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ABSTRACT Understanding the contributions of environmental variation and density feedbacks to
changes in vector populations is essential for designing effective vector control. We analyzed mon-
itoringdatasetsdescribing larvaldensitiesover7yrof the twodominantmosquito species,Aedesvigilax
(Skuse) and Culex annulirostris (Skuse), of the greater Darwin area (Northern Territory, Australia).
Using generalized linear and linear mixed-effects models, we tested hypotheses regarding the envi-
ronmental determinants of spatio-temporal patterns in relative larval abundance in both species. The
most important spatial drivers of Ae. vigilax and Cx. annulirostris larval densities were elevation and
water presence. Ae. vigilax density correlates negatively with elevation, whereas there was a positive
relationship between Cx. annulirostris density and elevation. These results show how larval habitats
used by the saltwater-inßuenced breeder Ae. vigilax and the obligate freshwater breeder Cx. annu-
lirostris are separated in a tidally inßuenced swamp. The models examining temporal drivers of larval
density also identiÞed this discrimination between freshwater and saltwater habitats.Ae. vigilax larval
densities were positively related to maximum tide height and high tide frequency, whereas Cx.
annulirostris larval densities were positively related to elevation and rainfall. Adult abundance in the
previous month was the most important temporal driver of larval densities in both species, providing
a clear dynamical link between the two main life phases in mosquito development. This study shows
the importance of considering both spatial and temporal drivers, and intrinsic population dynamics,
when planning vector control strategies to reduce larval density, adult population density, and disease
transmission effectively.
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Mosquito-borne diseases are a major problem for pub-
lic health worldwide (WHO 1995, Russell and Dwyer
2000). In the absence of vaccines for many zoonotic
diseases, we are reliant on vector control to reduce
pathogen prevalence and disease expression (Walker
and Lynch 2007). Current control programs targeting
adult mosquitoes are compromised by the develop-
ment of resistance to control agents such as pyre-
throid-based insecticides (Bass et al. 2007) and the
difÞculty in successfully targeting highly mobile adult
vectors (Killeen et al. 2002). However, larval mosqui-
toes are exclusively aquatic and thus are restricted to
water bodies that are more amenable to environmen-
tal management such as the physical reduction of
suitable habitat (Whelan 1989; Brogan et al. 2002; Dale

et al. 2002; Kurucz et al. 2002, 2003; Leisnham et al.
2005; Walker and Lynch 2007) or the application of
chemical or biological agents to breeding sites
(Whelan 1998; Russell et al. 2003; Howard et al. 2007;
Whelan 2007a, b). Because of the comparatively small
spatial dispersal capacity of mosquito larvae, larval
control is the principal and most effective tool for
mosquito-borne disease management (Killeen et al.
2002).

Climate change predictions point toward an in-
creasingly warmer and more variable climate, which is
likely to increase the range and abundance of many
insect vectors (Hay et al. 2002, Chase and Knight
2003). Understanding the relationships between larval
vector habitat distribution and structure, environmen-
tal conditions that inßuence vector abundance and
vector population dynamics, is therefore important for
both the control of the present extent and impact of
vector-borne disease and also for shaping control
strategies for the future. Mosquito population density
and individual survival probability are affected by a
suite of environmental conditions such as broad-scale
variability in precipitation, tidal patterns, surface wet-
ness, temperature and humidity, topography, and
landscape type and use (Dale et al. 1986; Russell 1986,
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1987; Dhileepan 1996; de Garin et al. 2000; Shaman et
al. 2002; Chase and Knight 2003; Leisnham et al. 2005;
Pope et al. 2005; Obsomer et al. 2007). Mosquito pop-
ulations also exhibit strong intrinsic (density-depen-
dent) regulation (Hawley 1985, Agnew et al. 2002,
Reiskind et al. 2004, Yang et al. 2008a), and failing to
account for these intrinsic dynamics can lead to over-
estimation of the effectiveness of control methods
(Hawley 1985, Yang et al. 2008b). As such, control
effectiveness and efÞciency is dictated by knowing
how, where and when these intrinsic and extrinsic
variables inßuence larval densities.

To achieve effective and ecologically informed con-
trol regimens, the general geographic distribution of
many disease vectors is extensively monitored and
mapped (Whelan 1989, Rejmankova et al. 1991,
Turner and Streever 1997, Jeffery et al. 2002, Leisnham
et al. 2005, Pope et al. 2005, Sattler et al. 2005, Grieco
et al. 2006, Lindsay et al. 2007, Obsomer et al. 2007,
Zeilhofer et al. 2007), and habitat suitability models
outlining species ecological requirements are com-
monly constructed to direct control strategies (Peter-
son et al. 2005). Unfortunately, such models are often
based on either broad temporal averages or snapshots
of mosquito occurrence and environmental condi-
tions at particular times (Russell 1986, Rejmankova et
al. 1991, Chase and Knight 2003, Leisnham et al. 2005,
Pope et al. 2005, Sattler et al. 2005, Vezzani et al. 2005,
Barrera et al. 2006, Grieco et al. 2006, Lindsay et al.
2007, Zeilhofer et al. 2007) and therefore cannot ac-
curately represent the long-term availability and qual-
ity of ephemeral larval habitats. Studies with longer
time series of data permit examination of the long-
term spatio-temporal trends in mosquito dynamics
and habitats, yet these studies often rely on making
inferences between adult occurrence and the sus-
pected drivers of larval abundance (Dhileepan 1996;
Shaman et al. 2002; Hachiya et al. 2007; Whelan 2007a;
Yang et al. 2008b, 2009). Inferences based on adult
dynamics and habitat relationships are largely de-
coupled from processes driving larval abundance pat-
terns and so alone are generally unreliable tools for
maximizing the efÞciency of larval control. The rela-
tive importance of both the intrinsic (density-depen-
dent) and extrinsic (environmental) conditions driv-
ing mosquito population dynamics are rarely, if ever,
considered concurrently in studies that seek to deter-
mine the optimal timing and spatial conÞguration of
larval control measures.

Mosquito population control constitutes one of the
larger recurrent land management programs in the
Northern Territory of Australia. The control program,
consisting of both larval habitat engineering (Whelan
1989, Brogan et al. 2002) and regular application of
larvicides (Whelan 1989, Whelan 2007a, Yang et al.
2008b), focuses on the two most commonly occurring
mosquito species in the Northern Territory: the salt-
marsh mosquito Aedes vigilax (Skuse) and the fresh-
water-breeding common banded mosquito Culex an-
nulirostris (Skuse). Cx. annulirostris is an important
vector of Ross River virus and Barmah Forest virus in
both rural and urban situations (Merianos et al. 1992,

Whelan et al. 1997), whereas Ae. vigilax is a major
vector of both viruses in coastal and subcoastal areas
(Whelan et al. 1997, 2003; Russell and Dwyer 2000;
Jacups et al. 2008). Both Ross River virus and Barmah
Forest virus result in substantial human morbidity and
economic loss, and therefore, the effective control of
their primary vectors is a high priority for Australian
public health management (Jacups et al. 2008).

The Leanyer/Holmes Jungle swamp complex that
lies to the northeast of Darwin is the major larval
habitat for both Ae. vigilax and Cx. annulirostris. The
populations of these two species ßuctuate seasonally
(Russell and Whelan 1986), in accordance with their
breeding ecology: Ae. vigilax are predominately salt-
water breeders (Lee et al. 1984), and Cx. annulirostris
are freshwater breeders (Russell and Whelan 1986,
Mottram and Kettle 1997). The cycles of high tide
ßooding on the coastal wetlands in the dry season suit
Ae. vigilax,where the retreat of a high tide leaves moist
mud for oviposition, after which the eggs mature and
become drought resistant until the next tidal or rain
inundation stimulates the eggs to hatch (Sinclair
1976). Higher tides during the dry season that ßood
greater areas containing previously laid eggs result in
higher numbers and larval densities (eggs can survive
for months or possibly years (Lindsay et al. 1993)).
The extreme seasonality of the north Australian mon-
soon results in high rainfall during a relatively short
interval of the year (NovemberÐApril), and wetlands
are rapidly inundated after the onset of appreciable
rain, remaining underwater for the remainder of the
wet season. Rapid inundation of the tidally inßuenced
swamps from heavy rains and freshwater stream run-
off reduces the amount of exposed mud available as a
breeding habitat for Ae. vigilax, and along with the
growth of grasses and reeds that provide protection
from predators, these coastal wetlands are effectively
transformed into suitable habitat for the freshwater
breeding Cx. annulirostris. Larval control of both spe-
cies is currently applied through ground and helicop-
ter application of microbial and chemical insecticides:
Bacillus thuringiensisvariety israelensis,(microbial lar-
vacide), temephos (organophosphate insecticide),
and methoprene (artiÞcial insect growth regulator
[IGR]). The timing of control operations is based on
larval surveys that are conducted opportunistically
according to tide and rainfall breeding initiation pa-
rameters, larval habitat ecology, and adult population
monitoring from CO2-baited mosquito traps (see Yang
et al. 2008a, b, for data collection details). This is a
highly complex system to monitor and manage, and
although current control efforts are based on a sound
understanding of the ecology of the vectors and their
interaction with the environment, the efÞcacy of the
current management regime at suppressing larval den-
sities andadult emergencehasnotyetbeenquantiÞed.

Yang et al. (2008b) previously showed that both
intrinsic and extrinsic factors mediate the dynamics of
adult mosquito populations in this region; however,
there is a disconnect between environmental variables
(e.g., tidal regimens and rainfall) included in their
models predicting adult abundance and the effect of
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these variables on larval survival, abundance, and dis-
tribution. Using a long-term (7-yr) dataset of larval
surveys, we tested the correlation of different envi-
ronmental conditions and larval density for saline-
breeding Ae. vigilax and freshwater-breeding Cx. an-
nulirostris. Our tests also considered the effects of
density-feedback processes on regulating larval abun-
dance through time given the evidence that intrinsic
feedback is a strong modiÞer of adult population
changes (Yang et al. 2008a). The integration of both
temporal and spatial environmental variables and in-
trinsic dynamics in our models provides a powerful
system for quantifying larval population dynamics to
inform the management of pest mosquito species. We
hypothesized that (1) the spatial environmental driv-
ers of larval density (vegetation type, elevation, and
tidal range) inßuence larval densities of the two spe-
cies differently, and (2) because of the strong density
feedback, adult abundance is the most important tem-
poral driver of larval density in both species.

Materials and Methods

Study Area and Data. The Medical Entomology
branch (ME) of the Northern Territory Department
of Health and Families collected data of larval densi-
ties in the Leanyer/Holmes Jungle swamp complex
that lies to the northeast of Darwin, Northern Terri-
tory, Australia (Fig. 1). ME has divided the swamp
complex into a 100-m2 grid and visits prospective grid

cells during larval surveys to record species compo-
sition and density of larvae. Larval density is recorded
by performing a number of dips in any prospective
standing water using a standard dipper (190-ml vol-
ume) and counting the larvae caught in each of the
dips taken within a grid cell. The Þnal estimate of
relative larvae densities is the average number of lar-
vae per dip for each mosquito species per grid cell. The
completed dataset spans November 2000ÐDecember
2006.
Statistical Modeling.We compared weighted-bino-

mial generalized linear models (GLM) and weighted-
binomial generalized linear mixed-effects models
(GLMM) with logit-link functions using both AkaikeÕs
information criterion corrected for small samples
(AICc) as an estimate of Kullback-Leibler (K-L) in-
formation loss (Burnham and Anderson 2002), and
the Bayesian information criterion (BIC) (Link and
Barker 2006). We calculated the difference between
the modelÕs AICc or BIC value, the top-ranked model,
�AICcor �BIC, and the relative model weights,wAICc
or wBIC (Burnham and Anderson 2002) to assess
relative strength of evidence (for any particular
model, weights vary from 0 [no support] to 1 [com-
plete support] relative to the entire model set).

We used both AICc and BIC to rank and weight
models because they each can provide different rank-
ings based on the size of the dataset and presence/
absence of tapering effects (Burnham and Anderson
2004, Link and Barker 2006). AICcweighting can favor

Fig. 1. Study site: Holmes Jungle/Leanyer Swamp complex near Darwin, Northern Territory, Australia showing Aedes
vigilax and Culex annulirostris larval densities, and water presence scores averaged over the entire dataset: November
2000ÐDecember 2006, and vegetation types. (Online Þgure in color.)
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more complex models (with many tapering effects)
when samples are large, and BIC is considered a better
determinant of the principal drivers of complex rela-
tionships within larger datasets (Link and Barker
2006). Thus, AICc can provide better model-averaged
predictions of the response, while BIC identiÞes the
dominant explanatory variables.

The candidate model sets included all possible com-
binations of the explanatory variables (without inter-
actions). Although we considered the possible impor-
tance of various interactions among the terms, we did
not model interactions because their inclusion re-
duces inference when samples are limited and when
there are no mechanistic hypotheses underlying their
inclusion (Burnham and Anderson 2002). We did all
analyses in the R Package V2.6.2 (R Development
Core Team 2008). Model sets and variable details
follow.
Spatial Drivers of Larval Density. Summed larval

density and median larval density across all years
per grid square were used as the response variables
of weighted-binomial GLMs. We examined both
summed and median densities because sums tend to
emphasize outliers and extreme values, and medians
better reßect central tendency. We summarized en-
vironmental data for each grid cell using the geo-
graphic information system (GIS) software ArcInfo
version 9.1 (ESRI 2008), and the independent predic-
tor variables of spatial larval density we included were
as follows: Elevation, topographic elevation above sea
level derived from a sub-10-cm resolution digital ele-
vation model of the area; Water, water presence as
scored by ME during surveys (0 � dry, 1 � damp, 2 �
pooling, 3 � ßooding, 4 � ßowing); Vegetation, veg-
etation type derived from a vegetation map of the area
produced by manual classiÞcation of a QuickBird sat-
ellite image (QuickBird 2008). Vegetation was cate-
gorized as one of four vegetation types: mangrove,
mangrove edge, forest (non-mangrove), or grass/
sedge (Fig. 1).
Temporal Drivers of Larval Density. Larval abun-

dance histories did not cover the complete interval of
data collection for any single cell (November 2000Ð
December 2006) because ME larval surveys (and the
grid cells sampled during any given survey) are done
opportunistically. To account for this, we summed the
larval survey data across vegetation type for each
month, and if that vegetation type was not represented
by any grid cells sampled during the month, we set its
value to zero. This resulted in a total of 74 monthly
estimates of larval density over 7 yr. We used this
measure of average larvae per dip summed across
vegetation type for each month as the response vari-
able for the GLMM.

The independent predictor variables of temporal
larval density we included were as follows: Elevation,
topographic elevation above sea level was the most
supported spatial driver of larval density determined
in the initial analyses (elevations from different grid
cells were averaged across vegetation type for each
month); Lagged adult abundance, mosquito popula-
tions in Darwin predominately follow the Gompertz-

logistic model of population growth (Yang et al.
2008a). We included a 1-mo lag of the total adult
females for each species to account for the effect of
previous population density on larval abundance. To
represent as accurately as possible the monitored
numbers of adult females that emerged from the
Holmes Jungle/Leanyer Swamp complex, we used a
combinationofcounts fromdifferentnumbersofmon-
itoring sites based on the dispersal capacities of the
two species under study. Ae. vigilax are capable of
dispersing �9 km from the emergence site (Chapman
et al. 1999); Cx. annulirostris commonly travel smaller
distances from their emergence sites, with a mean
dispersal capacity of �4 km (Bryan et al. 1992). There-
fore, we used an average of the monthly totals of
females from the Þve monitoring sites within 10 km of
the swamp complex for Ae. vigilax, and the monthly
total of female Cx. annulirostris for the only monitor-
ing site within 4 km of the swamp complex. We log-
transformed lagged adult abundance to linearize the
response. Other variables included the following:
Spray, to examine the potential effectiveness of past
insecticide management interventions at decreasing
larval abundance, we included the total number of
spraying hours from the previous month; Monthly
rainfall, total monthly rainfall (mm); Tide height, max-
imum monthly tide height (m); Lagged tide fre-
quency, frequency of high tides above 7.4 m from the
previous month as a proxy for accumulated tidal water
in the swamp (Yang et al. 2009); Lagged monthly
rainfall, rainfall (mm) from the previous month to
account for accumulated rain water in the swamp.

The Australian Government Bureau of Meteorology
provided monthly data for the climatic variables cov-
ering the same interval as the larval abundance dataset
(BOM 2008). To overcome the possibility of system-
atic changes in larval density associated with vegeta-
tion, we included “vegetation type” as a random factor
in the GLMM. We also took 1,000 random subsets of
50% of the larval data to account for any temporal
autocorrelation given that both Cx. annulirostris and
Ae. vigilax populations in Darwin show a strong pos-
itive temporal autocorrelation in adult mosquito den-
sity (Yang et al. 2008a). We calculated the median
values of BIC, AICc, �AICc, �BIC, wAICc, wBIC, and
percent deviance explained for each model across the
1,000 subsets for Þnal model comparisons.

Results

Spatial Drivers of Larval Density. The top-ranked
models for the summed densities of Ae. vigilax larvae
included elevation above sea level and water pres-
ence. There was lower support for models including
vegetation as a predictor of total Ae. vigilax larval
density (Table 1). For the median densities of Ae.
vigilax larvae, two of the most highly ranked models
included elevation and water presence, but the null
(intercept-only) model ranked highest (Table 1). For
summed densities, the most highly ranked model in-
cluded elevation alone and explained 11.9% of the
deviance. On average, drier, low-elevation grid cells
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along the mangrove forest edges had higher densities
of Ae. vigilax larvae (Table 2).

The top-ranked models of summed densities of Cx.
annulirostris larvae included elevation above sea level,
vegetation, and water presence (Table 1). However,
the most supported models for median densities ofCx.
annulirostris larvae included only elevation and water

presence (Table 1). The deviance explained by the
most highly ranked models for both datasets, summed
densities and median densities, was relatively low: 10.1
and 6.7%, respectively. On average, high-elevation
grid cells with less water and containing reeds and/or
grasses had higher densities of Cx. annulirostris larvae
(Table 2).
Temporal Drivers of Larval Density. According to

median wBIC derived from the 1,000 resamples, the
model of Ae. vigilax larvae density with the greatest
support included the logarithm of lagged adult abun-
dance and lagged monthly rainfall (Table 3). This was
also true based on median wAICc rankings; however,
models includingmaximumtideheight and lagged tide
frequency also received substantial support based on
AICc (median �AICc of 0.47 and 1.88, respectively).
The BIC and AICc highest-ranked model described a
median deviance of 23.24%. Sensitivity analysis
showed that a 10% increase in the number of adult
females results in a 4% increase in Ae. vigilax larvae
densities in the next month, a 10% increase in rainfall
results in a 2% decrease in Ae. vigilax larvae densities
in the next month, and a 10% increase in the height of
the maximum tide results in a 30% increase in Ae.
vigilax larvae densities in the same month.

The median wBIC highest-ranked model of Cx. an-
nulirostris larvae density included the logarithm of
lagged adult abundance and lagged monthly rainfall,
and there was also substantial support for the model
that also included elevation (median �BIC � 1.63).
The median wAICc rankings were similar; the model
including lagged adult abundance, lagged monthly
rainfall, and elevation received the greatest support
(Table 3). The median wBIC highest-ranked model
explained a median deviance � 5.7%. Once elevation
was included, the model explained 22.7% of the devi-
ance. Sensitivity analysis showed that a 10% increase
in adult females only results in a 0.4% increase in Cx.
annulirostris larvae densities in the next month, a 10%
increase in rainfall in the previous month results in a
0.3% rise in Cx. annulirostris larvae densities, and with
a 10% increase in elevation, larvae densities rise by 6%.
For both Ae. vigilax and Cx. annulirostris, the models
that included spray hours from the previous month
received little support (Table 3).

Discussion

Effective mosquito control requires a detailed un-
derstanding of the temporal and spatial variance in
larval densities among habitats; otherwise, control by

Table 1. Comparison of generalized linear models for the eight
models in the full subsets regression used to assess spatial change
in summed Ae. vigilax larval density, median Ae. vigilax larval
density, summed Cx. annulirostris larval density, and median Cx.
annulirostris larval density

�Model %DE wi �AICc AICc k

SumÑAedes � � � � �
�elev 11.9 0.587 0.000 124.440 3
�elev � water 12.0 0.241 1.784 126.220 4
�elev � veg 13.5 0.122 3.142 127.580 6
�elev � water � veg 13.6 0.048 5.017 129.45 7
�1 0.0 0.002 11.724 136.160 2
�water 0.4 0.001 13.172 137.610 3
�veg 4.3 0.000 16.273 140.710 5
�water � veg 4.3 0.000 18.165 142.600 6

MedianÑAedes
�1 0.0 0.503 0.000 17.350 2
�elev 5.0 0.195 1.892 19.240 3
�water 0.1 0.184 2.010 19.360 3
�elev � water 5.0 0.071 3.907 21.260 4
�veg 1.7 0.025 5.998 23.350 5
�elev � veg 5.8 0.010 7.909 25.260 6
�water � veg 1.7 0.009 8.025 25.370 6
�elev � water � veg 5.8 0.004 9.939 27.290 7

SumÑCulex
�elev � veg 10.1 0.367 0.000 131.170 6
�elev 6.4 0.312 0.328 131.500 3
�elev � water 7.4 0.178 1.448 132.620 4
�elev � water � veg 10.6 0.143 1.893 133.060 7
�1 0.0 	0.001 15.099 146.270 2
�veg 2.8 	0.001 15.556 146.730 5
�water 0.1 	0.001 17.621 148.790 3
�water � veg 3.0 	0.001 18.051 149.220 6

MedianÑCulex
�elev 6.7 0.543 0.000 88.910 3
�elev � water 7.5 0.343 0.920 89.830 4
�elev � veg 9.1 0.075 3.949 92.850 6
�elev � water � veg 9.5 0.033 5.584 94.490 7
�1 0.0 0.003 10.166 99.070 2
�water 0.0 0.001 12.252 101.160 3
�veg 1.9 	0.001 15.199 104.110 5
�water � veg 1.9 	0.001 17.274 106.180 6

Explanatory variables are elevation � elevation above sea level in
10-cm increments, water � water presence score (0 � Dry, 1 � Damp,
2 � Pooling, 3 � Flooding, 4 � Flowing), and vegetation � vegetation
type (Mangrove, Mangrove Edge, Reeds and Grasses, Forest). k
indicates the no. of parameters, �AICc shows the difference between
the model AICc and the min. AICc in the set of models, and AICc
weights (wi) are the relative likelihood of model i and %DE is the %
deviance explained by the Þxed effects of the model.

Table 2. Weighted model coefficients with SEs (in parens) for the relationship between sum of Ae. vigilax larvae per dip, median of
Ae. vigilax larvae per dip, sum of Cx. annulirostris larvae per dip, and median of Cx. annulirostris larvae per dip and the fixed effects of
vegetation type, elevation, and water presence

Response variable
InterceptÑMang

edge
Mang

Reeds and
grasses

Forest Elevation Water

Ae. vigilax sum 6.755 (0.77) 
0.102 (0.07) 
0.021 (0.05) 
0.117 (0.08) 
0.681 (0.10) 
0.027 (0.08)
Ae. vigilax median 3.209 (0.03) 
0.033 (0.37) 
0.018 (0.02) 
0.079 (0.01) 
0.193 (0.02) 
0.090 (0.07)
Cx. annulirostris sum 
3.602 (0.64) 0.183 (0.18) 0.531 (0.13) 
0.307 (0.25) 0.388 (0.08) 
0.180 (0.07)
Cx. annulirostris median 
2.880 (0.58) 0.037 (0.04) 0.102 (0.03) 
0.081 (0.05) 0.343 (0.07) 
0.211 (0.09)
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insecticides or habitat modiÞcations cannot be tar-
geted efÞciently. Here we show that it is important to
examine not only the spatial attributes of larval hab-
itats (topography, vegetation type), but also the tem-
poral factors such as adult abundance and rainfall that
affect how larvae densities ßuctuate within these hab-
itats. To make reliable inference about larval habitat
use, vector population dynamics, and the subsequent
recommendations for efÞcient control, long time se-
ries over a large spatial scale, such as the datasets we
analyzed, are required. Monitoring data that are col-
lected to aid management are imperative for making
immediate and informed decisions. However, this
type of monitoring data can often fall short of quan-
tifying the variability inherent in ecological systems in
sufÞcient detail. Our larval survey data were collected
opportunistically based on information about adult
population dynamics, tide and rainfall patterns, and
larval habitat ecology. Therefore, the larval dataset
lacks the necessary sampling rigor to allow analyses
aimed at decoupling the seasonal and environmental
variables driving the observed vector population dy-
namics within these swamp systems. This is show by
the low explanatory power of our Þnal models, espe-
cially for Cx. annulirostris.

Despite drawbacks in data quality, some generali-
zations can be made from our models. We found the
strongest temporal drivers of larval density for both
vector species were lagged logarithm of adult density
and total rainfall from the previous month. We par-
tially expected this result because adult mosquito pop-

ulations in tropical north Australia are strongly intrin-
sically regulated(Yanget al. 2008a,b).Our results take
this density relationship one step further by providing
a clear mechanistic link between the two main life
phases in mosquito development. Yang et al. (2008a)
found a negative relationship between the adult mos-
quito population rate of change (r) and adult popu-
lation density, and there are several mechanisms by
which this dynamic can be realized. Competition dur-
ing the adult life stage for blood meals, harborage, or
oviposition sites can lead to lower larval densities after
a peak in adult density. During a population peak,
competition at the larval stage for nutrients and/or
other stresses in the high density larval habitat will
result in mortality at the larval and pupal stages, and
the emergence of smaller adults with lower survival
and fertility (Agnew et al. 2002). Our results show a
positive relationship between adult numbers in the
previous month and larval density in the following
month, which suggests that the major mechanism of
density dependence in these species is not competi-
tion during the adult life stageÑif this were the case,
therewouldbeanegative relationshipbetween lagged
adult density and larval density. We hypothesize that
the main regulatory mechanism in Ae. vigilax and Cx.
annulirostris occurs during the larval life stage where
lower to medium larval densities will result in higher
adult emergence, survival, and fertility than would
occur at high larval densities. It is therefore important
that, during control operations, both low- and high-
density larval habitats and seasons are targeted for

Table 3. Comparison of the 10 top-ranked generalized linear mixed-effects models (32 models considered in total) in the full subsets
regression used to assess monthly change from Nov. 2000 to Dec. 2006 in Ae. vigilax and Cx. annulirostris larval densities

Model
Median

BIC
Median
wBIC

Median
�BIC

Median
wAICc

Median
�AICc

Median
%DE

Aedes vigilax larvae density
�logN � rain1 � (1 veg) 67.50 0.524 0.000 0.524 0.000 23.0
�tide � logN � rain1 � (1 veg) 70.180 0.113 3.020 0.113 3.020 28.8
�tide.f1 � logN � rain1 � (1 veg) 71.580 0.060 4.315 0.060 4.315 25.4
�elev � logN � rain1 � (1 veg) 71.930 0.053 4.681 0.053 4.681 24.1
�spray � logN � rain1 � (1 veg) 72.030 0.050 4.838 0.050 4.838 24.1
�rain � logN � rain1 � (1 veg) 72.230 0.048 4.909 0.048 4.909 23.6
�rain � tide � logN � rain1 � (1 veg) 74.570 0.012 7.452 0.012 7.452 30.4
�elev � tide � logN � rain1 � (1 veg) 74.650 0.012 7.559 0.012 7.559 29.9
�spray � tide � logN � rain1 � (1 veg) 74.660 0.012 7.531 0.012 7.531 30.0
�tide.f1 � tide � logN � rain1 � (1 veg) 74.750 0.012 7.563 0.012 7.563 29.6

Culex annulirostris larvae density
�logN � rain1 � (1 veg) 54.300 0.464 0.000 0.082 1.176 5.7
�elev � logN � rain1 � (1 veg) 55.570 0.200 1.717 0.149 0.000 21.7
�tide � logN � rain1 � (1 veg) 58.700 0.045 4.866 0.036 2.848 7.2
�rain � logN � rain1 � (1 veg) 58.710 0.045 4.959 0.035 2.968 7.7
�tide.f1 � logN � rain1 � (1 veg) 58.730 0.048 4.885 0.038 2.890 8.2
�spray � logN � rain1 � (1 veg) 59.080 0.042 4.937 0.032 3.065 7.0
�elev � rain � logN � rain1 � (1 veg) 60.150 0.020 6.257 0.065 2.042 24.0
�elev � tide � logN � rain1 � (1 veg) 60.230 0.020 6.339 0.062 2.098 23.2
�elev � tide.f1 � logN � rain1 � (1 veg) 60.280 0.020 6.329 0.061 2.087 23.7
�elev � spray � logN � rain1 � (1 veg) 60.350 0.020 6.370 0.059 2.091 23.1

Explanatory variables are Þxed effects: logN� log of adult abundance in the previous month, rain1 � rainfall in the previous month (mm),
tide � monthly max tide (m), tide.f1 � frequency of tides above 7.4 m in the previous month, elevation � elevation above sea level at 10-cm
resolution, spray � total spraying hours in the previous month, rain � total monthly rainfall (mm), and the random effect: (1 veg) � vegetation
type (Mangrove, Mangrove Edge, Reeds and Grasses, Forest). Median �BIC shows the median �BIC score for each model from 1000
randomizations, (where �BIC is the difference between the model BIC and the min. BIC in the set of models), median wBIC is the median
BIC wt for each model from 1000 randomizations and median %DE is the median % deviance explained by the Þxed effects of the model for
each model from 1000 randomizations. The same statistics are shown for AICc.
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control to reduce population size and disease trans-
mission effectively.

For both species studied, we found that elevation
was the dominant spatial driver of larval densities.
Elevation controls much of the spatial distribution of
wetness across the land surface in tidal systems (Sha-
man et al. 2002), and mosquito larvae are commonly
associated with areas of ephemeral water (Chase and
Knight 2003). Deeper or more permanent water can
allow greater predator access and may subject the
larvae to tidal ßushing (Dale et al. 2002). Therefore,
we expect that, in an extensive and ßat, tidally inßu-
enced system, small increments in elevation will affect
the extent to which the swamp is inundated by tides
during the dry season, the extent and depth of retained
water between tides, and retained freshwater during
the wet season. The suitability and availability of hab-
itat for larval development of different species will
ßuctuate accordingly. Other environmental condi-
tions being equal, we found that higher densities of
saltwater-breedingAe. vigilax larvae are more likely to
occur at lower elevations where the swamp complex
is more inßuenced by the tides, and higher larval
densities of the freshwater breeder Cx. annulirostris
were more likely at higher elevations in areas inun-
dated by rainfall and freshwater runoff and not as
affected by tidal regimens. The resolution of elevation
data included in our analysis (10-cm increments) is
much Þner than that commonly available in geo-
graphic information system analyses (Shaman et al.
2002, Zeilhofer et al. 2007), showing that even subtle
changes in elevation are important for differentiating
habitat suitability for different species of larvae. This
Þnding is directly useful for larval control strategies
because any changes in the topography of the swamp
caused by physical engineering, such as runneling
(i.e., using shallow channels to link mosquito breeding
pools to the tidal source) (Dale et al. 2002), draining
(Whelan 1989), or Þlling (Brogan et al. 2002) will
inßuence larval and therefore adult densities.

The water presence score is in reality a function of
many different components: precipitation, tempera-
ture, soil properties, vegetation, prior wetness in the
catchment, and topography (Shaman et al. 2002). Al-
though water presence was a relatively important spa-
tial driver of larval density in both species, it was better
represented in the relationships explored in the tem-
poral analyses using maximum monthly tide height,
total monthly rainfall, tidal frequency, and elevation.
We found little support for vegetation type as a driver
ofAe. vigilax larval density and only weak evidence for
a relationship between Cx. annulirostris larvae and
vegetation type, indicating that both species are gen-
eralist species that can breed, grow as larvae and
emerge from a wide variety of habitats (Lee et al. 1984,
1989). Although vegetation type can inßuence local
population size to some extent (Hearnden and Kay
1997, Turner and Streever 1997), the use of coarse
vegetation classes may not have provided sufÞcient
resolution todetermine speciÞcvegetationassociation
differences.

As expected, the temporal models showed a positive
relationship betweenAe. vigilax larval abundance and
both maximum tides in the same month and high tide
frequency in the previous month. AlthoughAe. vigilax
is able to breed in ephemeral pools inundated either
by tides or early rain, adult females require exposed
mud for oviposition (Sinclair 1976). The tidal regimen
during the late dry season regularly ßoods large areas
of the swamp complex, and the ephemeral tidal pools
allow enough time for larval development and adult
emergence before drying to expose mud for oviposi-
tion. This pattern continues with early rainfall in the
late dry season; however, once rainfall reaches a cer-
tain threshold, the swamp complex becomes ßooded,
and the wetlands become suitable habitat for Cx. an-
nulirostris. This observation is supported by the pos-
itive relationship we found between Cx. annulirostris
larvae and lagged rainfall. We also found evidence for
a positive relationship between elevation and Cx. an-
nulirostris larval abundance. Although rainfall fresh-
ens the tidally inßuenced swamps, the elevation gra-
dient determines the Þne-scale depths of larval
habitats and the vegetation characteristics in each of
the water depth zones (Shaman et al. 2002). There-
fore, higher elevations result in shallower and more
ephemeral habitats that predators Þnd it harder to
access. This Þnding also introduces serious challenges
for analyzing the possible interactions of these drivers
of the population dynamics of the system because of
the “legacy” effects of the desiccation-resistant egg
stocks in the swamp and the retained seasonal tidal
and rain inundation.

We found little evidence for a relationship between
spraying hours in the previous month and larval den-
sities of either species. Spraying programs aim to re-
duce the emergence of adults after high-density larval
occurrences. Although the spray program can reduce
the emergence of adults, our models show that the
climatic, landscape, and density-dependent processes
that drive population growth rates override any lin-
gering effects the spray program may have on future
larval densities. Furthermore, Yang et al. (2008b)
found that carrying capacity is largely invariant to
landscape modiÞcation and spraying, indicating that
control measures may only alter the rate at which
mosquito populations can Þll available niches. Thus,
spray operations will generally be required after every
high tide or early rain events for Ae. vigilax, irrespec-
tive of the perceived success of the previous larval
control operations. Any reduction in Cx. annulirostris
emergence by spray operations will only have a tem-
porary effect, and regular and successive spraying will
be required until the seasonal aquatic habitat becomes
unsuitable. Our results have highlighted the complex-
ityof this systemboth tomanageandmodel.Evenwith
the extensive datasets presently available, the con-
founding effects inherent in both the temporal and
spatial aspects of this system mean that regular and
uniform monitoring is constantly required to be able
to tease out the intricacy of these relationships.
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