g of pellet fish food (Cich-
lid Gold, Hikari), where they matured to adulthood. Contain-
ers were checked for new hatchlings approximately every
other day for a week after the eggs were first submersed,
although most eggs hatched in the first 24 h. Larvae were
limited to < 50 individuals per rearing container to reduce
competitive effects on adult emergence. Rearing containers
were kept at 27 °C in a 14:10 light—dark cycle (fluorescent
lighting) in an incubator (Percival). After adults eclosed
from the pupae, they were collected from the rearing con-
tainers and frozen until they were counted and identified to
species under a dissecting microscope.

Overall, rearing success (i.e., the proportion of adults that
successfully eclosed out of all the eggs that were oviposited
in each experimental cup) was variable and averaged 42%.
We evaluated if this variable rearing success could lead to
biases in our estimates of species composition by examin-
ing the relationship between the proportion of adults that
were a given species and the total rearing success associated
with that cup (Appendix E, Fig. S6 in Online Resource 1).
There was no correlation, so we assumed that the propor-
tional representation of eggs was equal to the relative abun-
dances of adults, and we estimated the number of eggs laid
by a species in each cup as the proportion of adults of that
species that emerged from the cup times the total number
of eggs deposited in it. 26 of the 180 cups received eggs,
but had zero adults successfully emerge. These cups usually
had very low numbers of eggs (1-10 eggs), and were omit-
ted from the species-level analyses, but were included for
analyses based on the raw, combined species data set (using
all eggs), i.e., the “pooled species” response. Based on these
proportions, Aedes mosquitoes comprised 97% of the eggs
oviposited in our experimental cups over the course of all
three rounds of the experiment. 61% were Aedes albopictus,
36% were Aedes triseriatus, and 3% were Orthopodomyia
signifera. Therefore, we conducted analyses on three sets of
the data: (1) the pooled species (using all eggs), and species-
level data based on: (2) A. albopictus, or (3) A. triseriatus.
The pooled species analyses were conducted because of the
known effects of larval competition (with both hetero- and
conspecifics) on mosquito survival, size, and fecundity at
adulthood (Livdahl and Willey 1991; Edgerly et al. 1993;
Walsh et al. 2011; Gilles et al. 2011; Yoshioka et al. 2012).

Statistical analyses

To determine whether the oviposition patterns were better
predicted by the Propagule Redirection, Field of Dreams, or
Excess Attraction hypotheses, we analyzed three responses
for each set of data: (1) the total number of eggs per array;
(2) the proportion of cups that received eggs; and (3) the
average number of eggs for cups that received eggs. The
results were compared to the expectations in Table 1.
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Oviposition patterns across habitat arrays

To evaluate if the total number of eggs oviposited in the six
cups varied between the clustered vs. dispersed arrays, we
used generalized linear mixed effects models with habitat
treatment (dispersed vs. clustered) and temporal block (i.e.,
experimental round) as fixed effects, and site as a random
effect. Temporal block and site were included to account
for potential differences in experimental conditions. We
treated temporal block as a fixed effect, because it had only
three levels (one for each round of the experiment), which
is insufficient to accurately estimate the among-level vari-
ance (Crawley 2002). We did not include interactions with
treatment, because we had limited observations with which
to fit models with interaction terms and no a priori reason
to expect the effect of treatment on oviposition patterns to
change with experimental round or site. Egg counts were
overdispersed relative to a Poisson distribution, as would be
expected because females lay many eggs. Therefore, we used
a negative binomial distribution, which fit the data better.

Oviposition patterns at individual larval patches

To understand drivers of oviposition patterns, we considered
oviposition at a cup to be a two-part process: (1) a binomial
process describing the presence or absence of eggs in a cup,
and (2) a count process describing the number of eggs ovi-
posited in a cup, given that it received eggs. For the binomial
process model, we fit a logistic regression (logit link func-
tion and binomial family) to the presence/absence of eggs
in the cups within each array, with the same random and
fixed effects as in the array-level oviposition model. For the
count process, first, we calculated the mean number of eggs
per cup in each array using only the cups that received eggs
(i.e., “colonized” cups). Then, we fit a zero-truncated nega-
tive binomial model to the mean egg counts per colonized
cup, again with habitat treatment and temporal block as fixed
effects and site as a random factor.

Model testing

For both Aedes species, as well as for the pooled species
response data, full models containing effects for treat-
ment, temporal block, and site were fit to each of the three
response variables (egg counts per array, the proportion
of cups in an array that received eggs, and the egg counts
per colonized cup). Full models were then compared to
nested models, which dropped habitat treatment as a pre-
dictor variable, using AIC, (AIC for small sample sizes).
This approach allowed us to determine if habitat treatment
was an important predictor. Model comparison results are
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summarized in Table S3 in Online Resource 1. We then
used Wald y? tests to calculate approximate P-values for
the fixed factors of the models that included treatment and
block (Bolker et al. 2009).

Occasionally, an array received zero eggs from one of
the Aedes species, which reduced the sample size for that
treatment. Specifically, A. albopictus had n=13 (rather
than 15) in both treatments for the egg counts per colo-
nized cup, as there were two instances for each treatment
in which no cups in an array received eggs; the sites and
rounds in which this occurred differed between the treat-
ments. Zeroes were more common for A. triseriatus, which
did not oviposit any eggs in either treatment in three sites
in the first temporal block. To deal with this problem, we
excluded the first temporal block from the array-level egg
count analyses (n=10) for this species. Similarly, analyses
of egg counts per colonized cup had n =10 in the clustered
treatment, and n =12 in the dispersed treatment.

Models were fit using the Ime4 package (Bates et al.
2015) in R 3.3.2 (R Core Team 2016), with the Wald y>
tests performed using the car package (Fox and Weisberg
2011). In all cases, model predictions were graphically
compared to the observed data to ensure that they pro-
vided a reasonable fit. AIC, values were compared using
the bbmle package (Bolker and R Development Core Team
2017).

Results
Egg counts per habitat array

On average, the clustered habitat arrays received 22%
more eggs than did the dispersed arrays, although this pat-
tern was not significant (p =0.22; Fig. 2, Table 2). Aedes
albopictus, which comprised the majority of eggs, showed
a similar trend, ovipositing 38% more eggs in the clustered
arrays compared to the dispersed arrays; however, again,
this pattern was not significant (p =0.27; Fig. 2, Table 2).
Model comparisons for the pooled species response and for
A. albopictus found equivocal support (dAIC, <2) for the
model with habitat treatment as a predictor, compared to
the model without treatment (Table S3 in Online Resource
1). In contrast, A. triseriatus egg counts were similar in the
clustered and dispersed arrays (p =0.23; Fig. 2, Table 2),
and the model without habitat treatment was better sup-
ported by the data (Table S3 in Online Resource 1). Ovi-
position varied among temporal blocks for A. triseriatus
(p <0.001), with higher oviposition rates in later rounds of
the experiment; oviposition by A. albopictus or the pooled
species response did not vary among the three temporal
blocks (p =0.49 and 0.08, respectively).
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Fig.2 The effects of spatial
aggregation of habitat patches a
(habitat treatment) on container-
breeding mosquito oviposition
patterns. The top row (a—c)
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pooled species

A. albopictus A. triseriatus

shows the total egg counts for
clustered (dark gray) vs.
dispersed (light gray) habitat
arrays: i.e., the sum of the
eggs oviposited in the six cups
within each array. The middle
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Total eggs (array™")

row (d—f) shows the percentage
of cups that received at least
1 egg within an array (i.e., the 1009 4
non-zero cups), and the bot-
tom row (g—i) shows the mean

number of eggs per cup in cups
that received eggs in each array.
Columns indicate mosquito
species, with the pooled spe-
cies column representing the
raw egg counts for all species
(including Aedes albopictus,
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Proportion of cups receiving eggs

Habitat treatment (clustered vs. dispersed) was a significant
predictor of whether an experimental cup received eggs
from any species of mosquito (p =0.017), with on average
15% more clustered cups receiving eggs than dispersed cups
(5.4 vs. 4.9: Fig. 2). This result was primarily driven by A.
albopictus, which oviposited in 68% of the experimental
cups (compared to 29% used by A. triseriatus) and depos-
ited eggs in 25% more cups in the clustered arrays relative
to the dispersed arrays (p =0.016). However, dispersed and
clustered cups were equally likely to receive eggs from A.
triseriatus (p=0.46). These results were supported by the
model comparisons (Table S3 in Online Resource 1). Tem-
poral block was a significant factor in all models (Table 2).
In general, more cups received eggs in the later experimental
rounds, except for A. albopictus, which had the most cups
with eggs in the second round, and similar numbers of cups
with eggs in the first and last rounds.

T
Clustered Dispersed

T T
Clustered Dispersed Clustered Dispersed

Habitat treatment

Egg counts per colonized cup

Oviposition in cups that received eggs was approximately
the same in the clustered vs. dispersed treatments for both
Aedes species, and for the pooled data set (Fig. 2), and the
models containing an effect of habitat treatment were less
supported by the data (Table S3 in Online Resource 1).
Thus, habitat treatment was not a significant predictor in
any of the egg count models (pooled species: p=0.60; A.
albopictus: p=0.24; A. triseriatus: p=0.79). Egg counts for
all three species of mosquito ranged from 1 to 287 eggs per
cup; counts for A. albopictus and A. triseriatus ranged from
1to 183 and 1 to 186 eggs per cup, respectively. The average
number of eggs per cup was 44 (n=105) for A. albopictus,
and 62 (n=44) for A. triseriatus. Temporal block explained
significant variation in the A. triseriatus egg count model,
but not in the pooled species or the A. albopictus models
(Table 2). In general, the mean number of eggs per colonized
cup increased in later experimental rounds for the pooled
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Table2 Summary of Wald Chi-squared statistics for full models
containing habitat treatment and experimental round (i.e., temporal
block) as fixed factors, and site as a random factor

Predictor df 7 p value
Array count response—eggs per array
Pooled species
Habitat treatment 1 1.478 0.224
Round 2 4.965 0.084
A. albopictus
Habitat treatment 1 1.205 0.272
Round 2 1.422 0.491
A. triseriatus®
Habitat treatment 1 0.050 0.824
Round 1 1.798 0.180
Binomial response—proportion of patches with eggs
Pooled species
Habitat treatment 1 5.680 0.017
Round 2 6.569 0.037
A. albopictus
Habitat treatment 1 5.7865 0.016
Round 2 14.323 0.001
A. triseriatus
Habitat treatment 1 0.533 0.465
Round 2 12.034 0.002
Patch count response—eggs per colonized patch
Pooled species
Habitat treatment 1 0.200 0.655
Round 2 2.499 0.287
A. albopictus
Habitat treatment 1 0.272 0.602
Round 2 0.649 0.723
A. triseriatus
Habitat treatment 1 0.513 0.474
Round 2 15.354 < 0.001

Results are separated by binomial and count process models, which
were run separately for pooled data and individual mosquito species.
For the array response of A. triseriatus, the first round of the experi-
ment was removed due to the high proportion of arrays with zero
eggs (indicated by an asterisk). Habitat treatment (the fixed effect of
interest) is highlighted in bold when it is significant

species and for A. triseriatus, although not for A. albopictus
(which had similar mean eggs counts across all rounds).

Discussion

Overall, these results led us to reject the Propagule Redi-
rection Hypothesis, which predicted that there would be
fewer total eggs, fewer cups with eggs, and fewer eggs
per colonized cup in the clustered arrays compared to the
dispersed arrays. None of these predictions were supported
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by the data for either species of mosquito. Although each
dispersed array was distributed over an area 400 times
greater than a clustered array (i.e., patches were laid
out in two pseudo-circles with areas of approximately 3
vs. ~ 1200 m?), the dispersed arrays did not receive more
eggs than the clustered arrays. In addition, both habitat
treatments received similar numbers of eggs per colonized
cup for both Aedes species, and either the same or a higher
proportion of cups received eggs (for A. triseriatus and A.
albopictus, respectively). Thus, a clustered array of six
cups received at least six times more eggs than did a sin-
gle, isolated cup in the dispersed arrays (so there was at
least a proportionate increase in colonization).

These results are consistent with the Field of Dreams
Hypothesis, or potentially the Excess Attraction Hypoth-
esis for A. albopictus. Both of these hypotheses are gener-
ated by assuming that clustered patches draw in mosqui-
toes from a larger area than does a single dispersed patch,
leading to higher oviposition rates in clustered patches.
This effect would arise if the relative magnitude of the
signal produced by a clustered array of patches was much
more intense at a given distance than the signal produced
by a dispersed patch, and extended over a greater distance.

Female mosquitoes are known to use chemosensory and
visual cues to search for larval habitats in which to ovi-
posit (Day 2016). Cues of this sort have been modeled as
exponential decay functions of distance (Hamman et al.
2018). Therefore, if we assume that an attractive signal
diffuses from a cup in a point-source pattern, and that
females can detect a cup up to a critical distance at which
the signal has decreased to a threshold level, then we can
construct a ballpark estimate of the distance from which an
isolated cup vs. a cluster of cups attracts females. The area
(A¢) from which the clustered cups could attract females
would be ~ 7[’%, where r¢ is the detection distance for a
cluster. Assuming that the dispersed cups (i.e., patches)
are distant enough from one another that their regions of
detection do not overlap (e.g., Fig. S2 in Online Resource
1), then the total area (Ap) from which the six dispersed
patches can attract females is ~ 67:;’123 (where rp is the
detection limit for a single isolated patch). Given that the
observed ratio of average total oviposition in the clustered
vs. the dispersed arrays was 318:249, and assuming that
these oviposition rates were proportional to the relative
signal areas from which females were attracted (Aq:Ap),
then we find that ro/rp, =2.8: i.e., the clustered patches
were detected out to a distance approximately three times
greater (or an area almost eight times greater) than a single
patch. Thus, the increased attractiveness of the clustered
patches more than compensated for any dilution of prop-
agules among clustered patches that would have occurred
due to Propagule Redirection-like processes.
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Species differences

Skip oviposition behavior occurs when females distribute
eggs from a single batch into multiple patches. Previous
studies suggest that A. albopictus, but not A. triseriatus,
exhibits skip oviposition (Edgerly et al. 1998; Delatte et al.
2009; Davis et al. 2015). In support of these previous find-
ings, our results indicate that A. albopictus females tended
to skip oviposit, as 44% of the cups from which A. albopic-
tus emerged had fewer than 30 eggs, which is considerably
less than its typical egg batch size of 49—74 eggs batch™!,
with batch size estimates at the higher end of that range for
most temperatures (Delatte et al. 2009; Davis et al. 2015).
In contrast, the mean eggs per cup for A. triseriatus (62 eggs
cup~!) were similar to estimates for the average batch size
per female (56-58 eggs; Edgerly et al. 1998). However, 23%
of the cups from which A. triseriatus emerged had fewer
than 30 eggs, suggesting that it also exhibited some skip
oviposition behavior, although A. albopictus likely exhibited
skip oviposition to a much larger degree.

In addition to these differences in skip oviposition behav-
ior, the two species also exhibited some differences in the
magnitude of the effect of patch aggregation on their ovipo-
sition patterns. A. albopictus appeared to be more responsive
than A. triseriatus, ovipositing on average 38% more eggs
in the clustered arrays compared to the dispersed arrays,
whereas A. triseriatus oviposited 10% fewer eggs in the clus-
tered arrays (although neither difference was significant).
Thus, it is more likely that Excess Attraction occurred in
A. albopictus compared to A. triseriatus, although distin-
guishing between Excess Attraction and Field of Dreams is
statistically challenging (particularly given the ambiguity
added by skip oviposition).

Landscape-level consequences

One of our motivations in conducting this study was to
assess if patch aggregation could establish spatial varia-
tion in colonist density, which could shape the effects of
density dependence and other post-colonization processes;
consequently, influencing the spatial patterning of a dispers-
ing species on a landscape. Our results indicate that, due
to a combination of their degree of attraction to clustered
patches, as well as their propensity for skip oviposition, both
A. albopictus and A. triseriatus mosquitoes would experi-
ence similar larval densities in both aggregation treatments.
Therefore, the production of adult mosquitoes on a per-patch
basis should be similar in the dispersed versus clustered
arrays. Of course, our study only compared two spatial con-
figurations of habitat patches, and patterns could vary under
different spatial arrangements, inter-patch spacing patterns,
and local densities of patches. However, our results indicate

that, in general, regions containing clustered patches would
create hotspots of mosquito oviposition and production.

Spatial scales of habitats, their signals,
and processes affecting colonization

Previous studies on colonization dynamics have focused on
the effects of the addition of habitats. However, our work
shows, for mobile organisms, one must also consider the
spatial distribution of habitat patches, particularly when dis-
tances between patches are on a similar scale as the detec-
tion and dispersal abilities of a species of interest. Within
this spatial scale, habitat clustering can draw in more
colonists on a localized per-area basis than areas with few
habitats, following predictions of the Field of Dreams or
Excess Attraction hypotheses. This is analogous to patterns
found in the pollination literature, where areas with denser
plants have higher pollinator visitation rates per plant, and
plants with larger floral displays bring in more pollinators
(Klinkhamer and de Jong 1990; Grindeland et al. 2005).
However, for species with low signal detection sensitivity
(and thus a short detection range), or low mobility (e.g., lar-
val reef fish), habitat clustering should be less important for
drawing in colonists, but still could influence their coloniza-
tion patterns once they reach an area with habitat patches;
thus, their colonization dynamics should be more reflective
of Propagule Redirection (Stier and Osenberg 2010; Ham-
man et al. 2018). Understanding the ability of potential
colonists to perceive and respond to signals given off by
habitat patches might help to resolve observed variation in
the relationship between habitat availability and colonization
in different study systems as well as variation among species
in the same system.

Our experiment used patches of similar quality; however,
in natural landscapes, patches will vary in quality as well as
spatial configuration. In such cases, dispersing organisms
might be predicted to be more selective when habitat patches
are densely configured, and less selective when there are
fewer patches to choose from or there is a greater cost or risk
associated with moving between patches. Therefore, inter-
actions between factors operating at different spatial scales
could influence how colonization processes play out to affect
colonization of individual habitat patches, and thus meta-
population and meta-community dynamics in heterogene-
ous landscapes. Because of this, future research is needed
that considers the scales at which different colonization
processes operate, including mechanisms related to signal
strength, signal detection, disperser mobility, and colonist
behavior.

Acknowledgements We thank C. Sweeney for her help in the lab and
field, as well as R. Skinner, K. Clancy, A. Strickland, and A. Pylant
for their help with lab work. We also thank C. Murdock, M. Evans,

@ Springer



844

Oecologia (2019) 190:835-845

and P. McCannon for use of research supplies, help with field and lab
protocols, and training in mosquito species identification. In addition,
we would also like to thank J. Drake for the use of his mosquito rearing
equipment and lab space, and the University of Georgia for funding
this research.

Author contribution statement AAB and CWO conceived and
designed the experiments. AAB performed the experiments and ana-
lyzed the data. AAB and CWO wrote the manuscript.

References

Allan SA, Kline DL (1998) Larval rearing water and preexisting eggs
influence oviposition by Aedes aegypti and Ae. albopictus (Dip-
tera: Culicidae). J Med Entomol 35(6):943-947

Alto BW, Lounibos LP, Higgs S, Juliano SA (2005) Larval competi-
tion differentially affects arbovirus infection in Aedes mosquitoes.
Ecology 86:3279-3288

Alto BW, Lounibos LP, Mores CN, Reiskind MH (2008) Larval
competition alters susceptibility of adult Aedes mosquitoes to
dengue infection. P R Soc B-Biol Sci 275:463-471. https://doi.
org/10.1146/annurev.es.25.110194.002303

Armbruster P, Hutchinson RA (2002) Pupal mass and wing length as
indicators of fecundity in Aedes albopictus and Aedes geniculatus
(Diptera: Culicidae). ] Med Entomol 39(4):699-704

Bates D, Maechler M, Bolker BM, Walker S (2015) Fitting linear
mixed-effects models using Ime4. J Stat Softw 67:1-48. https://
doi.org/10.18637/jss.v067.101

Baum KA, Haynes KJ, Dillemuth FP, Cronin JT (2004) The matrix
enhances the effectiveness of corridors and stepping stones. Ecol-
ogy 85:2671-2676

Bender DJ, Fahrig L (2005) Matrix structure obscures the relationship
between interpatch movement and patch size and isolation. Ecol-
ogy 86:1023-1033

Bidlingmayer WL, Hem DG (1980) The range of visual attraction and
the effect of competitive visual attractants upon mosquito (Dip-
tera: Culicidae) flight. Bull Entomol Res 70:321-342

Binckley CA, Resetarits WJ (2005) Habitat selection determines abun-
dance, richness and species composition of beetles in aquatic
communities. Biol Let 1:370-374. https://doi.org/10.1098/
rsbl.2005.0310

Bolker BM, Development Core Team R (2017) bbmle: tools for general
maximum likelihood estimation. R package version 1:19

Bolker BM, Brooks ME, Clark CJ et al (2009) Generalized linear
mixed models: a practical guide for ecology and evolution. Trends
Ecol Evol 24:127-135. https://doi.org/10.1016/j.tree.2008.10.008

Briegel H (1990) Metabolic relationship between female body size,
reserves, and fecundity of Aedes aegypti. J Insect Physiol
36(3):165-172

Crawley MJ (2002) Statistical computing: an introduction to data analy-
sis using S-plus. Wiley, New York

Davis TJ, Kaufman PE, Hogsette JA, Kline DL (2015) The effects
of larval habitat quality on Aedes albopictus skip oviposition. J
Am Mosq Control Assoc 31:321-328. https://doi.org/10.2987/
moco-31-04-321-328.1

Day J (2016) Mosquito oviposition behavior and vector control. Insects
7:65. https://doi.org/10.1093/ee/10.2.180

de Abreu FVS, Morais MM, Ribeiro SP, Eiras AE (2015) Influence of
breeding site availability on the oviposition behaviour of Aedes
aegypti. Mem Inst Oswaldo Cruz 110:669-676. https://doi.
org/10.1590/0074-02760140490

@ Springer

Delatte H, Gimonneau G, Triboire A, Fontenille D (2009) Influence
of temperature on immature development, survival, longevity,
fecundity, and gonotrophic cycles of Aedes albopictus, vector of
chikungunya and dengue in the Indian Ocean. J] Med Entomol
46:33-41. https://doi.org/10.1603/033.046.0105

Dieng H, Boots M, Tsuda Y, Takagi M (2003) A laboratory oviposition
study in Aedes albopictus (Diptera: Culcidae) with reference to
habitat size, leaf litter and their interactions. Med Entomol Zool
54:43-50

Dussault C, Ouellet J-P, Courtois R, Huot J, Breton L, Jolicoeur H
(2005) Linking moose habitat selection to limiting factors. Ecog-
raphy 28(5):619-628

Edgerly JS, Willey MS, Livdahl TP (1993) The community ecology of
Aedes egg hatching: implications for a mosquito invasion. Ecol
Entomol 18:123-128

Edgerly JS, McFarland M, Morgan P, Livdahl TP (1998) A seasonal
shift in egg-laying behaviour in response to cues of future compe-
tition in a treehole mosquito. J Anim Ecol 67:805-818

Fader JE, Juliano SA (2014) Oviposition habitat selection by container-
dwelling mosquitoes: responses to cues of larval and detritus
abundances in the field. Ecol Entomol 39:245-252. https://doi.
org/10.1111/een.12095

Fonseca DM, Kaplan LR, Heiry RA, Strickman D (2015) Density-
dependent oviposition by female (Diptera: Culicidae) spreads eggs
among containers during the summer but accumulates them in the
fall. ] Med Entomol 52(4):705-712

Fox J, Weisberg S (2011) An R companion to applied regression. Sage
Publications, Thousand Oaks

Gilles JRL, Lees RS, Soliban SM, Benedict MQ (2011) Density-
dependent effects in experimental larval populations of Anoph-
eles arabiensis (Diptera: Culicidae) can be negative, neutral, or
overcompensatory depending on density and diet levels. ] Med
Entomol 48:296-304. https://doi.org/10.1603/ME09209

Grindeland JM, Sletvold N, Ims RA (2005) Effects of floral display
size and plant density on pollinator visitation rate in a natural
population of Digitalis purpurea. Funct Ecol 19:383-390. https
://doi.org/10.1007/s004420050495

Hamman EA, McKinley SA, Stier AC, Osenberg CW (2018) Land-
scape configuration drives persistent spatial patterns of occupant
distributions. Theor Ecol 11:111-127. https://doi.org/10.1007/
$12080-017-0352-1

Hanski I (1998) Metapopulation dynamics. Nature 396:41-49

Honorio NA, Silva WD, Leite PJ et al (2003) Dispersal of Aedes
aegypti and Aedes albopictus (Diptera : Culicidae) in an urban
endemic dengue area in the State of Rio de Janeiro, Brazil. Mem
Inst Oswaldo Cruz 98:191-198

Keen WH (1982) Habitat selection and interspecific competition in two
species of plethodontid salamanders. Ecology 63:94—-102. https://
doi.org/10.2307/1937035

Keller DA, Gittman RK, Bouchillon RK, Fodrie FJ (2017) Life stage
and species identity affect whether habitat subsidies enhance or
simply redistribute consumer biomass. J] Anim Ecol 86:1394—
1403. https://doi.org/10.1098/rspb.2012.0313

Klinkhamer PG, de Jong TJ (1990) Effects of plant size, plant density
and sex differential nectar reward on pollinator visitation in the
protandrous Echium vulgare (Boraginaceae). Oikos 57:399-405

Livdahl TP, Willey MS (1991) Prospects for an invasion: competition
between Aedes albopictus and native Aedes triseriatus. Science
253:189-191

Loreau M, Mouquet N (1999) Immigration and the maintenance
of local species diversity. Am Nat 154:427-440. https://doi.
org/10.1086/303252

Lowenberger CA, Rau ME (1994) Selective Oviposition by Aedes
aegypti (Diptera: Culicidae) in response to a larval parasite, Pla-
giorchis elegans Trematoda: Plagiorchiidae). Environ Entomol
23:1269-1276


https://doi.org/10.1146/annurev.es.25.110194.002303
https://doi.org/10.1146/annurev.es.25.110194.002303
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1098/rsbl.2005.0310
https://doi.org/10.1098/rsbl.2005.0310
https://doi.org/10.1016/j.tree.2008.10.008
https://doi.org/10.2987/moco-31-04-321-328.1
https://doi.org/10.2987/moco-31-04-321-328.1
https://doi.org/10.1093/ee/10.2.180
https://doi.org/10.1590/0074-02760140490
https://doi.org/10.1590/0074-02760140490
https://doi.org/10.1603/033.046.0105
https://doi.org/10.1111/een.12095
https://doi.org/10.1111/een.12095
https://doi.org/10.1603/ME09209
https://doi.org/10.1007/s004420050495
https://doi.org/10.1007/s004420050495
https://doi.org/10.1007/s12080-017-0352-1
https://doi.org/10.1007/s12080-017-0352-1
https://doi.org/10.2307/1937035
https://doi.org/10.2307/1937035
https://doi.org/10.1098/rspb.2012.0313
https://doi.org/10.1086/303252
https://doi.org/10.1086/303252

Oecologia (2019) 190:835-845

845

Marini F, Caputo B, Pombi M, Tarsitani G, Della Torre A (2010) Study
of dispersal in Rome, Italy, using sticky traps in mark-release-
recapture experiments. Med Vet Entomol 24(4):361-368

Medeiros MCI, Boothe EC, Roark EB, Hamer GL (2017) Dispersal
of male and female Culex quinquefasciatus and Aedes albopictus
mosquitoes using stable isotopeenrichment. PLoS Negl Trop Dis
11:¢0005347. https://doi.org/10.1371/journal.pntd.0005347.s001

Mouquet N, Loreau M (2003) Community patterns in source-
sink metacommunities. Am Nat 162:544-557. https://doi.
org/10.1086/378857

Niebylski ML, Craig GB (1994) Dispersal and survival of aedes albop-
ictus at a scrap tire yard in Missouri. ] Am Mosq Control Assoc
10:339-343

Oliva LO, Correia JC, Albuquerque CMR (2013) How mosquito age
and the type and color of oviposition sites modify skip-oviposition
behavior in Aedes aegypti (Diptera: Culicidae)? J Insect Behav
27:81-91. https://doi.org/10.1093/jmedent/35.5.782

Osenberg CW, St Mary CM, Wilson JA, Lindberg WJ (2002) A quan-
titative framework to evaluate the attraction—production contro-
versy. ICES J Mar Sci 59:5214-S221. https://doi.org/10.1006/
jmsc.2002.1222

Palmer MA, Ambrose RF, Poff N (1997) Ecological theory and com-
munity restoration ecology. Restor Ecol 5:291-300

Pamplona LD, Alencar CH, Lima JWO, Heukelbach J (2009) Reduced
oviposition of Aedes aegypti gravid females in domestic contain-
ers with predatory fish. Trop Med Int Health 14:1347-1350. https
://doi.org/10.1093/jmedent/35.5.782

Ponnusamy L, Xu N, Nojima S et al (2008) Identification of bacte-
ria and bacteria-associated chemical cues that mediate ovipo-
sition site preferences by Aedes aegypti. Proc Natl Acad Sci
105:9262-9267

R Core Team (2016) R: a language and environment for statistical
computing. https://www.R-project.org/. Accessed 19 May 2018

Reinert JF (2000) New classification for the composite genus Aedes
(Diptera: Culicidae: Aedini), elevation of subgenus Ochlerota-
tus to generic rank, reclassification of the other subgenera, and
notes on certain subgenera and species. J] Am Mosq Control Assoc
16:175-188

Reiskind MH, Greene KL, Lounibos LP (2009) Leaf species identity
and combination affect performance and oviposition choice of

two container mosquito species. Ecol Entomol 34:447-456. https
://doi.org/10.1093/jmedent/35.6.967

Resetarits W], Binckley CA (2009) Spatial contagion of predation risk
affects colonization dynamics in experimental aquatic landscapes.
Ecology 90(4):869-876

Resetarits WJ, Binckley CA (2014) Species responses of colonis-
ing beetles to variation in patch quality, number, and context in
experimental aquatic landscapes. Ecol Entomol 39(2):226-235

Resetarits WJ Jr, Silberbush A (2016) Local contagion and regional
compression: habitat selection drives spatially explicit, multiscale
dynamics of colonisation in experimental metacommunities. Ecol
Lett 19:191-200. https://doi.org/10.1111/ele.12553

Rieger JF, Binckley CA, Resetarits WJ (2004) Larval performance and
oviposition site preference along a predation gradient. Ecology
85(8):2094-2099

Stier AC, Osenberg CW (2010) Propagule redirection: habitat availabil-
ity reduces colonization and increases recruitment in reef fishes.
Ecology 91:2826-2832

Trexler JD, Apperson CS, Schal C (1998) Laboratory and field evalu-
ations of oviposition responses of Aedes albopictus and Aedes
triseriatus (Diptera: Culicidae) to oak leaf infusions. J Med Ento-
mol 35:967-976

Vonesh JR, Kraus JM, Rosenberg JS, Chase JM (2009) Predator effects
on aquatic community assembly: disentangling the roles of habitat
selection and post-colonization processes. Oikos 118:1219-1229.
https://doi.org/10.1007/s004420100784

Walsh RK, Facchinelli L, Ramsey JM et al (2011) Assessing the impact
of density dependence in field populations of Aedes aegypti. ]
Vector Ecol 36:300-307

Yoshioka M, Couret J, Kim F et al (2012) Diet and density dependent
competition affect larval performance and oviposition site selec-
tion in the mosquito species Aedes albopictus (Diptera: Culicidae).
Parasites Vectors 5:45. https://doi.org/10.1186/1756-3305-5-225

Zahiri N, Rau ME, Lewis DJ (1997) Oviposition responses of aedes
aegypti and Ae. atropalpus (Diptera: Culicidae) females to waters
from conspecific and heterospecific normal larvae and from larvae
infected with plagiorchis elegans (Trematoda: Plagiorchiidae). J
Med Entomol 34(5):565-568

@ Springer


https://doi.org/10.1371/journal.pntd.0005347.s001
https://doi.org/10.1086/378857
https://doi.org/10.1086/378857
https://doi.org/10.1093/jmedent/35.5.782
https://doi.org/10.1006/jmsc.2002.1222
https://doi.org/10.1006/jmsc.2002.1222
https://doi.org/10.1093/jmedent/35.5.782
https://doi.org/10.1093/jmedent/35.5.782
https://www.R-project.org/
https://doi.org/10.1093/jmedent/35.6.967
https://doi.org/10.1093/jmedent/35.6.967
https://doi.org/10.1111/ele.12553
https://doi.org/10.1007/s004420100784
https://doi.org/10.1186/1756-3305-5-225

	Spatial aggregation of aquatic habitats affects oviposition patterns in Aedes mosquitoes
	Abstract
	Introduction
	Methods
	Field sites
	Experimental setup and oviposition assays
	Larval rearing
	Statistical analyses
	Oviposition patterns across habitat arrays
	Oviposition patterns at individual larval patches
	Model testing


	Results
	Egg counts per habitat array
	Proportion of cups receiving eggs
	Egg counts per colonized cup

	Discussion
	Species differences
	Landscape-level consequences
	Spatial scales of habitats, their signals, and processes affecting colonization

	Acknowledgements 
	References




