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Heavy rainfall triggers increased 
nocturnal flight in desert 
populations of the Pacific black 
duck (Anas superciliosa)
J. F. McEvoy  1,2, R. F. H. Ribot2, J. C. Wingfield3 & A. T. D. Bennett2

Understanding of avian nocturnal flight comes mainly from northern hemisphere species in seasonal 
temperate ecosystems where nocturnal flight is often precisely timed and entrained by annual 
photoperiod. Here we investigate patterns of nocturnal flight in waterbirds of Australian desert 
ecosystems that fly considerable distances to find temporary water bodies formed from rainfall which is 
highly unpredictable seasonally and spatially, and when there is sufficient water, they then breed. How 
they perform these feats of navigation and physiology remain poorly known. Using GPS tracking of 38 
satellite tagged Pacific black ducks (Anas superciliosa) in two contrasting ecosystems, before and after 
heavy rainfall we revealed a key role for facultative nocturnal flight in the movement ecology of this 
species. After large rainfall events, birds rapidly increased nocturnal flight activity in the arid aseasonal 
ecosystem, but not in the mesic seasonal one. Nocturnal flights occurred throughout the night in both 
ecosystems. Long range flights (>50 km in 2 hours) occurred almost exclusively at night; at night the 
distance flown was higher than during the day, birds visited more locations, and the locations were 
more widely dispersed. Our work reveals that heavy rainfall triggers increased nocturnal flight activity in 
desert populations of waterbirds.

Levels of nocturnal activity in animals change over time in response to environmental cues such as lunar cycles1–4, 
annual photoperiod, temperature, rainfall and food availability5–7. In some migratory bird species, annual changes 
in day length trigger changes in physiology and behaviour in preparation for migration at night, via an endog-
enous ‘clock’ that regulates the rhythm of diurnal and nocturnal activity8–12. These normally diurnal birds com-
mence nocturnal migratory restlessness on days coinciding with their migratory departures13–15. Outside of this 
well-studied model system, however, surprisingly little is known about the nocturnal life of bird species presumed 
to be diurnal. Some taxa are known to be active during the day and night, particularly waterfowl16–19. They switch 
habitats at dawn and dusk20,21, but little is known about movement between these times, nor the potential role of 
facultative nocturnality as an adaptation for responding to rapid changes in the environment22,23.

Improved understanding of avian nocturnal flight has benefits spanning from conservation, such as better 
estimates of population size and reserve design24, to potentially human health, as long-distance flights of water-
fowl have often been implicated in the global spread of avian influenza25. Additionally, ENSO (El Niño–Southern 
Oscillation) events cause extended drought and floods for about half the world’s human population, including 
most countries in or bordering the Pacific and Africa’s East coast; ENSO has also been implicated in causing 
human influenza pandemics, with the hypothesized mechanism being changes in waterfowl movements26. To 
date, ENSO has been linked to changes in the movement27,28, population density29 and moulting schedule30 of 
some migratory bird species, including passerines, raptors and waterfowl, but tests of the effects of ENSO on 
nocturnal flight in waterfowl (or any bird species) have yet to be conducted. Our work aims to fill this major gap 
in knowledge.

Australia’s inland deserts are characterized by low mean annual rainfall (Fig. 1A), which is unpredictable in 
time and space (Fig. 1B,C). The temperate coastal mesic ecosystems, by contrast, have predictable rainfall and 
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Figure 1. Climate data for two ecosystems; arid aseasonal (Roxby Downs AA, left column); and mesic seasonal 
(Clare MS, right column). Annual mean rainfall (A,C,D) variability in annual rainfall (B) and temperature 
(C,D) and diurnal (pink) and nocturnal (blue) movement (E and F; yellow lines produced using a negative 
exponential smoothing technique with a sampling proportion of 0.2) and cumulative displacement, between 
consecutive GPS fixes at 2 hour intervals (G and H), of tagged Pacific black duck. The x-axis in (E) and (F) 
represents time in hours relative to first light (indicated by 0 hours) and last light (indicated by 12 hours) at the 
location of each tagged bird; thus negative hours indicate values before first light. Annual mean rainfall data 
was averaged over at least 18 years. Variability in rainfall was calculated as the 90th rainfall percentile minus the 
10th rainfall percentile divided by the 50th percentile and temperature (averaged over at least 18 years) sourced 
from Australian Bureau of Meteorology (sources: http://www.bom.gov.au/jsp/ncc/climate_averages/rainfall/
index.jsp, http://www.bom.gov.au/jsp/ncc/climate_averages/rainfall-variability/index.jsp, made available under 
a creative commons 3.0 licence; https://creativecommons.org/licenses/by/3.0/au/; labels have been added to 
indicate trapping sites).

http://www.bom.gov.au/jsp/ncc/climate_averages/rainfall/index.jsp
http://www.bom.gov.au/jsp/ncc/climate_averages/rainfall/index.jsp
http://www.bom.gov.au/jsp/ncc/climate_averages/rainfall-variability/index.jsp
https://creativecommons.org/licenses/by/3.0/au/
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temperature regimes (Fig. 1D). In Australia El Niño is associated with drought and La Niña with flooding. Rain 
events, such as those caused by tropical cyclones associated with La Niña, can have a transformative effect on 
inland desert ecosystems31,32. For waterfowl, deserts can change overnight from a few permanent water bodies 
separated by a terrestrial matrix, to a vast network of resource rich, yet temporary, wetland habitat33. Successful 
reproduction for many species depends on an ability to respond rapidly and effectively to such massive changes 
in resource availability32,34–38. Under such conditions, many nomadic waterbirds move inland from coastal ref-
ugia39,40, and some species can remain inland throughout long drought periods41. During these ‘boom’ periods 
waterfowl may breed continuously until conditions deteriorate33,42,43. How nomadic waterbirds know where and 
when it has rained inland, is an enduring mystery. So too are the physiological and behavioural adaptations that 
allow waterbirds to successfully exploit these ecosystems.

We used two-hourly GPS satellite tracking of 38 Pacific black ducks (Anas superciliosa) to compare flights 
during the day and night before and after large rainfall events in contrasting ecosystems, one Arid Aseasonal (AA) 
and the other Mesic Seasonal (MS), matched for longitude. If exploratory flights are part of the behavioural adap-
tations allowing exploitation of ephemeral desert wetlands, we expected that major rainfall events would trigger 
increased flight in the AA ecosystem but not in the MS ecosystem.

Results
Nocturnal flight distances. In both ecosystems, Arid Aseasonal (AA) and Mesic Seasonal (MS), Pacific 
black ducks moved greater distances over two hour periods at night than during the day (mean km/2 h ± S.E.: 
AA day = 0.71 ± 0.06, AA night = 2.63 ± 0.10, MS day = 0.67 ± 0.02, MS night = 1.70 ± 0.07 (Fig. 1E,F, S1); lin-
ear mixed model for ‘Day vs Night’: t = 21.85, p < 0.001 (Table 1)). Birds in the AA ecosystem moved greater 
distances than those in the MS ecosystem (linear mixed model for ‘Ecosystem: AA vs MS’, t = 2.40, p = 0.02 
(Table 1)). In both ecosystems, birds flew largely continuously throughout the night (Fig. 1E,F), and almost all 
long distance flights (>50 km in 2 hours, n = 25) occurred at night; the exceptions were one instance during the 
day by one individual in the AA ecosystem and one instance in the MS ecosystem (Fig. 1E,F). On average, birds 
flew a greater distance at night than during the day over the time they were tracked (Fig. 1E,H). Comparing 
a subset of the data (5 months with 5 individuals continuously present) the difference between night and day 
cumulative flight distances was not significant in the MS ecosystem (two sample t-test: t = −1.22, p = 0.27, day 
mean: 336.91 km, night mean: 490.58 km) but was significant in the AA ecosystem (two sample t-test: t = −4.49, 
p < 0.01, day mean: 243.77 km, night mean: 838.64 km). Maximum flight displacements of around 100 km in two 
hours indicated that flight speeds of up to 50 km/h or more were possible (Fig. 1E,F).

Effects of rainfall on flight distances. Between 6 and 8 February 2011, the powerful cyclone Yasi, which 
occurred during a strong La Niña period of ENSO, produced a large rainfall event in the AA ecosystem (Fig. 2A–D),  
with > 100 mm of rainfall over three days. In the MS ecosystem during the period of our study, there were two 
large rainfall events comparable in size (daily rainfall of 65 mm on 8 December 2010, and 56 mm on 21 March 
2011, Fig. 2E). Yet, despite these comparable rainfall events, birds did not respond in a similar way to those in the 
AA ecosystem. In the AA ecosystem, the total distance flown during a 24 hour period increased after the large 
rainfall event, with steep increases in displacement in two hours (Fig. 2D), but in the MS ecosystem this did not 
happen (Fig. 2E). Similarly, the proportion of flight that was during the night also increased markedly and signif-
icantly after rainfall in the AA ecosystem, as indicated by the steep rise in the Nocturnality Index (NI) (Fig. 2D), 
which was a proportional measure of flight activity at night versus day: NI reached almost 90% in the first days 
after the large rainfall event (Fig. 2D). There was an increase in NI during the 28 days after rain, but only in the 
AA ecosystem (Table 1), with an average increase of 19% ± 0.03 (S.E.); there was no such increase in the MS eco-
system (Fig. 2D,E, Table 1). The differential effect of ecosystem on NI is supported by linear models showing that 
the predictor variables (‘Post Large Rainfall Period’ and ‘Ecosystem’) were only significant when in interaction 
with each other (estimate = 0.188 ± 0.04 (S.E.), t = 4.71, p < 0.001; Table 1). After cyclone Yasi, in the AA ecosys-
tem there was also strong divergence in the cumulative distances flown at night versus during the day, consistent 
with a facultative increase in night-time flight (Fig. 1G). NI and the mean displacement in two hours dropped off 
slowly in the three months following cyclone Yasi (Fig. 2D), as wetland habitat dried up.

Nocturnal flight locations. Birds in the AA ecosystem visited a greater number of locations at night than 
during the day (Negative binomial GLMM: ‘Day vs Night’: df = 23, z = 4.230, p < 0.001 (Tables S1 and 2)). The 
number of locations visited increased after the large rainfall event (cyclone Yasi) (‘After vs Before cyclone Yasi’: 

Fixed Effects Estimate (S.E.) t p

Day vs night 1.383 (0.06) 21.85 <0.001

Ecosystem: AA vs MS 0.673 (0.28) 2.40 0.02

Post Large Rainfall Period −0.021 (0.03) −0.63 0.53

Ecosystem: AA vs MS 0.002 (0.03) 0.07 0.94

Ecosystem x Post Large Rainfall Period 0.188 (0.04) 4.71 <0.001

Table 1. Top rows: Output of the linear mixed effect model looking at the displacement by Pacific black duck 
in both ecosystems (AA: arid aseasonal, MS: mesic seasonal) during day and night (movements <0.1 km were 
excluded; n = 9.8 k for day and n = 8.4 k for night). Bottom rows: Output of the linear mixed effect model 
looking at the Nocturnality Index in response to large rainfall events in both ecosystems.
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df = 23, z = 1.967, p = 0.04; (Table S2)). The increase was especially pronounced at night, with a 4.5 fold increase 
(Table S1) although this interaction was marginally non-significant in the linear model (‘Day vs Night’ x ‘Before 
and After cyclone Yasi’: df = 1, 24, z = 1.765, p = 0.077). In the 28 days before cyclone Yasi, birds moved within a 
small portion of their local area (Figure S2, top left panel), which was centred almost entirely on permanent water 
at the trapping site. In the 28 days after cyclone Yasi, there was increased use of surrounding areas (Figure S2, 
top right panel); birds visited more locations, primarily at night, and over a larger area than before cyclone Yasi. 
The top two panels show intense activity around the trapping site; there was a large (58%) increase in area of the 
utilisation distribution after the large rainfall event. Utilisation distributions (Figure S2, top two panel) for the 
before and after periods overlap by 47%. An example of one representative individual’s trajectory before and after 
cyclone Yasi is presented (Figure S2, bottom two panels).

Generally, at night birds in the AA ecosystem visited small and medium sized local water bodies within a 
60 km radius of the point of release (Fig. 3A–C). Point pattern analysis of the clustering in GPS fixes revealed that 
while day-time locations were tightly clustered around centres of activity, nocturnal locations were more wide-
spread with larger clusters and a smaller number of centres of activity (Fig. 3A–C; Table S3). Locations visited at 
night were more dispersed, as shown by lack of overlap of the confidence envelope of day with night (Fig. 3A); 
this lack of overlap occurred both on fine spatial scales (2–24 km radius from release point; Fig. 3A) and at coarser 
scales (32–48 km scale; Fig. 3A). Examples from two representative individuals are presented (Fig. 3B,C).

Discussion
Our study is the first to show that waterfowl can facultatively adjust levels of nocturnal flight in response to intense 
rainfall, and we show the effect varied with ecosystem. Birds in an arid aseasonal ecosystem showed a marked 
increase in the amount of nocturnal flight, the total distance flown daily, and the number of sites visited at night 

Figure 2. Panels A-C are rainfall maps showing cyclone Yasi’s movement across Australia, 1–6 February 2011, 
and onto our study sites. Colours indicate rainfall (mm) during 4 hours. Images from ©NASA (http://trmm.
gsfc.nasa.gov/trmm_rain/Events/australia_tc_rain_jan-apr_2011_movie.gif). Panel D is for the AA ecosystem, 
and shows movement indicated by displacement during two hours (shown in red), daily nocturnality index 
(S.E.) (shown in black), and daily rainfall (shown in green), all plotted against month during 2011 (January – 
August) including the arrival of cyclone Yasi (n = 22.2 k GPS fixes); beneath monthly rainfall. Displacement was 
smoothed using a running average with sampling proportion of 0.1 in Sigmaplot 12.0. Rainfall was the mean 
daily rainfall from three nearest stations. Panel E is as for panel D but for the MS ecosystem and n = 31.7 k GPS 
fixes; daily rainfall mean is from four nearest weather stations.

http://trmm.gsfc.nasa.gov/trmm_rain/Events/australia_tc_rain_jan-apr_2011_movie.gif
http://trmm.gsfc.nasa.gov/trmm_rain/Events/australia_tc_rain_jan-apr_2011_movie.gif
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following a major rainfall event. In contrast, birds in the mesic seasonal ecosystem showed no such response, 
despite similar sized rainfall events. Other key findings emerging from our study were that: 1) ducks flew during 
all hours of the night, not just around dawn and dusk as predicted from earlier studies44–46; 2) long-distance flights 
occurred almost exclusively at night and the cumulative distance travelled at night was higher than during the 
day; and 3) ducks visited more locations at night, different locations and ones that were more dispersed than those 
visited during the day, at least in the arid aseasonal ecosystem.

Studies on captive migratory passerines have shown increased nocturnal flight and activity during migra-
tion14,15,47, but attempts to quantify nocturnal behaviour in free living wild birds have been largely limited to activ-
ity budgets and counts of foraging individuals48–50. Our GPS satellite tracking and determination of displacement 
and sites visited on an hour-by-hour basis illustrates an approach that can provide important new insights into 
nocturnal flight and movement ecology of birds, and our findings complement a recent study of this species51.

Owen50 reported nocturnal feeding in a range of northern hemisphere waterfowl species including some mem-
bers of the genus Anas. Since then evidence has emerged that waterfowl, from the northern hemisphere at least, 
switch habitat around dawn and dusk44–46 and perform nocturnal foraging52,53. However, the hypothesis that noc-
turnal movement in waterfowl represents a simple habitat switch, namely a point-to-point back and forth ‘com-
mute’ between specific sites, has been tested in few species, and often without detailed movement data54. Our study 
revealed that Pacific black ducks flew at night around their local environs extensively and throughout the night, not 
just during dusk and dawn as expected from earlier work20,21,44–46. The high temporal sampling rate and accuracy 
of our GPS data allowed point pattern analysis (Fig. 3), that to date has rarely been applied to movement data41,55,56.

Why do Pacific black duck fly during the night? Modelling and work on other species suggests three main 
functional hypotheses which are not mutually exclusive. One is that waterfowl and other species gain predator 
protection particularly from diurnal raptors53,57. A second, especially plausible in arid hot ecosystems as in our 
study, is that nocturnal flight aids heat dissipation, and reduces heat stress and water loss58. A third is that noctur-
nal flight facilitates accurate navigation as there are multiple reliable navigational cues, such as a stellar compass 
in addition to geomagnetic and visual cues59. Tests of these hypotheses on Pacific black duck have yet to be con-
ducted. As to the function of increased nocturnal flight in the arid aseasonal ecosystem after heavy rainfall, the 
most likely hypothesis is an improved ability to find and exploit the time-limited rich resources for feeding and 
breeding created by such rainfall. In birds, levels of nocturnal activity are usually controlled by a combination of 
internal (physiological) and external (environmental, meteorological, ecological) factors interacting to influence 
flight and movement60. Further work to elucidate the control of facultative nocturnal flight in this, and related 
species, is needed.

Figure 3. Data revealing how distribution of locations visited by Pacific black duck during daytime and 
night differ markedly. All data here from AA ecosystem. Panel A shows the O-ring statistic plotted against 
distance from the release point, and so describes the average density of GPS fixes at a distance70. As indicated 
by divergence above the shaded confidence envelope, the night-time point pattern is more dispersed than the 
daytime one; this occurs both at 2–24 km and 32–48 km (n = 23.2 k GPS fixes). Panels B and C each show data 
from an individual Pacific black duck revealing, in accordance with panel A, that daytime locations (pink) are 
less dispersed than night-time locations (blue).
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Intense rainfall in the arid inland of Australia, such as with cyclone Yasi, can create large areas of breeding and 
feeding habitat for waterfowl33. Pacific black duck responded by increasing the daily distance they flew and the 
proportion of this flight distance that was nocturnal. These elevated levels persisted for weeks and then slowly 
declined to baseline levels. At night, more locations were visited than during the day, and birds visited the newly 
created habitat throughout the night, rather than during the day, when they remained relatively sedentary. While 
animals can adjust behaviours in response to landscape level changes in resource distribution37,41,61, our study 
showed that a marked increase in nocturnality occurred in arid aseasonal ecosystems after a rapid change in 
environment (rainfall). By contrast, Pacific black duck in the mesic seasonal ecosystem did not show facultative 
nocturnal flight despite similar amounts of rainfall. Whether the difference in flight behaviour of birds in the two 
ecosystems is triggered by the different abiotic factors of the environment, or whether there are population differ-
ences, or some combination, remains unknown. Pacific black duck (like many Australian waterfowl species) do 
not have a clearly defined breeding season and can breed at almost any time of year if conditions are favourable, 
particularly in the arid interior. In this study we have no direct evidence of breeding by tagged individuals and 
have no information on their life history stage beyond the fact that all individuals followed were adults. While a 
search for profitable feeding patches in an arid environment is an obvious driver of such movement, it is probable 
that extensive nocturnal flights may have been driven, to some extent, by the search for habitat with sufficient 
food resources to undertake a breeding attempt.

Analyses of locations visited by Pacific black duck in the arid aseasonal ecosystem revealed that, while day-
time activities were tightly clustered around a small number of water bodies, nocturnal movements were more 
loosely clustered. This might be explained by a small number of permanent water bodies acting as a daytime 
roost for most waterfowl in the area, with birds tending to visit a larger number of outlying smaller water bodies 
at night. Whatever the reason, it is clear that areas and habitat exploited at night can be substantially different to 
those occupied during the day. Our work therefore supports other studies53,62 in concluding that nocturnality in 
waterfowl needs to be much better understood in order to make effective conservation decisions, such as on the 
location of protected wetlands.

In Pacific black duck, recent work shows antibodies against avian influenza in up to 57% of birds in inland and 
south eastern Australia near to our study, with avian influenza prevalence of up to 9% (Klaassen pers. comm.) 
Avian influenza prevalence and avian influenza antibody prevalence in Pacific black duck, and other anseriformes 
of inland and south eastern Australia, were found to be linked to rainfall and ENSO63. There is global interest in 
knowing if large scale global climatic phenomena such as ENSO events trigger changes in waterbird movements 
and if this affects risks of human influenza outbreaks, as has been hypothesized25,26. There is also interest in 
knowing whether and how birds and other animals respond to ENSO events. Consequently, our study may be of 
interest and relevance to predicting avian influenza risks.

Our findings suggest that nocturnal flight and nocturnal behaviours of waterbirds might be more common 
than previously thought. Our data also emphasize the potential role of flexibility in nocturnal flight as an adaptive 
response to rapid changes in the local environment. Facultative control of nocturnal flight in waterfowl may be an 
adaptation to rapid changes in environmental conditions.

Methods
Study areas. The study was conducted in two ecosystems with contrasting ecological conditions 
matched for longitude (Fig. 1A,B) and as near as possible in latitude (400 km apart). The Arid Aseasonal 
(AA) ecosystem was centred on the trapping and trapping site of Roxby Downs, South Australia (30.559°S, 
136.879°E) and the Mesic Seasonal (MS) ecosystem on Clare, South Australia (33.823°S, 138.607°E). The 
AA ecosystem has almost the lowest annual mean rainfall found anywhere in Australia (Fig. 1A) and the 
most extreme variability in rainfall (Fig. 1B). Monthly total rainfall in the AA ecosystem (Fig. 1C)64,65 has 
no seasonal pattern. In the MS ecosystem by contrast, there is high annual rainfall (Fig. 1A) with a strong 
seasonal pattern, increasing during winter (Fig. 1D). Both AA and MS have seasonal variation in tempera-
tures, which are lower during winter (Fig. 1C,D). All weather data were taken from the Australian Bureau 
of Meteorology (BOM) records, and for AA and MS ecosystems, from weather stations within 8 km of the 
trapping sites (1.5 km in the MS ecosystem).

GPS tagging and data recording. Pacific black ducks (n = 38) were caught at the AA (n = 20) and MS 
(n = 18) trapping sites and each bird fitted with a harness66 attached to a solar powered GPS transmitter (22 g and 
30 g, Microwave Telemetry, Columbia, MD, USA, representing about 2.2% and 3% of body weight respectively). 
GPS fixes at 2 hourly intervals were obtained for up to 20 months (May 2010 to January 2012), and from this the 
displacement every 2 h of every individual was calculated from the straight-line distance between consecutive 
GPS fixes (Fig. 1E,F). We used civil twilight (Geoscience Australia, http://www.ga.gov.au/geodesy/astro/sunrise.
jsp) to define first light and last light, and if a 2 h period between GPS fixes spanned civil twilight, then the longer 
duration determined the night/day categorization of that fix. The mean cumulative displacement per individual 
(Fig. 1G,H) was calculated from adding the mean displacement in 2 h per individual that was still tagged, and 
separated into day and night periods. For occasional missing GPS fixes, we corrected by using the straight line 
distance between temporally adjacent GPS fixes from that individual to calculate the mean displacement per 
2 h. All analyses (except those indicated below) were performed on GPS fixes within a 60 km radius of the two 
trapping sites; this allowed us to be confident that all analysed birds were experiencing similar rainfall, day-length 
and other environmental conditions. Additionally, preliminary data suggested that 60 km was the maximum 
distance that an individual could travel within a 2 h period and still return to their original location. The criteria 
yielded a data set of 22.2 k GPS fixes from the AA ecosystem (n = 20 birds) and 31.7 k GPS fixes from the MS 
ecosystem (n = 18 birds). The exceptions to the above criteria (of only using data from 60 km of the trapping site) 
were data and analyses summarized in Fig. 1E–H, S1 and Table 1 (top rows) which included data regardless of 

http://www.ga.gov.au/geodesy/astro/sunrise.jsp
http://www.ga.gov.au/geodesy/astro/sunrise.jsp
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distance from the trapping site. All displacements of less than 0.1 km were ignored as they most likely represented 
small non-flying movements within ponds. Data on tagged individuals were available in the AA ecosystem for 
December 2010 to July 2011 and in the MS ecosystem for May 2010 to January 2012.

Statistical analyses. Displacement during night and day were compared using a linear mixed effect model 
with displacement in 2 h as a response, and ‘Night vs Day’ and ‘Ecosystem’ as predictors (Table 1). Individual 
identity was added to the model as a random effect to control for individual variation in behaviour.

To investigate changes in the amount of day and night flight over time, the Nocturnality Index (NI) was calcu-
lated (Fig. 2D,E) based on the following formula

=
+

NI night displacement
night displacement day displacement

where ‘night displacement’ equals the vector distance moved per bird during the night, and ‘day displacement’ 
equals vector distance moved per bird during the day. Nocturnality index of a sample of birds was based on the 
mean of individual birds means, for any given day.

A linear mixed modelling approach was also used to analyse NI in response to rainfall events, with NI as a 
continuous response variable. In the AA ecosystem one large rainfall event occurred over the course of three days 
(>100 mm on 6–8 February 2011, Fig. 3D). In the MS ecosystem two large rainfall events occurred (>50 mm 
on 8 December 2010 and on 21 March 2011, Fig. 3E). In order to determine the effect of large rainfall events 
on NI, a 28-day period before and after these large rainfall events was taken to create a binary predictor ‘Post 
Large Rainfall Period’. In this way, NI during the 28 days before and 28 days after the large rainfall event could be 
compared; the duration of 28 days whilst arbitrary was considered sufficiently long for any effects of rainfall to 
become apparent. The model included Post Large Rainfall Period as a binary predictor, ecosystem as a categorical 
predictor and an interaction term (Ecosystem x Post Large Rainfall Period). Individual identity was entered as a 
random effect to control for individual variation.

In support of statistical models of movement distances at night and during the day we show cumulative dis-
tance moved across time in each ecosystem (Fig. 1G,H). Statistical comparisons of cumulative distance moved in 
different ecosystems across the entire study period were confounded by different numbers of individuals being 
present in each location at different stages of the calculation (due to different deployment dates and survival 
rates). We compared the difference between cumulative distance moved across a sub-sample of the data using 
a paired sample t-test comparing 5 months of data with 5 individuals present in a 60 km area in each ecosystem 
throughout (AA ecosystem: Jan-Jun 2011, MS ecosystem: Jun-Nov 2010).

A generalized linear mixed model (GLMM assuming a negative binomial distribution with log-link, individ-
ual included as a random effect) was used to estimate whether the number of locations visited by individuals in 
the AA ecosystem differed between ‘Day and Night’ and in a 28-day period ‘Before and After cyclone Yasi’ and if 
there was an interaction between these two factors. We used a negative binomial distribution and an individual 
level random effect to account for overdispersion in the data (tested using ‘overdisp_fun’ in R package “lme4”67, 
overdispersion ratio: 1.25, p = 0.18). Utilisation distributions68 for each 28-day period, and individual’s trajec-
tories were created via kernel density estimation in the “adehabitatHR” package in R69 (Figure S2). The O-ring 
statistic describes the average density of points at a given distance from each other70 and was used to compare the 
position of night and day GPS fixes in the AA ecosystem (Fig. 3A). Differences between the day and night distri-
bution were assessed as significant by comparing the observed distribution to the confidence envelope generated 
by Monte Carlo simulations of the null model. Analyses were done using grid-based estimators in the Programita 
package70.

Statistical modelling was carried out in the R programming environment71 using the package “lme4”67. All 
p-values are two-tailed and results were considered significant when p < 0.05. This work was carried out under 
scientific research permits from the South Australian Department of Water, Environment and Natural Resources 
(permit U25774-3) and was approved by the DEWNR Wildlife Ethics Committee (permit 43/2009).

Data Accessibility. Data can be obtained by application to A. Bennett.

References
 1. Jetz, W., Steffen, J. & Linsenmair, K. E. Effects of light and prey availability on nocturnal, lunar and seasonal activity of tropical 

nightjars. Oikos 103, 627–639 (2003).
 2. Kronfeld-Schor, N. et al. Chronobiology by moonlight. Proceedings of the Royal Society B: Biological Sciences 280, https://doi.

org/10.1098/rspb.2012.3088 (2013).
 3. Pyle, P., Nur, N., Henderson, R. P. & DeSante, D. F. The effects of weather and lunar cycle on nocturnal migration of landbirds at 

southeast Farallon Island, California. The Condor 95, 343–361, https://doi.org/10.2307/1369357 (1993).
 4. Cozzi, G. et al. Fear of the dark or dinner by moonlight? Reduced temporal partitioning among Africa’s large carnivores. Ecology 93, 

2590–2599, https://doi.org/10.1890/12-0017.1 (2012).
 5. Alanärä, A. & Brännäs, E. Diurnal and nocturnal feeding activity in Arctic char (Salvelinus alpinus) and rainbow trout 

(Oncorhynchus mykiss). Canadian Journal of Fisheries and Aquatic Sciences 54, 2894–2900, https://doi.org/10.1139/f97-187 (1997).
 6. Fraser, N. H. C., Metcalfe, N. B. & Thorpe, J. E. Temperature-Dependent Switch between Diurnal and Nocturnal Foraging in Salmon. 

Proceedings of the Royal Society of London. Series B: Biological Sciences 252, 135–139, https://doi.org/10.1098/rspb.1993.0057 (1993).
 7. Payne, N. L. et al. Rain reverses diel activity rhythms in an estuarine teleost. Proceedings of the Royal Society B: Biological Sciences 

280, https://doi.org/10.1098/rspb.2012.2363 (2012).
 8. Kronfeld-Schor, N., Bloch, G. & Schwartz, W. J. Animal clocks: when science meets nature. Proceedings of the Royal Society B: 

Biological Sciences 280, https://doi.org/10.1098/rspb.2013.1354 (2013).
 9. Kumar, V., Rani, S. & Singh, B. P. Biological clocks help reduce the physiological conflicts in avian migrants. Journal of Ornithology 

147, 281–286, https://doi.org/10.1007/s10336-006-0055-7 (2006).

http://dx.doi.org/10.1098/rspb.2012.3088
http://dx.doi.org/10.1098/rspb.2012.3088
http://dx.doi.org/10.2307/1369357
http://dx.doi.org/10.1890/12-0017.1
http://dx.doi.org/10.1139/f97-187
http://dx.doi.org/10.1098/rspb.1993.0057
http://dx.doi.org/10.1098/rspb.2012.2363
http://dx.doi.org/10.1098/rspb.2013.1354
http://dx.doi.org/10.1007/s10336-006-0055-7


www.nature.com/scientificreports/

8SCientifiC REpoRTs | 7: 17557  | DOI:10.1038/s41598-017-17859-0

 10. Singh, J., Budki, P., Rani, S. & Kumar, V. Temperature alters the photoperiodically controlled phenologies linked with migration and 
reproduction in a night-migratory songbird. Proceedings of the Royal Society B: Biological Sciences, https://doi.org/10.1098/
rspb.2011.1062 (2011).

 11. Rani, S., Malik, S., Trivedi, A. K., Singh, S. & Kumar, V. A circadian clock regulates migratory restlessness in the blackheaded 
bunting. Emberiza melanocephala. Current Science 91, 1093–1096 (2006).

 12. Ramenofsky, M. & Nemeth, Z. Regulatory mechanisms for the development of the migratory phenotype: Roles for photoperiod and 
the gonad. Horm. Behav. 66, 148–158, https://doi.org/10.1016/j.yhbeh.2014.04.012 (2014).

 13. Martin, G. Birds by night. (T & A D Poyser, 1990).
 14. Gwinner, E. Circadian and circannual programmes in avian migration. Journal of Experimental Biology 199, 39–48 (1996).
 15. Berthold, P. Control of bird migration. (Chapman & Hall, 1996).
 16. Allouche, L., Dervieux, A. & Tamisier, A. Nocturnal dispersal and habitats of wintering gadwalls (Anas strepera) and coots (Fulica 

atra) in the Camargue. Rev. Ecol.-Terre Vie 45, 165–176 (1990).
 17. McNeil, R., Diaz, O. D., Linero, I. & Rodriguez, J. R. Day-time and night-time prey availability for waterbirds in a tropical lagoon. 

Can. J. Zool.-Rev. Can. Zool. 73, 869–878 (1995).
 18. Allison, N. L. & Destefano, S. Equipment and techniques for nocturnal wildlife studies. Wildl. Soc. Bull. 34, 1036–1044 (2006).
 19. Beauchamp, G. Exploring the role of vision in social foraging: What happens to group size, vigilance, spacing, aggression and habitat 

use in birds and mammals that forage at night? Biol. Rev. 82, 511–525, https://doi.org/10.1111/j.1469-185X.2007.00021.x (2007).
 20. Davis, B. E. & Afton, A. D. Movement distances and habitat switching by female mallards wintering in the Lower Mississippi Alluvial 

Valley. Waterbirds 33, 349–356, https://doi.org/10.1675/063.033.0311 (2010).
 21. Nolet, B. A., Bevan, R. M., Klaassen, M., Langevoord, O. & Van Der Heijden, Y. Habitat switching by Bewick’s swans: maximization 

of average long-term energy gain? Journal of Animal Ecology 71, 979–993 (2002).
 22. Mukhin, A., Grinkevich, V. & Helm, B. Under Cover of Darkness: Nocturnal Life of Diurnal Birds. J. Biol. Rhythms 24, 225–231, 

https://doi.org/10.1177/0748730409335349 (2009).
 23. Martin, G. R. Birds By Night. (T & AD Poyser Ltd (A & C Black), 1990).
 24. Austin, V. I., Ribot, R. F. H. & Bennett, A. T. D. If waterbirds are nocturnal are we conserving the right habitats? Emu 116, 423–427, 

https://doi.org/10.1071/MU15106 (2016).
 25. Lycett, S. J. et al. Role for migratory wild birds in the global spread of avian influenza H5N8. Science 354, 213–217 (2016).
 26. Shaman, J. & Lipsitch, M. The El Nino-Southern Oscillation (ENSO)-pandemic Influenza connection: Coincident or causal? 

Proceedings of the National Academy of Sciences of the United States of America 110, 3689–3691, https://doi.org/10.1073/
pnas.1107485109 (2013).

 27. Calvert, A. M., Taylor, P. D. & Walde, S. Cross-scale environmental influences on migratory stopover behaviour. Global change 
biology 15, 744–759, https://doi.org/10.1111/j.1365-2486.2008.01733.x (2009).

 28. Kim, D. H., Slack, R. D. & Chavez-Ramirez, F. Impacts of El Nino-Southern Oscillation events on the distribution of wintering 
raptors. Journal of Wildlife Management 72, 231–239, https://doi.org/10.2193/2007-040 (2008).

 29. Anders, A. D. & Post, E. Distribution-wide effects of climate on population densities of a declining migratory landbird. Journal of 
Animal Ecology 75, 221–227, https://doi.org/10.1111/j.1365-2656.2006.01034.x (2006).

 30. Butler, L. K., Hayden, T. J. & Romero, L. M. Prebasic moult of black-capped and white-eyed vireos: Effects of breeding site and the 
El-Nino Soouthern Oscillation. Condor 110, 428–440, https://doi.org/10.1525/cond.2008.8565 (2008).

 31. Kingsford, R. Ecology of desert rivers. (Cambridge University Press, 2006).
 32. Morton, S. R. et al. A fresh framework for the ecology of arid Australia. Journal of Arid Environments 75, 313–329 (2011).
 33. Roshier, D. A., Robertson, A. I., Kingsford, R. T. & Green, D. G. Continental-scale interactions with temporary resources may 

explain the paradox of large populations of desert waterbirds in australia. Landsc. Ecol. 16, 547–556 (2001).
 34. Dean, W. R. J. In Nomadic desert birds Adaptations of Desert Organisms 1–185 (Springer-Verlag New York Inc., 2004).
 35. Fahse, L. & Wissel, C. In Proceedings of the Society for Ecology Verhandlungen der Gesellschaft fuer Oekologie: 28 (ed J. Pfadenhauer) 

191–199 (Gustav Fischer Verlag, 1997).
 36. Miller, A. H. Desert adaptations in birds. Proc Internatl Ornith Congr 13, 666–674 (1963).
 37. Milton, S. J., Dean, W. R. J. & Leuteritz, T. E. J. Opportunistic and multiple breeding attempts in plants and vertebrates of semi-

deserts with unpredictable rainfall events through the year. Transactions of the Royal Society of South Africa 59, 43–53 (2010).
 38. Pedler, R. D., Ribot, R. F. H. & Bennett, A. T. D. Long-distance flights and high-risk breeding by nomadic waterbirds on desert salt 

lakes. Conservation Biology, n/a-n/a, https://doi.org/10.1111/cobi.13007 (2017).
 39. King, A. D. et al. Extreme Rainfall Variability in Australia: Patterns, Drivers, and Predictability. J. Clim. 27, 6035–6050, https://doi.

org/10.1175/jcli-d-13-00715.1 (2014).
 40. White, C. J., Hudson, D. & Alves, O. ENSO, the IOD and the intraseasonal prediction of heat extremes across Australia using 

POAMA-2. Clim. Dyn. 43, 1791–1810, https://doi.org/10.1007/s00382-013-2007-2 (2014).
 41. Roshier, D. A., Doerr, V. A. J. & Doerr, E. D. Animal movement in dynamic landscapes: interaction between behavioural strategies 

and resource distributions. Oecologia 156, 465–477 (2008).
 42. Kingsford, R. T., Roshier, D. A. & Porter, J. L. Australian waterbirds - time and space travellers in dynamic desert landscapes. Marine 

and Freshwater Research 61, 875–884, https://doi.org/10.1071/mf09088 (2010).
 43. Kingsford, R. T., Curtin, A. L. & Porter, J. Water flows on Cooper Creek in arid Australia determine ‘boom’ and ‘bust’ periods for 

waterbirds. Biological Conservation 88, 231–248, https://doi.org/10.1016/S0006-3207(98)00098-6 (1999).
 44. Cox, R. R. & Afton, A. D. Evening flights of female northern pintails from a major roost site. Condor 98, 810–819, https://doi.

org/10.2307/1369861 (1996).
 45. Davis, B. E., Afton, A. D. & Cox, R. R. Habitat Use by Female Mallards in the Lower Mississippi Alluvial Valley. Journal of Wildlife 

Management 73, 701–709, https://doi.org/10.2193/2008-118 (2009).
 46. McNeil, R., Drapeau, P. & Gosscustard, J. D. The occurrence and adaptive significance of nocturnal habits in waterfowl. Biol. Rev. 

Cambridge Philosophic. Soc. 67, 381–419, https://doi.org/10.1111/j.1469-185X.1992.tb01188.x (1992).
 47. Berthold, P. & Terrill, S. B. Recent Advances in Studies of Bird Migration. Annual Review of Ecology and Systematics 22, 357–378, 

https://doi.org/10.2307/2097266 (1991).
 48. Guillemain, M., Fritz, H. & Duncan, P. Foraging strategies of granivorous dabbling ducks wintering in protected areas of the French 

Atlantic coast. Biodiversity and Conservation 11, 1721–1732 (2002).
 49. Mukhin, A., Kosarev, V. & Ktitorov, P. Nocturnal life of young songbirds well before migration. Proceedings of the Royal Society B: 

Biological Sciences 272, 1535–1539, https://doi.org/10.1098/rspb.2005.3120 (2005).
 50. Owen, M. Nocturnal feeding in waterfowl. Acta XX Congressus Internationalis Ornithologici 2, 1105–1112 (1991).
 51. McEvoy, J. F., Ribot, F.H., Roshier, D.A., Bennett, A.T.D. Proximate cues to phases of movement in a highly dispersive waterfowl, 

Anas superciliosa Mov Ecol In Press (2015).
 52. Lane, S. J. & Hassall, M. Nocturnal feeding by dark-bellied Brant geese Branta bernicla bernicla. Ibis 138, 291–297 (1996).
 53. Guillemain, M., Fritz, H. & Duncan, P. The importance of protected areas as nocturnal feeding grounds for dabbling ducks wintering 

in western France. Biological Conservation 103, 183–198 (2002).
 54. Legagneux, P., Blaize, C., Latraube, F., Gautier, J. & Bretagnolle, V. Variation in home-range size and movements of wintering 

dabbling ducks. Journal of Ornithology 150, 183–193, https://doi.org/10.1007/s10336-008-0333-7 (2009).

http://dx.doi.org/10.1098/rspb.2011.1062
http://dx.doi.org/10.1098/rspb.2011.1062
http://dx.doi.org/10.1016/j.yhbeh.2014.04.012
http://dx.doi.org/10.1111/j.1469-185X.2007.00021.x
http://dx.doi.org/10.1675/063.033.0311
http://dx.doi.org/10.1177/0748730409335349
http://dx.doi.org/10.1071/MU15106
http://dx.doi.org/10.1073/pnas.1107485109
http://dx.doi.org/10.1073/pnas.1107485109
http://dx.doi.org/10.1111/j.1365-2486.2008.01733.x
http://dx.doi.org/10.2193/2007-040
http://dx.doi.org/10.1111/j.1365-2656.2006.01034.x
http://dx.doi.org/10.1525/cond.2008.8565
http://dx.doi.org/10.1111/cobi.13007
http://dx.doi.org/10.1175/jcli-d-13-00715.1
http://dx.doi.org/10.1175/jcli-d-13-00715.1
http://dx.doi.org/10.1007/s00382-013-2007-2
http://dx.doi.org/10.1071/mf09088
http://dx.doi.org/10.1016/S0006-3207(98)00098-6
http://dx.doi.org/10.2307/1369861
http://dx.doi.org/10.2307/1369861
http://dx.doi.org/10.2193/2008-118
http://dx.doi.org/10.1111/j.1469-185X.1992.tb01188.x
http://dx.doi.org/10.2307/2097266
http://dx.doi.org/10.1098/rspb.2005.3120
http://dx.doi.org/10.1007/s10336-008-0333-7


www.nature.com/scientificreports/

9SCientifiC REpoRTs | 7: 17557  | DOI:10.1038/s41598-017-17859-0

 55. Bayard, T. S. & Elphick, C. S. Using spatial point-pattern assessment to understand the social and environmental mechanisms that 
drive avian habitat selection. The Auk 127, 485–494, https://doi.org/10.1525/auk.2010.09089 (2010).

 56. Getz, W. M. & Saltz, D. A framework for generating and analyzing movement paths on ecological landscapes. Proceedings of the 
National Academy of Sciences of the United States of America 105, 19066–19071, https://doi.org/10.1073/pnas.0801732105 (2008).

 57. Brana, F., Prieto, L. & Gonzalez-Quiros, P. Habitat change and timing of dusk flight in the Eurasian woodcock: a trade-off between 
feeding and predator avoidance? Ann. Zool. Fenn. 47, 206–214 (2010).

 58. Klaassen, M. Metabolic constraints on long-distance migration in birds. Journal of Experimental Biology 199, 57–64 (1996).
 59. Matthews, G. V. T. Bird navigation. Second edition edn, (Cambridge University Press, 1968).
 60. Nathan, R. et al. A movement ecology paradigm for unifying organismal movement research. Proceedings of the National Academy 

of Sciences of the United States of America 105, 19052–19059, https://doi.org/10.1073/pnas.0800375105 (2008).
 61. Dean, W. R. J., Barnard, P. & Anderson, M. D. When to stay, when to go: trade-offs for southern African arid-zone birds in times of 

drought. S. Afr. J. Sci. 105, 24–28 (2009).
 62. Beatty, W. S. et al. The role of protected area wetlands in waterfowl habitat conservation: Implications for protected area network 

design. Biological Conservation 176, 144–152, https://doi.org/10.1016/j.biocon.2014.05.018 (2014).
 63. Ferenczi, M. et al. Avian influenza infection dynamics under variable climatic conditions, viral prevalence is rainfall driven in 

waterfowl from temperate, south-east Australia. Veterinary Research 47, 23, https://doi.org/10.1186/s13567-016-0308-2 (2016).
 64. Jonzén, N., Knudsen, E., Holt, R. D. & Sæther, B.-E. In Animal Migration: A Synthesis 91–109 (OUP Oxford, 2011).
 65. Pedler, R., Ribot, R. & Bennett, A. Extreme nomadism in desert waterbirds: flights of the banded stilt. Biology Letters 10, 20140547 

(2014).
 66. Roshier, D. A. & Asmus, M. W. Use of satellite telemetry on small-bodied waterfowl in Australia. Marine and Freshwater Research 

60, 299–305, https://doi.org/10.1071/Mf08152 (2009).
 67. Bates, D., Mächler, M., Bolker, B. & Walker, S. Fitting linear mixed-effects models usinglme4. arXiv preprint arXiv:1406.5823 (2014).
 68. Millspaugh, J. J. et al. Analysis of resource selection using utilization distributions. Journal of Wildlife Management 70, 384–395 

(2006).
 69. Calenge, C. The package “adehabitat” for the R software: a tool for the analysis of space and habitat use by animals. Ecol. Model. 197, 

516–519 (2006).
 70. Wiegand, T. & A. Moloney, K. Rings, circles, and null-models for point pattern analysis in ecology. Oikos 104, 209–229, https://doi.

org/10.1111/j.0030-1299.2004.12497.x (2004).
 71. R Core Development Team. (2013). R: A language and environment for statistical computing. R Foundation for Statistical 

Computing. Vienna, Austria. http://www.R-project.org.

Acknowledgements
This work was funded by BHP Billiton, Deakin University and ARC LP140100691 in awards to A.T.D.B. and 
a Deakin University Thinkers in Residence Program to J.C.W. We thank David Paton, Eugene Potapov, Glenn 
Shimmin, Kym Winter-Dewhirst, Kelli-Jo Kovac, and Jenna Forbes for helpful advice. We would like to thank the 
editors and two anonymous reviewers for their comments. We thank David Roshier for his role in the planning 
and execution of this project and contributions to the manuscript. We thank landowners and the following for 
assistance with fieldwork: Bri-Anne Addison, Mathew Berg, Andrea Gehrold, Dejan Stojanovic, Erik Kleyheeg, 
Ben Knott, Ben Parkhurst, and Reece Pedler.

Author Contributions
J.M. carried out field work performed data analysis and drafted the manuscript. R.R. carried out field work, 
performed data analysis and helped draft the manuscript. J.W. assisted with data analysis and helped draft the 
manuscript. A.T.D.B. conceived the study and its design, carried out field work, coordinated the project and 
drafted the manuscript. All authors read and approved the final manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-17859-0.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1525/auk.2010.09089
http://dx.doi.org/10.1073/pnas.0801732105
http://dx.doi.org/10.1073/pnas.0800375105
http://dx.doi.org/10.1016/j.biocon.2014.05.018
http://dx.doi.org/10.1186/s13567-016-0308-2
http://dx.doi.org/10.1071/Mf08152
http://dx.doi.org/10.1111/j.0030-1299.2004.12497.x
http://dx.doi.org/10.1111/j.0030-1299.2004.12497.x
http://www.R-project.org
http://dx.doi.org/10.1038/s41598-017-17859-0
http://creativecommons.org/licenses/by/4.0/

	Heavy rainfall triggers increased nocturnal flight in desert populations of the Pacific black duck (Anas superciliosa)
	Results
	Nocturnal flight distances. 
	Effects of rainfall on flight distances. 
	Nocturnal flight locations. 

	Discussion
	Methods
	Study areas. 
	GPS tagging and data recording. 
	Statistical analyses. 
	Data Accessibility. 

	Acknowledgements
	Figure 1 Climate data for two ecosystems arid aseasonal (Roxby Downs AA, left column) and mesic seasonal (Clare MS, right column).
	Figure 2 Panels A-C are rainfall maps showing cyclone Yasi’s movement across Australia, 1–6 February 2011, and onto our study sites.
	Figure 3 Data revealing how distribution of locations visited by Pacific black duck during daytime and night differ markedly.
	Table 1 Top rows: Output of the linear mixed effect model looking at the displacement by Pacific black duck in both ecosystems (AA: arid aseasonal, MS: mesic seasonal) during day and night (movements <0.




