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Abstract. Flies are important arthropod pests in intensive animal facilities such as cattle feedlots, with the potential
to cause production loss, transmit disease and cause nuisance to surrounding communities. In the present study, seasonal
population dynamics of three important nuisance flies, namely house flies (Musca domesticaL.), bush flies (M. vetustissima
Walker) and stable flies (Stomoxys calcitrans L.) (Diptera: Muscidae), were monitored on cattle feedlots in south-eastern
Queensland, Australia, over 7 years. Musca domestica was by far the dominant species, comprising 67% of the total flies
trapped. Models were developed to assess the relationship between weather parameters and fly abundance and to determine
whether population trends could be predicted to improve the timing of control measures. For all three species, there were
two main effects, namely time-of-year (mainly reflected by minimum temperatures and solar radiation) and rainfall.
The abundance of all three species increased with increasing temperature and rainfall, reaching a peak in summer,
before decreasing again. Rainfall events resulted in significantly elevated numbers ofM. domestica for up to 5 weeks, and
for 1 week for M. vetustissima. Peak fly numbers were predicted by the model to occur in spring and summer, following
85–90-mm weekly rainfall. The population dynamics of S. calcitrans were least influenced by rainfall and it was
concluded that weather variables were of limited use for forecasting stable fly numbers in this environment and
production system. The models provide a useful tool for optimising the timing of fly-control measures, such as
insecticide or biopesticide applications, adding to the efficiency of integrated control programs.

Additional keywords: integrated pest management, Musca domestica, Musca vetustissima, population dynamics,
Stomoxys calcitrans.
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Introduction

House flies (Musca domestica L.), bush flies (Musca
vestustissima Walker) and stable flies (Stomoxys calcitrans L.)
are common nuisance flies associated with intensive animal
facilities such as cattle feedlots (Matthiessen 1983; Hogsette
et al. 2012; Urech et al. 2012). Flies can become a significant
problem in these areas because of the presence of large amounts
of manure and feed in which flies can oviposit and develop.
Uncontrolled fly populations constitute a significant nuisance
and threaten the health and welfare of livestock, farm workers
and surrounding communities through their capacity to transmit
pathogens (Graczyk et al. 2005; Förster et al. 2007, 2009;
Ahmad et al. 2007; Macovei et al. 2007; Baldacchino et al.
2013). Control measures may involve various integrated
pest-management (IPM) strategies, including feedlot design,
management and biological control, but also rely significantly
on pesticide applications. However, excessive reliance on
pesticide applications is undesirable because of the development
of insecticide resistance, potential environmental contamination

and health and safety concerns (Wang et al. 2012; Khan et al.
2013; Scott et al. 2013) and IPM strategies are not always
optimally utilised.

Abiotic factors such as temperature, moisture and solar
radiation have a direct influence on the fecundity and duration
of the lifecycle of agriculturally important insects including
nuisance flies (Drake 1994), and there are threshold temperatures
above and below which different life stages will not develop
and survive. Under suitable weather conditions, particularly
when favourable temperatures, rainfall and humidity coincide,
fly outbreaks can occur in cattle feedlots, even with the best
preventative strategies in place. Fly populations can build
rapidly to reach problem levels if control measures are left too
late, whereas miss-timed precautionary treatments, when fly
numbers would not have reached problem levels, needlessly
incur labour, treatment costs and increased selection for
resistance. Accurately predicting when flies will become a
problem would enable the strategic timing of control measures
to maximise both effectiveness and cost efficiency of treatments.
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Weather parameters have been used to develop models for
predicting calyptrate fly numbers in the United Kingdom
(M. domestica and Calliphora spp.; Goulson et al. 2005) and
for stable flies in Nebraska (Taylor et al. 2007). The study by
Goulson et al. (2005) examined the relationship between fly
numbers and weather conditions by using a four year dataset
of weekly fly catches and meteorological data in the southern
UK. These authors found that fluctuations in fly populations
were largely driven by the weather rather than by biotic factors.
Predictive models based on rainfall, temperature and humidity
were strongly correlated with observed fly numbers (r2 =
0.52–0.84). For M. domestica, temperature in the week before
trap collection was the best single predictor, although other
aspects of temperature in the preceding 3 weeks also
contributed significant predictive power to the model. Weather
factors, in particular temperature 0–2 weeks before fly collection
and precipitation 3–6 weeks before collection, were also the
most important determinants of stable fly populations in
Nebraska (Taylor et al. 2007). These models were developed
in temperate regions of the northern hemisphere and may not
be applicable to the subtropical region in Australia where
many cattle feedlots are located.

For the present study, several large datasets for fly numbers
on feedlots located in subtropical south-eastern Queensland,
Australia, collected over 7 years, were used with accompanying
weather data from the Queensland Government SILO (Scientific
Information for LandOwners) database (https://www.longpaddock.
qld.gov.au/silo/, verified 22 June 2015). We investigated the utility
and accuracy of predicting periods of high fly numbers, using
weather records to facilitate optimal timing of fly-control strategies.

Materials and methods

Adult fly monitoring was conducted in seven feedlots in
south-eastern Queensland between October 2001 and April

2008. The feedlots were in three districts, namely Dalby, the
Brisbane Valley and Warwick. The historical data were used
in conjunction with meteorological data to test the accuracy
of predicting fly numbers from different weather variables.
The major climatic characteristics of these areas are shown in
Table 1 and details of the location of the feedlots, monitoring
period and trapping sites are given in Table 2. All seven feedlots
were managed according to standard commercial practice. IPM
programs for fly control, which included regular fence-line and
sedimentation-system cleaning, the release of parasitic wasps
(Spalangia endius), biopesticides (Metarhizium anisopliae) and
chemical treatments, were in place on two of the feedlots, while
fly-control procedures on the other feedlots included irregular
manure removal, insecticide treatments and parasitic wasp
releases.

Numbers of the three main nuisance species, namely house
flies, bush flies and stable flies, were monitored using alsynite
sticky traps (Olson Products, Medina, Ohio, USA) that were
supported on stakes 0.9–1.2m off the ground (Urech et al. 2012).
The traps were placed within the feedlots at selected sites near
manure piles, feed-processing areas, cattle pens, vegetation
between pens, the cattle-induction area, silage pits, sedimentation
ponds and horse stables. Traps were serviced at intervals of
between 1 and 17 days, depending on the time-of-year and fly
populations. Trapped flies were brought to the laboratory,
identified and counted as per the procedure described in Urech
et al. (2012).

The Queensland Government SILO database (https://www.
longpaddock.qld.gov.au/silo, verified 22 June 2015) was used to
provide daily weather data corresponding to the GPS coordinates
of each feedlot and the appropriate fly-monitoring period. The
SILO database uses historical climate records for Australia and
observational records provided by the Bureau of Meteorology
(http://www.bom.gov.au/, verified 22 June 2015) together with
GPS coordinates, to derive daily datasets for different locations

Table 1. Climate statistics for the Dalby, Brisbane Valley andWarwick districts averaged over the past 20 years

District Elevation
(m)

Annual
rainfall

Average summer
temperature (�C)

Average winter
temperature (�C)

(mm) Max Min Max Min

Dalby 344 683 31.7 18.1 19.6 4.9
Brisbane Valley 113 999 30.1 18.9 20.9 7.4
Warwick 477 692 29.5 16.6 18.7 3.7

Table 2. Location and details of fly monitoring at each of the seven southern Queensland feedlots
SCU, standard cattle unit

District and dates of monitoring Feedlot Location (GPS) Carrying
capacity (SCU)

Number of
trapping sites

Dalby, October 2001 – October 2003 1 27�020S, 151�200E 13 000 3–8
Brisbane Valley, November 2004 – April 2008 2 29�240S, 152�210E 3100 2–4

3 27�030S, 152�180E 700 1–5
4 27�060S, 152�210E 1000 1–5

Warwick, November 2006 – April 2008 5 28�090S, 152�060E 2000 2–4
6 28�030S, 151�540E 1000 1–4
7 28�060S, 151�510E 8000 1–4
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that are both spatially and temporally complete. Climate variables
used in the construction of models included maximum and
minimum temperatures (�C), rainfall (mm), evaporation (mm),
solar radiation (MJ/m2), vapour pressure (hPa), and relative
humidity (%) at both the maximum and minimum temperatures.

Data processing and modelling
Daily weather data were converted to weekly data by averaging
across each 7-day period. Cumulative weekly totals were
calculated for rainfall and evaporation. Fly counts were
converted to weekly data by first converting trap data to
average flies per trap per day for each monitoring interval and
then accumulating the data by date to give weekly counts for
each species. These weekly intervals corresponded to the
same weekly intervals as for the weather data. The two
datasets (weekly fly counts and weekly weather data) were
then combined into one dataset for modelling purposes. Data
for each fly species were analysed separately using GENSTAT for
Windows® v16.1 (GENSTAT 2015).

The log10(catch+1) transformation was adopted for the
dependent variables, as these were highly skewed with
heterogeneous variance. This implies a multiplicative relationship
among the effects of the independent variables, as is biologically
expected. The regression models were fitted using residual
maximum likelihood (REML) in GENSTAT (2015), with an
autoregressive (lag-one) error term to accommodate for the
significant autocorrelations between weeks within feedlots.
Step-forward, step-backward and all-subsets regressions, plus
random forests (multiple regression-tree models; Elith et al.
2008) were used to screen the potential predictor variables.
Overall shape and degree of curvature of the regression lines
were tested using smoothing-spline, non-linear and quadratic
models, with the best-fit and biologically appropriate forms
adopted for the fitted relationships.

The effects of feedlot treatments were tested using binary
contrasts – first as ‘overall’ (any of the treatments, comparedwith
no treatment), as well as testing the individual types – ‘insecticide
application’ (only tested for the week of application, and the
following week), ‘parasitic wasps’ (only from the second week
after the first release) and ‘IPM’, fitted as an additional effect to
the parasitoid-wasp treatment, as wasps were always released
as part of IPM, but several feedlots not using IPM also released
wasps. The effect of feedlot size on fly numbers was also tested,
and was found to be not significant (P > 0.05) and was excluded
from the model.

There were high degrees of correlation among some weather
variables (see Table 3); however, this is not statistically a problem
in forecasting when the degrees of correlations are expected to
remain approximately similar (Dormann et al. 2013). All catch-
number results and forecasts were derived using the bias-
corrected back-transformation from the log-scale (Kendall
et al. 1983).

Results

The total number of trapped flies in the present study was
1 185 581, of which 67% were M. domestica, 21% were
M. vetustissima and 12% were S. calcitrans. Other fly species,
which contributed only a small proportion of the total flies

trapped, do not generally breed within the feedlot and, therefore,
were not included. Of the three fly species studied,M. domestica
was most affected by weather variables, showing a higher
degree of fit in the derived models than did the other two species.

Catch data for M. domestica for each of the seven feedlots
showed that the highest populations occurred in a broad peak
during the summermonths at all seven feedlots (Fig. 1). Numbers
dropped to very low levels during the winter months. All feedlots
followed the same trend, although fly numbers in FL 2 in the
Brisbane Valley did not decrease to the same extent as those in
FL 3 and FL 4 in the winters of 2005 and 2006.

The total numbers of M. vetustissima (data not presented)
were generally a third of those for M. domestica, except in
November–December 2007 in the Warwick district (FL 5 and
FL 6), where numbers ofM. vetustissimawere 5–10 times higher
than those of M. domestica. Reasons for the outbreak of
M. vetustissima are unknown, but probably reflect suitable
conditions for bushfly breeding or winds favourable for
bushfly immigration to these feedlots (Hughes and Nicholas
1974) at this time. Numbers of S. calcitrans trapped were
lowest of the three main species, being only about a 10th of
those of M. domestica and half of those of M. vetustissima.
Although the population patterns of the three species were
generally similar, peak numbers of M. vetustissima and
S. calcitrans occurred slightly earlier in the summer (October
to November) than those of M. domestica, and then rapidly
decreased. Overall, seasonal data showed a strong relationship
between the spring–early summer rainfall and increased
populations of M. domestica (Fig. 2) across years and locations
(R2 = 0.96). Highest fly numbers occurred in the Brisbane
valley, which received higher rainfall than did Dalby and
Warwick.

Investigations using weekly data showed that, for all species,
there were two main climatic effects, namely ‘time-of-year’ (as
best represented by minimum temperatures, or solar radiation)
and ‘rainfall’. Interactions between the weather terms in the
model were minor and not significant (P < 0.05). This is
probably because the log relationship adopted implicitly
accommodates the expected multiplicative relationship between
month and rainfall. The ‘just weather terms’models had notably
high and biased residuals for November and December,
indicating that the higher catch rates found in these months

Table 3. Correlation coefficients (r) for the relationships between
climate variables included in the initial models

Tmax, maximum temperature; Tmin, minimum temperature; Rain, rainfall;
Evap, evaporation; Radn, radiation; VP, vapour pressure; RHx, relative
humidity at the maximum temperature; and RHn, relative humidity at the

minimum temperature

Tmax Tmin Rain Evap Radn VP RHx

Tmax 1
Tmin 0.838 1
Rain –0.019 0.260 1
Evap 0.870 0.669 –0.074 1
Radn 0.743 0.514 –0.113 0.906 1
VP 0.782 0.952 0.290 0.542 0.425 1
RHx –0.341 0.180 0.506 –0.497 –0.496 0.292 1
RHn –0.325 –0.163 0.163 –0.538 –0.384 0.075 0.566
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were not solely explained by the weather terms. Temperatures
and rainfall similar to those observed in November and
December were also experienced in late summer and autumn
(March to May), but fly catch rates then were markedly lower.

Alternative models for the ‘time-of-year’ effect were
investigated, including ‘month’ (a factor with 12 fixed levels,
representing the ‘baseline catch rates’ for each month) and a
Fourier curve. In combination with the rainfall effect, the model
with ‘month’ lifted the degree offit (adjustedR2) forM.domestica
from 61% (for the model with just weather terms) to 69%, and
from 31% to 59% for M. vetustissima. For S. calcitrans the
alternative models provided approximately the same level of
fit, but month was adopted for consistency.

The shape of the rainfall-effect curve was somewhat difficult
to determine, given the generally high degree of variability in
catch rates, plus the sparseness of rainfall events with greater than
100 mm per week (there were only nine of these in our dataset).
Adopting log rainfall as a linear term, or rainfall as a quadratic

effect, produced very similar degrees of fit. For M. domestica,
the adjusted R2 values were 68.3% and 68.8% respectively.
The quadratic relationship was adopted due to the slightly
better fit and better overall agreement with the non-parametric
spline models (which indicated a slight depression in catch
numbers above ~100 mm per week). Rainfall had extended
effects on fly populations, with significant increases in fly
numbers persisting for up to 5 weeks after rainfall events. The
fitted coefficients were quite consistent, predicting maximum fly
numbers at 90, 87, 88, 89 and 99 mm rainfall per week for lags of
1–5 weeks respectively. The fitted relationship for a 3-week lag
is shown in Fig. 3.

The effects of feedlot treatments onM. domestica populations
were mixed. The release of parasitoid wasps had a significant
(P < 0.01) effect, with the coefficient of –0.2131 (on the log10
scale) translating to a fitted 39% reduction in fly numbers
following the release of wasps. IPM had no additional statistical
effect on fly numbers over the effect of parasitic-wasp releases,
which were always part of the IPM program. There was also
no significant effect of insecticide applications on house fly
numbers. The non-significant (P > 0.05) treatment terms were
dropped from the final model, which included only a ‘parasitoid-
wasp releases’ factor.

When months were investigated (as ‘time-of-year’ effects)
in combination with the quadratic rainfall effect for
M. vetustissima, the degree of fit was significant for a 1-week
lag only (adjusted R2 of 59.1%). The effect of rainfall was
greatest between October and December, with little effect for
the remainder of the year. Maximum fly numbers were observed
after weekly rainfall of 86 mm (Fig. 4), indicating the instant
and short-term effect of rain on M. vetustissima populations.
Feedlot treatments did not significantly affect M. vetustissima
numbers, although there was an average reduction in catch
numbers of 36% (P = 0.10) following insecticide sprays.

Stomoxys calcitrans populations were least affected by
climate, showing only a low degree of fit (R2 = 24.2%) when
months were investigated in combination with a quadratic rainfall
effect for lags of 3, 4 and 5 weeks. There was no significant effect
of feedlot treatments, but there was an average reduction of 43%
in catch numbers following insecticide applications (P = 0.09).
The low degree of fit suggests that weather variables were of
limited use for forecasting stable fly numbers in this environment
and production system.

Discussion

South-eastern Queensland has a subtropical climate with hot,
humid summers. Winters are drier, mild to warm, but with cool
overnight temperatures. For all fly species, initial screening
indicated two main effects on fly numbers, ‘time-of-year’
(which represents changes in both minimum temperatures
and solar radiation) and ‘rainfall’. Between April and October,
temperature was likely to be the main factor limiting fly
numbers. Rainfall had little effect on any of the fly species
during the winter months. There are always localised areas in
feedlots where moisture is present and flies can breed, and as
temperatures rose from October to November, the base number
of flies (assuming no rainfall) increased by an average of 352%.
The greatest effect of rainfall was seen in the spring and early
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summer when temperature had increased sufficiently for rapid
reproduction and development of flies and the main factor
limiting population growth was moisture. The months from
November to February were the main period of fly breeding
and the model predicted that rainfall of 25 mm would be
expected to increase fly numbers by a further 46%, whereas
50mm could be expected to give an approximate 88% increase in
numbers of flies and 90 mmwould cause fly numbers to increase
by 120%. The model indicated a multiplicative effect of season
and rainfall events, suggesting that highest fly numbers would
occur following successive rainfall events during early summer.

In contrast to the results reported here, Goulson et al. (2005)
found that in the UK, temperature was the best predictor of fly
numbers. This is not surprising since population dynamics are
governed by the ‘law of the minimum’ and in the temperate wet

climate of the UK, temperature rather than moisture is likely to
be the limiting factor for a large proportion of the year.

For the major fly species, M. domestica, both factors
showed extended effect, with significant associations between
fly numbers and weather factors measured up to 5 weeks
previously. This was not unexpected, as increased moisture
has a favourably impact on several different life processes of
house flies, including oviposition, egg development and larval
survival and development (Williams et al. 1985). The period of
the effect of rainfall events will also be determined by factors
such as the amount of rain received, follow-up rain and
environmental influences that affect the rate of drying of the
larval habitat, such as soil moisture, humidity and wind. The
amount of rainfall predicted to produce maximumM. domestica
numbers with lags of 1, 2, 3, 4 and 5 weeks was remarkably
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consistent at 90, 87, 88, 89 and 99 mm/week respectively. The
scarcity of higher rainfall events during the period of the study
did not allow us to accurately extrapolate the effects of rainfall
above 100 mm, but the shape of the rainfall–fly numbers curves
suggests that there is a maximal level of rain for fly production,
above which further increases in fly numbers do not occur.
Weekly rainfall above this level may be detrimental to fly
populations by causing drowning or suffocation of fly larvae,
pupae and eggs (Farkas et al. 1998).

HigherM. domestica catches were recorded in the months of
November and December than during months with similar
rainfall and temperatures later in summer. This is likely to be
due to the effects of predators and parasites. When conditions
become favourable, flies build up very rapidly. However,
predators and parasites that feed on or parasitise flies generally
breed more slowly and take some time ‘to catch up’ and exert a
regulating influenceonflynumbers.Later in the season, it is likely
that there are more predators and parasites present and these have
a greater effect in suppressing fly populations than earlier in
the year. This hypothesis is supported by the significant effect of
augmentative releases of parasitoids in suppressing fly numbers
seen in the present study, and similar effects noted with flies
breeding in poultry facilities (Peck and Anderson 1970; James
et al. 2016).

The effect of rainfallwas less pronounced onM. vestustissima,
with falls of 85 mm having a relatively instant, but short-term,
effect on fly numbers. The short-term effect is not surprising,
since M. vetustissima breeds mainly in manure pats outside
the feedlot area. These dry out more quickly than do the large
accumulations of manure present within feedlots. Increases in
M. vestustissima abundance in the feedlots may have been the
result of immigrant flies being attracted to the feedlots by
moisture, odours and potential protein sources (Hughes et al.
1972). The effect of spraying was more pronounced with
M. vetustissima than house flies and this was probably because
few bush flies emerge from pupae within feedlots, whereas
house fly populations are supplemented daily by flies emerging
on site. In addition, resistance is known to be widespread in
M. domestica populations worldwide. This was not assessed in
the present project, but may also have contributed to the lack
of effect from spraying noted in the study.

Numbers of S. calcitrans were less affected by weather
variables than were those of either M. domestica or
M. vestustissima. A previous study in a similar location
showed that although both house flies and stable flies
originated mainly from within the feedlot area, M. domestica
was found mainly in areas containing animals and feed,
whereas the highest catches of S. calcitrans were near the feed
mill, silage pits andpiledmanure (Urech et al. 2012).S. calcitrans
breeds mostly in spilled feed or mixtures of dung and decaying
fibrous material (Meyer and Petersen 1983; Hogsette et al.
1987; Dawit et al. 2012) and numbers of this species are
largely determined by the availability of these resources.

Seasonal patterns of S. calcitrans abundance observed in
other studies have been highly variable depending on location,
climatic conditions and management regime (Lysyk 1993;
Taylor et al. 2007; Skovgård and Nachman 2012; Jacquiet
et al. 2014). Temperatures above 30�C have been found to
have a negative impact on S. calcitrans, (Lysyk 1998; Gilles
et al. 2005; Skovgård and Nachman 2012), which may explain
the reduction in fly numbers observed in the present study
during the hot summer months. Additionally, Urech et al.
(2012) found that S. calcitrans was more abundant on central
New South Wales feedlots, which were located 4–8� further
south and had lower summer temperatures than did feedlots in
southern Queensland.

Taylor et al. (2007) developed population models for
S. calcitrans based on temperature and precipitation and found
that temperatures 0–2 weeks before collection and precipitation
3–6 weeks before collection were the most important variables
influencing stable fly numbers. During midsummer, precipitation,
not temperature, was the major factor limiting stable fly
populations. However, the major source of stable flies in their
study was from pastures and, more particularly, sites where large
round hay bales were fed to cattle. Thus, their model was
developed in a cattle-management system that was quite
different from that in the present study. They noted that the
relationship between weather variables and fly numbers would
likely vary depending on larval development sites, climatic zone
and cultural conditions, and highlighted the need for predictive
models to be substantiated under a range of conditions to
determine their universality.

The models developed here will provide useful tools to assist
with timing of the application of insecticides or biopesticides for
fly control in feedlots of south-eastern Queensland. The models
suggest that fly treatments will seldom be justified duringmonths
from March to October. As the models are based on 7 years of
data obtained from seven feedlots distributed across an area of
~15 000 km2, they are likely to have application at least at a
regional level and in other areas of the world with a similar
subtropical climate.Whether or not to treat and after what amount
of rainfall treatments should be applied will depend on individual
tolerances to fly numbers, management circumstances and the
perceived likelihood of follow-up rainfall and temperatures to
sustain fly breeding. However, the ‘rules of thumb’ presented
here, used within an integrated control program and adapted to
individual feedlot circumstances, will enablemuchmore targeted
application of pesticide treatments, reducing the cost and the
undesirable effects of unneeded treatments and providing more
efficient fly control.
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