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RESEARCH HIGHLIGHTS

Thermally-driven thresholds in terrestrial avifauna waterhole 

visitation indicate vulnerability to a warming climate

Simon E.Votto, Fiona J. Dyer, Valerie Caron, Jenny A. Davis

 Thirty five bird species were recorded at arid zone waterholes in central Australia

 Nectarivore, carnivore and omnivore waterhole use intensified with temperature

 Waterhole visitations from granivores were high across the entire temperature range

 All functional groups increased waterhole visitation in increasingly dry conditions
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Thermally-driven thresholds in terrestrial avifauna waterhole 

visitation indicate vulnerability to a warming climate

SIMON E. VOTTO1, 2, FIONA J. DYER2, VALERIE CARON2, 3, JENNY A. DAVIS1

1Research Institute for the Environment and Livelihoods, Charles Darwin University – Casuarina, Northern 

Territory 0810, Australia 

2Institute for Applied Ecology, University of Canberra – Bruce, Australian Capital Territory 2617, Australia

3Commonwealth Scientific and Industrial Research Organisation – Black Mountain, Australian Capital 

Territory 2601, Australia

Daily trapping rates (DTRs) at ground-water dominated arid zone waterholes significantly 

increased for avian species within nectarivore, carnivore, and omnivore functional groups as 

daily maximum temperature and days since last rainfall increased. Granivore DTRs were 

high at waterholes across all daily maximum temperatures, but increased slightly as days 

since last rainfall increased.
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21 Abstract

22 Warming global climates represent major threats to avian populations, particularly those 

23 reliant on surface water within arid biomes. We investigated terrestrial avian use of 

24 groundwater-dominated arid zone waterholes in central Australia to identify species 

25 vulnerable to climate change. Camera traps set in Watarrka National Park recorded avian 

26 species over 14 months at three waterholes during 2014 and 2015. Recorded species were 

27 assigned to functional groups, which included nectarivores, granivores, carnivores and 

28 omnivores. Generalised Additive Mixed Models (GAMMs) were used to model daily 

29 trapping rates (DTRs) for each functional group at waterholes in relation to daily maximum 

30 temperature and days since last rainfall. Granivores exhibited high DTRs across the entire 

31 daily maximum temperature range (15°C to 43°C). Increasing threshold responses beyond 

32 specific daily maximum temperatures were exhibited by nectarivores (35°C), carnivores 

33 (30°C) and omnivores (30°C). The DTRs for all functional groups increased with days since 

34 last rainfall. These data indicate species within all functional groups are vulnerable to a 

35 warming climate, even those that are considered to be surface water independent, as 

36 increasing waterhole visitations in torrid conditions reduces foraging time and could lead to 

37 reduced fitness in particular individuals. 

38
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39 Introduction

40 The mean global air temperature has increased by 0.74 °C in the past 100 years (Stocker, 

41 2014) and may rise by as much as 4.8 °C by the year 2100 (Hughes, 2003). Warmer 

42 temperatures experienced over the last 100 years have begun to affect the function and 

43 composition of avian communities throughout the world (Crick, 2004; Iknayan & Beissinger, 

44 2018; Jetz, Wilcove, & Dobson, 2007). These effects include shifts in their phenology 

45 (Menzel et al., 2006; Møller, Rubolini, & Lehikoinen, 2008), range/distribution (Hitch & 

46 Leberg, 2007; Thomas & Lennon, 1999), composition (Lemoine, Schaefer, & 

47 Böhning‐Gaese, 2007) and population dynamics (Both, Bouwhuis, Lessells, & Visser, 2006; 

48 Lindström, Green, Paulson, Smith, & Devictor, 2013; Sæther et al., 2000). 

49 In Australia, a continent largely characterised by arid and semi-arid environments, the rate of 

50 warming associated with climate change has been greater, on average, than that experienced 

51 globally in the same time period (0.9 °C vs 0.74 °C) (Head, Adams, McGregor, & Toole, 

52 2014; Zhou, Chen, & Dai, 2015). Increased rates of warming will likely have ecological 

53 implications for arid zone waterholes (Davis, Pavlova, Thompson & Sunnucks, 2013) and 

54 their associated avifauna, which may be exacerbated by extended droughts in some years. 

55 This is particularly the case for terrestrial birds (bush birds, birds of prey and parrots) that 

56 rely on surface water in arid landscapes and have distributions that are constrained by its 

57 availability within them (Abdu, Lee, & Cunningham, 2018; Fisher, Lindgren, & Dawson, 

58 1972). Some species considered to not be dependent on surface water may even be drawn to 

59 waterholes to drink under these increasingly hot and dry conditions (Albright et al., 2017; 

60 Reside et al., 2013).

61 The dependency a particular avian species displays towards surface water is generally related 

62 to their diet and how much water they can derive from it (MacMillen & Baudinette, 1993; 
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63 Merrick, 2006). For this reason, consideration of functional groups based on dietary 

64 requirements is likely to provide useful insights into water use patterns across the avian 

65 community (Tischler, Dickman, & Wardle, 2013). The relatively high moisture content of 

66 nectarivore, carnivore and omnivore diets suggests that they are less dependent on waterholes 

67 to meet their water requirements (Dawson & Bartholomew, 1968; Fleming, Gray, & 

68 Nicolson, 2004; Smyth & Coulombe, 1971) in comparison with granivores, which have a dry 

69 seed diet (Cade & Dybas, 1962; Zann & Bamford, 1996). However, in arid environments, air 

70 temperature is a significant environmental driver that affects water consumption of avian 

71 species (Tieleman, Williams, & Bloomer, 2003). Under hot and dry conditions, changes in 

72 activity and metabolic rate may increase daily water requirements, even in relatively water-

73 independent species.  

74 Rates of cutaneous and evaporative water loss (EWL) have been determined experimentally 

75 for various avian species (Lee & Schmidt-Nielsen, 1971; McKechnie et al., 2016; McWhorter 

76 et al., 2018; Smit et al., 2018). Rates of EWL for many appear to increase once a certain 

77 operative temperature – defined as the body temperature of an animal if it were in thermal 

78 equilibrium with the environment in the absence of metabolic heating or evaporative cooling 

79 (Dzialowski, 2005) – range is exceeded, indicating positive threshold relationships can exist 

80 between temperature and EWL (Milne, Cunningham, Lee, & Smit, 2015). These results 

81 suggest positive threshold relationships may also exist between air temperature and waterhole 

82 visitation by some species. 

83 Several field studies, particularly emerging from South Africa, have investigated the 

84 relationships between weather variables, such as air temperature, and frequency of waterhole 

85 use by avifauna in arid biomes (Abdu, McKechnie, Lee, & Cunningham, 2018; Lee, Wright, 

86 & Barnard, 2017; Smit, Woodborne, Wolf, & McKechnie, 2019; Williams & Koenig, 1980). 
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87 Few studies within Australian arid zone habitats have specifically investigated these 

88 relationships (Davies, 1972; Fisher et al., 1972), many instead focussing on the effects of 

89 weather variables (Pavey & Nano, 2009; Saunders, Mawson, & Dawson, 2011; Smith, 2015; 

90 Tischler et al., 2013) or water regime (Schneider & Griesser, 2009) on species richness or 

91 avian mortality rates. This study provides an Australian example that investigates 

92 relationships between the frequencies of waterhole use, as measured by daily trapping rates 

93 (DTRs), of select avian functional groups at long lasting waterholes in response to two 

94 weather variables: daily maximum air temperature and time since last rainfall. 

95 Materials and methods

96 Study sites

97 The study was conducted at three small but long-lasting waterholes within Watarrka National 

98 Park, which encompasses the western end of the George Gill Range (24°16’47”S, 

99 131°33’30”E), Northern Territory, Australia (Table 1). These sites share similar climate and 

100 rainfall patterns, because the geographic distances separating the sites are small (100m to 

101 ~10km). The George Gill Range is situated in the south-west corner of the MacDonnell 

102 Ranges Bioregion, 215km south-west of Alice Springs. 

103 Table 1. Location of study sites within Watarrka National Park, George Gill Range, Northern 

104 Territory.

Site Name Water Regime Latitude
(WGS84)

Longitude
(WGS84)

Penny Springs perennial 24° 20' 56.94"S 131° 45' 30.5568"E

Wanya Rockhole perennial 24° 19' 28.71"S 131° 39' 57.4956"E

Penny Creek Pool seasonal 24° 16’ 46.08”S 131° 34’ 59.05”E
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105 The George Gill Range rises 900m above sea level. These elevations are enough to produce, 

106 on average, slightly higher annual rainfall compared to the desert bioregions that surround the 

107 central Australian Ranges (372mm, Coefficient of Variation 61% vs. 188mm, Coefficient of 

108 Variation 72%) (Bastin, 2012). Past high levels of precipitation (during the Pleistocene and 

109 earlier) have contributed to the formation of numerous streamlines. These cut through the 

110 faces of the ranges and contain long-lasting or permanent upland waterholes, rockholes and 

111 springs (Duguid et al., 2005). 

112 Other than a higher mean annual rainfall, the climatic characteristics of the George Gill 

113 Range are similar to those of other Australian desert ecosystems, such as the Simpson Desert 

114 and the Great Sandy Desert. Air temperatures range from +45°C to -1°C and evaporation 

115 rates are in the range of 3200mm-yr (Bureau of Meteorology, 2018). Rainfall in this area is 

116 also seasonally unpredictable (Merrick, 2006; Morton et al., 2011). In some years, large 

117 rainfall events may occur, which result in widespread flooding of the landscape, in other 

118 years no rain may fall at all. 

119 Weather data

120 Daily maximum temperature and rainfall data for Watarrka National Park were obtained from 

121 Australian Bureau of Meteorology (BOM) weather station 015652 via their “Climate Data 

122 Online” service (Bureau of Meteorology, 2018). The BOM weather station was located at the 

123 Watarrka National Park Ranger Station, located south west of the study sites (4km from 

124 Penny Springs and 12km from Wanya Rockhole). Both temperature and rainfall data were 

125 plotted as time series data to visualise variation over the study period. 
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126 Camera trap data collection 

127 Reconyx HC600 HyperFireTM cameras were used to record birds visiting each site within 

128 Watarrka National Park as follows: (1) Penny Springs – two camera traps deployed from 21 

129 July 2014 to 05 December 2015, totalling 733 camera trap days; (2) Wanya Rockhole – two 

130 camera traps deployed from 09 March to 05 Dec 2015, totalling 542 camera trap days; (3) 

131 Penny Creek Pool – one camera trap deployed from 29 June to 04 September 2015, totalling 

132 70 camera trap days. Camera trap days were calculated as the number of days cameras were 

133 deployed multiplied by the number of camera traps within a particular site. Cameras were not 

134 deployed at all sites at the beginning of the project because of budget constraints. 

135 Cameras were set on the banks of the sampled waterholes to maximise the detection of 

136 visiting avian species. Half of the camera field of view (20°) incorporated dryland surfaces 

137 adjacent to the waterline, to detect avifauna approaching the water. The other half of the 

138 camera field of view incorporated the water surface. Cameras were positioned low to the 

139 ground to capture species, either as they approached the water to drink or once they had 

140 entered the water to bathe. 

141 Once cameras were deployed at a particular site, they remained in place throughout the 

142 sampling period. An additional camera was added to Penny Springs on the 18 April 2015, 

143 which meant that the sampling effort at Penny Springs increased during the sampling period. 

144 However, the cameras within each site were not treated as independent because of the trap 

145 event window that was applied to the dataset (see below). 

146 Each camera was set to operate continuously (24 hours per day), capturing three images per 

147 trigger with no delay period between triggers. Infrared masks on the cameras were used in 

148 low light, which reduced the level of disturbance to passing animals. Camera memory cards 

149 and batteries were collected and replaced at monthly intervals.
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150 Data processing

151 Camera trap images were processed at the species level using the open-source application 

152 PhotoSpread (v 0.93), using the method described by Sundaresan, Riginos, and Abelson 

153 (2011). A trap event window of 5 minutes was applied to the dataset (Manzo, Bartolommei, 

154 Rowcliffe, & Cozzolino, 2012; Villette, Krebs, Jung, & Boonstra, 2016). This means multiple 

155 images of the same species taken within the 5 minute window were counted as one 

156 independent trapping event (ITE). This was the case even if images of the same species were 

157 captured by multiple cameras within the same site. A quiet period of 5 minutes had to lapse 

158 before a second ITE could occur for a given species. 

159 Daily trapping rates (DTRs) were calculated by summing independent trapping events for a 

160 given species on a given day within a given site. Functional group DTRs were calculated by 

161 summing the DTRs of their respective species on a given day within a given site. Birds were 

162 classified as nectarivores, granivores, carnivores, insectivores or omnivores (Tischler et al., 

163 2013).

164 Data exploration

165 Multi-panel scatterplots were used to visualise the data. These show the DTR for a particular 

166 functional group (Y axis) in relation to: a) daily maximum temperature; and b) days since last 

167 rainfall greater than 2mm (X axis). Data exploration was carried out following the protocol 

168 described by Zuur, Ieno, and Elphick (2010). Zero inflation of the data was investigated 

169 because of the high number of zeros associated with the dataset. This investigation informed 

170 the probability distributions that were applied to statistical models (see below).
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171 Statistical models

172 Generalised additive mixed models (GAMMs) with log link functions were used to model 

173 daily trapping rates for each functional group (Zuur, Hilbe, & Ieno, 2013). Negative binomial 

174 distributions were used to model variation around the mean estimates for each functional 

175 group in relation to the fixed covariates because of the high number of zeros associated with 

176 the dataset. The fixed covariates in each model included daily maximum temperature and 

177 days since last rainfall greater than 2mm. Days since last rainfall greater than 2mm was 

178 calculated as the sum total of days where daily rainfall was less than 2mm. Site was used as a 

179 random intercept as sampling effort was not equal across sites. The mgcv package (Wood, 

180 Pya, & Säfken, 2016) within R (R Core Team, 2018) was used to fit the model to data from 

181 each functional group. The model is of the form represented in Equation 1 below. 

182 𝐷𝑇𝑅𝑖𝑗 ~ 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑏𝑖𝑛𝑜𝑚𝑖𝑎𝑙 (𝜇𝑖𝑗 , 𝑟)

183 𝑙𝑜𝑔(𝜇𝑖𝑗) = 𝑆𝑖𝑡𝑒𝑖 + 𝑓(𝐷𝑎𝑖𝑙𝑦𝑀𝑎𝑥𝑇𝑒𝑚𝑝𝑖𝑗) + 𝑓(𝐿𝑎𝑠𝑡𝑅𝑎𝑖𝑛.2𝑚𝑚.𝑖𝑗)

184 𝑆𝑖𝑡𝑒𝑖 ~ 𝑁 (0, 𝜎2) 

185 (eqn 1)

186 Where DTRij is jth observations (j = 1,…,673) of all functional groups from Sitei (i = 1,…, 3). 

187 DTRij follows a negative binomial distribution with mean uij and dispersion parameter r. The 

188 log of uij is modelled by a regression equation with Sitei as a random intercept in relation to 

189 the smoothers f(DailyMaxTempij) and f(LastRain.2mm.ij). The random intercept Sitei follows a 

190 normal distribution with mean 0 and variance σ2. 

191 Smoothers

192 Cubic regression spline smoothers with 95% confidence intervals were used to model the 

193 mean DTR (log transformed) for each functional group in relation to either daily maximum 
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194 temperatures or days since rainfall greater than 2mm. Non-linearity of a smoother in a 

195 particular model is represented by the estimated degrees of freedom (edf). This value is 

196 denoted in each model by s(#) at the end of the label on each Y axis. The greater the value of 

197 s(#), the greater the degree of non-linearity in the smoother. 

198 Increasing non-linearity represents one of three scenarios in this study. The first is a threshold 

199 DTR response, where the mean DTR for a functional group increases significantly beyond a 

200 point in one of the fixed covariates. The second is a stepped threshold response, where the 

201 mean DTR for a functional group has an initial increase, levels off for a period and then 

202 increases again in relation to one of the fixed covariates. The third is a varied response, where 

203 the mean DTR for a functional group both increases and decreases significantly throughout 

204 the range of values present in either of the fixed covariates. 

205 Model validation

206 Model validation was carried out by investigating residual patterns, autocorrelation, and 

207 residual overdispersion in each model (Zuur et al., 2013). Non-linear patterns in the residuals 

208 were examined by plotting residuals against fitted values, and against all covariates for each 

209 model. This was done to determine if model accuracy varied in relation to increases in the 

210 fixed covariates (Supporting information Figure S1, S2, S3, S4). Variance inflation factors 

211 (VIF’s) were calculated for each covariate to assess autocorrelation among them. VIF scores 

212 close to 1 indicate there is no autocorrelation between the fixed covariates (Supporting 

213 information Table S1). Residual overdispersion for each model was calculated by dividing 

214 the sum of squared Pearson residuals by the sample size minus the number of model 

215 parameters (estimated degrees of freedom). Calculations close to 1 indicate the residuals are 

216 not overdispersed. This was done to determine if variation in the raw data could be modelled 

217 by the GAMM (Supporting information Table S2). 
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218 Results

219 Weather

220 Air temperatures varied across the seasons, as expected in an inland, mid-latitude, arid 

221 region. During the warmer months (from October to late March) maximum temperatures 

222 recorded in the area ranged between 18 and 43°C. Maximum temperatures experienced 

223 during the cooler months (April to August) ranged between 15 and 28°C (Figure 1).

224

225 Figure 1. Daily maximum temperatures recorded at Watarrka weather station 015652 during 

226 the sampling period. The blue solid line represents the mean daily maximum temperature. 

227 The grey band represents the 95% confidence interval around the mean.
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228 The annual rainfall for Watarrka National Park in 2014 was 261 mm, which is close to the 

229 annual average for the area. Large rainfall events occurred in November and December, 

230 2014. The annual rainfall was lower in 2015 than in 2014, at 160 mm. The largest rainfall 

231 events in 2015 occurred in January and March (Figure 2).  

232

233 Figure 2. Daily rainfall recorded at Watarrka weather station 015652 during the sampling 

234 period. 

235 Raw camera trap data

236 More than 120,000 camera trap images were collected and processed over the sampling 

237 period, and 35 avian species recorded during this time. These species included 7 granivores, 9 
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238 nectarivores, 6 insectivores, 7 omnivores and 6 carnivores (Table 2). Insectivores were 

239 excluded from the data analyses because of low detections at each site. 

240 Table 2. Bird species recorded during the sampling period, with their assigned functional group: 

241 omnivore (OM), granivore (GR), insectivore (IN), nectarivore (NC) or carnivore (CV).

FAMILY SPECIES COMMON NAME GROUP

Podicipedidae Teachybaptus novaehollandiae Australasian Grebe OM

Casuariidae Dromaius novaehollandiae Emu OM

Columbidae Phaps chalcoptera Common Bronzewing GR

Geophaps plumifera Spinifex Pigeon GR

Geopelia cuneata Diamond Dove GR

Ardeidae Ardea pacifica White-necked Heron OM

Accipitridae Haliastur sphenurus Whistling Kite CV

Accipiter cirrocephalus Collared Sparrowhawk CV

Accipiter fasciatus Brown Goshawk CV

Aquila audax Wedge-tailed Eagle CV

Falconidae Falco berigora Brown Falcon CV

Strigidae Ninox novaeseelandiae Southern Boobook CV

Ptilonorhynchidae Ptilonorhynchus guttatus Western Bowerbird OM

Psittacidae Barnardius zonarius Australian Ringneck GR

Melopsittacus undulatus Budgerigar GR

Cuculidae Chalcites basalis Horsfield's Bronze-Cuckoo IN

Halcyonidae Todiramphus sanctus Sacred Kingfisher OM

Meropidae Merops ornatus Rainbow Bee-eater IN

Meliphagidae Lichenostomus virescens Singing Honeyeater NC

Lichenostomus keartlandi Grey-headed Honeyeater NC

Lichenostomus penicillatus White-plumed Honeyeater NC

Purnella albifrons White-fronted Honeyeater NC

Manorina flavigula Yellow-throated Miner NC

Acanthagenys rufogularis Spiny-cheeked Honeyeater NC

Melithreptus gularis Black-chinned Honeyeater NC

Lichmera indistincta Brown Honeyeater NC

Campephagidae Coracina novaehollandiae Black-faced Cuckoo-shrike IN

Colluricincla harmonica Grey Shrike-thrush OM

Artamidae Artamus personatus Masked Woodswallow IN

Artamus minor Little Woodswallow IN

Rhipiduridae Rhipidura leucophrys Willie Wagtail IN

Corvidae Corvus orru Torresian Crow OM

Nectariniidae Dicaeum hirundinaceum Mistletoebird NC

Estrildidae Taeniopygia guttata Zebra Finch GR

Emblema pictum Painted Finch GR

242
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243 Independent trapping events (ITEs) (summed across all sites) were highest for nectarivores 

244 (total ITEs = 1516) and granivores (total ITEs = 3381) as compared to carnivores 

245 (total ITEs = 184) and omnivores (total ITEs = 166). The most common species from each 

246 functional group recorded in the study include the zebra finch (granivore), grey-headed 

247 honeyeater (nectarivore), brown goshawk (carnivore) and the western bowerbird (omnivore) 

248 (Figure 3).

249

250 Figure 3. The most abundant species from the four functional groups included in the 

251 analyses: a) zebra finch (granivore), b) grey-headed honeyeater (nectarivore), 

252 c) brown goshawk (carnivore) and d) western bowerbird (omnivore). 

253 The DTR of each functional group varied in relation to daily maximum temperature and time 

254 since last rainfall (Figure 4). Nectarivores exhibited a stepped threshold response to 

255 temperature. The DTRs for this group were moderate at temperatures from 25°C to 35°C, but 

256 increased sharply thereafter, reaching a maximum of 75 at 42°C. Granivores exhibited 

257 consistently high DTRs between daily maximum temperatures ranging from 23°C to 43°C. 

258 Carnivore DTRs were mostly zero below 30°C (two instances where the DTR was 1), but 

a)

c) d)

b)
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259 they increased sharply beyond this temperature, displaying a threshold response, reaching a 

260 maximum of 10 at 42°C. Omnivores displayed a similar threshold response to carnivores. 

261 The DTRs for this group were generally low below 35°C, with some variation at the lowest 

262 temperatures recorded in the study. Omnivore DTRs increased significantly beyond 35°C.

263 When compared to time since last rainfall greater than 2mm, nectarivore DTRs increased 

264 steadily from 0 to 80 days and then increased sharply from 80 to 120 days (Figure 4). 

265 Granivore DTRs were consistently high across the range of values for this covariate. 

266 Carnivore DTRs decreased slightly from 0 to 40 days and then increased sharply from 60 to 

267 120 days where no rainfall greater than 2mm had fallen in the area, indicating a threshold 

268 response beyond that point. Omnivores displayed a similar threshold response to carnivores, 

269 but their DTRs were generally low from 0 to 40 days before they sharply increased from 60 

270 to 120 days. 
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271

272 Figure 4. Daily trapping rates (DTRs) for each avian functional group in relation to the 

273 number of days since the last rainfall greater than 2mm and daily maximum temperature. 

274 Data from each site are overlaid on each plot. Black = Penny Springs, gold = Wanya 

275 Rockhole and blue = Penny Creek Pool. 
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276 Some inter-site variation existed within the dataset for each functional group. Nectarivores 

277 and granivores were mainly recorded at Penny Springs, with fewer records of these groups at 

278 Wanya Rockhole or Penny Creek Pool. Carnivores and omnivores were recorded more 

279 evenly across Penny Springs and Wanya Rockhole and more rarely at Penny Creek Pool.  

280 Model output

281 The model output for each functional group is provided in Table 3. The random (DTR) 

282 intercept estimates for carnivores and omnivores in relation to Sitei were significant. This 

283 means the intercept estimates (for either carnivores or omnivores), and corresponding 

284 standard errors, when calculated separately for each site (Penny Springs, Wanya Rockhole, 

285 and Penny Creek Pool), do not overlap. The estimated degrees of freedom indicate that DTR 

286 responses for each functional group were more varied (i.e. threshold or bi-modal) in relation 

287 to daily maximum temperature than in relation to days since last rainfall greater than 2mm. 

288 Relationships between DTRs for each functional group in relation to daily maximum 

289 temperature and days since rainfall greater than 2mm were significant (p-value <0.001). 

290 Table 3. Model output, including the estimated degree of freedom (edf) and p-value for each 

291 functional group in relation to daily maximum temperature and days since last rainfall greater 

292 than 2mm. 

Random intercept estimate for Sitei Daily maximum 
temperature

Days since last rainfall 
> 2mm

Functional 
group

Random 
intercept

Standard 
error

p-value Est. degree 
freedom

p-value Est. degree 
freedom

p-value

Nectarivores -2.681 1.52 0.077 5.56 <0.001 2.79 <0.001
Granivores 0.41 0.51 0.422 6.64 <0.001 1.9 <0.001
Carnivores -3.08 0.41 <0.001 3.00 <0.001 2.17 <0.001
Omnivores -2.02 0.15 <0.001 2.44 <0.001 3.00 <0.001

293
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294 Smoothers

295 Changes in the mean DTRs for each functional group in relation to daily maximum 

296 temperature are given in Figure 5. The smoothers indicate trends in DTR for each functional 

297 group that are similar to those presented in the raw data. However, they provide additional 

298 information in relation to the significance of the relationships.

299 Nectarivores exhibited a stepped threshold response to daily maximum temperature. Their 

300 DTRs increased from 15°C to 25°C, but high variation around the mean indicates a slight 

301 rather than sharp increase between those temperatures. Nectarivore DTRs then remained 

302 constant until daily maximum temperatures reached 35°C, after which they increased sharply 

303 to 40°C before levelling off. 

304
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305

306 Figure 5. Estimated smoothers with 95% confidence intervals representing the change in 

307 mean DTR of each avian functional group in relation to daily maximum temperature. 

308 Granivores exhibited a varied response to daily maximum temperature. Their DTRs increased 

309 sharply from 20°C to 25°C, dropped from 25°C to 30°C before they increased again from 

310 35°C to 37°C. Carnivores exhibited a threshold response to daily maximum temperatures. 

311 Their DTRs were low until temperatures reached 30°C. They then increased sharply to 35°C, 

312 before levelling off from 35°C to 40°C. Omnivores displayed threshold response similar to 

313 carnivores. Their DTRs were also low until 30°C, then increased sharply to 43°C (Figure 5). 
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314

315 Figure 6. Estimated smoothers with 95% confidence intervals representing the change in 

316 mean DTR for each avian functional group in relation to days since rainfall greater than 

317 2mm.

318 Change in the mean DTRs of each functional group in relation to days since last rainfall 

319 greater than 2mm are given in Figure 6. The DTRs for all functional groups increased 

320 steadily from 0 to 80 days when no rainfall greater than 2mm had fallen in the region. 

321 Nectarivore DTRs then experienced a greater increase from 80 to 120 days. The DTRs for 

322 granivores, carnivores and omnivores all plateaued from 80 to 120 days. 
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323 Discussion

324 Variability in functional group responses to weather variables

325 We present evidence that positive threshold (step change) relationships exist between DTRs 

326 and weather variables: daily maximum air temperature and days since last rain greater than 

327 2mm, for nectarivores, carnivores and omnivores. In contrast, granivores visited the 

328 waterholes consistently across all temperatures, with only a small increase in visitation as 

329 conditions became drier. When considered in combination with studies investigating rates of 

330 evaporative water loss (EWL) with temperature (Lee & Schmidt-Nielsen, 1971; Smit et al., 

331 2018; Wolf & Walsberg, 1996), these results reveal general patterns of increasing waterhole 

332 visitation by each functional group with increasing temperature and desiccation, driven by the 

333 increasing need for drinking water. When considered in conjunction with similar studies on 

334 other continents, these results also provide evidence of worldwide generality in increasing 

335 avian water visitation under increasingly hot and dry conditions, especially for granivores and 

336 nectarivores (Abdu, McKechnie, et al., 2018; Lee et al., 2017; Smit et al., 2019). 

337 We acknowledge that there are limitations in the study design, particularly the small number 

338 of sites and lack of randomisation in their selection (Manly, 1992). Additionally, the lack of 

339 traditional bird surveys meant that we were unable to consider data on the overall community 

340 structure and the relative abundances of different avian species in the broader waterhole 

341 habitat. Accordingly, we were unable to make any inferences with regards to species that had 

342 low camera detections at waterholes (e.g. insectivores). These shortcomings will be addressed 

343 by future research. However, we are confident that the temporal replication at each site 

344 provided a sufficiently large sample size to gain new insights into waterhole use by terrestrial 

345 avifauna. 
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346 Physiological considerations

347 The increased DTR of some avian species at arid zone waterholes during hot and dry periods 

348 likely relates to the increased amount of water they lose when trying to keep cool (Lee et al., 

349 2017; Smit & McKechnie, 2015). Most birds rely on respiratory EWL to cool down in hot 

350 conditions, which is primarily achieved as dry outside air moves across wet respiratory 

351 surfaces while panting (Marder & Arad, 1989). Birds, almost universally, display positive 

352 threshold responses to rates of respiratory EWL and increasing temperature (McWhorter et 

353 al., 2018). Avian species across avian orders have shown increases in EWL from rates below 

354 1 g h-1 at 25°C, which then sharply increase above 35°C, to reach rates over 6 g h-1 at 

355 temperatures above 50°C (Smit et al., 2018; Wolf & Walsberg, 1996). Above 35°C, regular 

356 food items consumed by species that are normally surface water independent may no longer 

357 replenish the water that is lost via increased respiratory EWL and hence drive them to 

358 supplement surface water into their diets (Smit & McKechnie, 2015).

359 Dietary influences

360 Although EWL is likely the major driver underpinning avian waterhole visitation in hot and 

361 dry conditions, diet is a factor that also influences the level of dependence a particular avian 

362 species exhibits towards surface water during these times (Williams & Koenig, 1980). 

363 Granivores are typically known to be highly dependent on surface water, regardless of 

364 environmental conditions, because of the dry nature of their seed diet (Koutsos, Matson, & 

365 Klasing, 2001; MacMillen, 1990). This pattern of water dependence is typical of avian 

366 species within this functional group, and has been well documented in other studies 

367 investigating patterns of avian water use (Abdu, McKechnie, et al., 2018; Lee et al., 2017; 

368 Smit et al., 2019). As a consequence, the high visitation rates of granivores observed at 

369 waterholes were expected from the onset of this study.
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370 The adaptations of nectarivores to gain their nutrient requirements from nectar may also 

371 contribute to their increased reliance on waterholes in hot and dry periods (Nicolson & 

372 Fleming, 2003). Most nectarivores have adapted to recover valuable solutes contained in 

373 dilute nectar and expel excess water rather than concentrate their urine to conserve it 

374 (Martínez del Rio, Schondube, McWhorter, & Herrera, 2015), although some arid zone 

375 adapted species have been found to concentrate urine at levels close to some granivores 

376 (Goldstein & Bradshaw, 1998; Skadhauge, 1974). Limited rates of water retention in some 

377 nectarivores once they have switched to a drier diet could result in their increased visitation 

378 to waterholes to supplement water lost from this process. The need to spend more time at 

379 waterholes in hot and dry conditions may further reduce the time nectarivores can spend 

380 foraging, which may lead to a reduction in fitness for some of these species under a warming 

381 climate (du Plessis, Martin, Hockey, Cunningham, & Ridley, 2012; Waser & Price, 2016).

382 Omnivorous and carnivorous avian species are known to obtain most of their water 

383 requirements from the food they eat (Goldstein & Lyons, 2002; Irwin, 1956; Smit et al., 

384 2019; Smit et al., 2016). Therefore, the detection of significant threshold relationships for 

385 omnivore and carnivore species including Torresian crows, black-faced cuckoo shrikes, 

386 brown goshawks and whistling kites under increasing air temperatures and periods of no 

387 rainfall were unexpected. This finding has rarely been documented and highlights that these 

388 species, although less surface water dependent than granivores or nectarivores, are still 

389 vulnerable to future warming climates due to increased rates of EWL (Abdu, Lee, et al., 

390 2018; Lee et al., 2017; Smit et al., 2019).

391 Competitive interactions and predation

392 Competitive interactions (interference competition) and predation at waterholes may increase 

393 as arid regions experience longer periods of elevated temperatures. The detection of 
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394 thermally-driven step changes suggests that competition for access to water between 

395 granivores, nectarivores and omnivores may be intense at higher temperatures, especially at 

396 small waterholes. The increasing prevalence of carnivores at waterholes as temperatures 

397 increase indicates that all groups could be vulnerable to increased predation. 

398 The effects of interference competition at waterholes, particularly in Africa, have been well 

399 documented. These competitive effects generally relate to the temporal niche shift of 

400 subordinate species within large mammalian communities (Hayward & Hayward, 2012; 

401 Valeix, 2011; Valeix, Chamaillé-Jammes, & Fritz, 2007). However, the same processes could 

402 apply to avian species at waterholes. Nectarivores are generally known to be aggressive in 

403 their foraging behaviour (Ford et al., 1993; Mac Nally, Timewell, & Burger, 2005). If this 

404 behaviour also occurs at waterholes it could result in negative effects towards other avian 

405 species, particularly those that are small bodied (Persson, 1985) and highly water dependent 

406 (MacMillen, 1990). 

407 We predicted that an increase in carnivore DTRs at waterholes during warmer months would 

408 be associated with the greater presence of prey species at waterholes at these times (Olsen, 

409 1995). Carnivores have previously been observed hunting prey species at waterholes by Cade 

410 (1965) and Aumann (2001). However, we did not observe hunting behaviour on our 

411 waterhole cameras.  Increased carnivore visitations to waterholes were associated with 

412 drinking and bathing activities, although hunting may have taken place in nearby areas not 

413 under camera surveillance. A brown goshawk was recorded drinking and bathing at Penny 

414 Springs for 20 minutes during a warm summer’s day in December, 2015 deterred all other 

415 species from accessing the site for 50 minutes. The exclusion of avian species from 

416 waterholes by carnivores, and the association of increasing carnivore visitation with 

417 increasing air temperatures, suggests that both predation and interference competition could 
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418 have major impacts on arid zone birds under a warming climate. However, the extent of these 

419 predatory and competitive effects on subordinate avian species is not known.

420 Implications for a warming climate

421 If air temperatures across the continent increase as predicted over the next 100 years, the 

422 number of days with maximum air temperatures over 35°C will also increase (Hughes, 2003). 

423 In central Australia, these days could increase from 90 to 115 by 2030 

424 (RCP 4.5, ACCESS 1-0) (Climate, 2016). Under this scenario there would be an additional 

425 25 days in the year where daily maximum temperatures would be above 35°C, prolonging the 

426 amount of time many avian species need to incorporate surface water into their diets.

427 Milne et al. (2015) noted the importance of understanding the physiological and behavioural 

428 mechanisms that underpin species adaptation to climate change. They noted that 

429 physiological and behavioural adjustments for some species may result in costly trade-offs 

430 (such as an increase in competition and greater risk of predation), which may not be 

431 sustainable in the long term. Understanding these mechanisms enables more accurate 

432 predictions to be made about a species vulnerability to climate change.

433 Importance of conservation management

434 The conservation and restoration of waterhole habitats in arid environments represents an 

435 important climate adaptation strategy (Smit et al., 2019). This is especially true for 

436 waterholes not located within national parks, because the latter are often frequented by feral 

437 species such as camels and horses. High intensity grazing around waterholes can result in 

438 massive habitat degradation (Brim-Box et al., 2016), leading to the development of 

439 piospheres (areas around waterholes denudated of vegetation by grazing) (Andrew & Lange, 



26

440 1986; Washington-Allen, Van Niel, Ramsey, & West, 2004) and poor water quality (Brim-

441 Box et al., 2016). 

442 The generation of piospheres could result in near-waterhole environments that are well above 

443 avian thermal limits (Carroll, Davis, Elmore, Fuhlendorf, & Thacker, 2015; Carroll, Davis, 

444 Fuhlendorf, & Elmore, 2016). Extreme temperatures in near-waterhole environments could 

445 result in a costly trade-off between avian thermoregulation and dehydration, particularly for 

446 small species with high surface areas relative to their volumes (McKechnie et al., 2017; 

447 Weathers, 1981). The negative effects of extreme temperature at waterhole sites are likely 

448 intensified when coupled with periods of high camel densities (Brim-Box et al., 2019). In 

449 these situations the benefit of entering a waterhole habitat to rehydrate may be outweighed by 

450 the physiological cost of elevated temperatures and the risk of negative interactions with 

451 camels. For these reasons, the control of large feral herbivores that congregate at arid zone 

452 waterholes during drought periods should be given high priority within climate adaptation 

453 and land management programs in arid regions (Suggitt et al., 2011).

454 The thresholds identified in our study can be usefully applied to land management planning 

455 and policy development. They provide a single number index of vulnerability for each 

456 functional group. These could be mapped through space and time against future climates 

457 predicted for specific regions. The data generated could then be used to predict when and 

458 where reliance on surface water (waterholes) by species that do not normally drink will 

459 occur. The data could also be used by biodiversity managers to guide the provision of 

460 artificial water resources in arid zone environments in order to conserve avian communities 

461 (Albright et al., 2017). The development and application of tools such as these will be 

462 important for the protection of avian communities at risk of exposure to thermal extremes 

463 under global warming.



27

464 Acknowledgements

465 This study was initiated with a National Climate Change Adaptation Research Facility 

466 (NCCARF) and National Water Commission (NWC) co-funded grant (FW1106) and an 

467 Australian Research Council (ARC) Discovery Project grant (DP120103010). This study was 

468 conducted with the approval of the University of Canberra Animal Ethics Committee (CEAE 

469 15-15). We thank Parks and Wildlife NT for research permits and the Watarrka National Park 

470 Rangers and Chris Hakanson for logistical and field support. Jayne Brim-Box, Alistair 

471 Stewart and Peter McDonald provided thoughtful insights and assisted with terrestrial avian 

472 identification. Ugyen Lhendup, Charles Davis, Cate Dyer and Sian Dyer provided valuable 

473 assistance with processing camera trap images. Jonathan Bray and Enzo Guarino provided 

474 valuable methodological and statistical advice. The anonymous reviewers provided insightful 

475 and constructive comments that improved the quality of the manuscript. 

476 References

477 Abdu, S., Lee, A. T. K., & Cunningham, S. J. (2018). The presence of artificial water points 

478 structures an arid-zone avian community over small spatial scales. Ostrich, 89(4), 

479 339-346. doi:https://doi.org/10.2989/00306525.2018.1509904

480 Abdu, S., McKechnie, A. E., Lee, A. T. K., & Cunningham, S. J. (2018). Can providing 

481 shade at water points help Kalahari birds beat the heat? Journal of Arid Environments, 

482 152, 21-27. doi:https://doi.org/10.1016/j.jaridenv.2018.01.018

483 Albright, T. P., Mutiibwa, D., Gerson, A. R., Smith, E. K., Talbot, W. A., O’Neill, J. J., . . . 

484 Wolf, B. O. (2017). Mapping evaporative water loss in desert passerines reveals an 

485 expanding threat of lethal dehydration. Proceedings of the National Academy of 

486 Sciences, 114(9), 2283-2288. doi:https://doi.org/10.1073/pnas.1613625114

https://doi.org/10.2989/00306525.2018.1509904
https://doi.org/10.1016/j.jaridenv.2018.01.018
https://doi.org/10.1073/pnas.1613625114


28

487 Andrew, M. H., & Lange, R. T. (1986). Development of a new piosphere in arid chenopod 

488 shruhland grazed by sheep. 1. Changes to the soil surface. Australian Journal of 

489 Ecology, 11(4), 395-409. doi:https://doi.org/10.1111/j.1442-9993.1986.tb01409.x 

490 Aumann, T. (2001). Habitat use, temporal activity patterns and foraging behaviour of raptors 

491 in the south-west of the Northern Territory, Australia. Wildlife Research, 28(4), 365-

492 378. doi:https://doi.org/10.1071/WR99091

493 Bastin, G. (2012). ACRIS climate variability update 2005-2011. Canberra, Australia: 

494 Published on behalf of the ACRIS Management Committee by National Land & 

495 Water Resources Audit.

496 Both, C., Bouwhuis, S., Lessells, C. M., & Visser, M. E. (2006). Climate change and 

497 population declines in a long-distance migratory bird. Nature, 441(7089), 81-83. 

498 doi:http://www.nature.com/nature/journal/v441/n7089/suppinfo/nature04539_S1.html

499 Brim-Box, J., Bledsoe, L., Box, P., Bubb, A., Campbell, M., Edwards, G., . . . Caron, V. 

500 (2019). The impact of camel visitation on native wildlife at remote waterholes in arid 

501 Australia. Journal of Zoology, 309(2), 84-93. doi:https://doi.org/10.1111/jzo.12688 

502 Brim-Box, J., McBurnie, G., Strehlow, K., Guest, T., Campbell, M., Bubb, A., . . . Stockman, 

503 B. (2016). The impact of feral camels (Camelus dromedarius) on remote waterholes 

504 in central Australia. The Rangeland Journal, 38(2), 191-200. 

505 doi:https://doi.org/10.1071/RJ15074

506 Bureau of Meteorology. (2018). Climate. Climate Data Online. Retrieved from 

507 http://www.bom.gov.au/climate/data/index.shtml?bookmark=136&zoom=2&lat=-

508 17.985&lon=132.34&layers=B00000TFFFFFFFTFFFFFFFFFFFFFFFFFFFFTTT&d

509 p=IDC10002-d

510 Cade, T. J. (1965). Relations between raptors and columbiform birds at a desert water hole. 

511 The Wilson Bulletin, 77(4), 340-345. 

https://doi.org/10.1111/j.1442-9993.1986.tb01409.x
https://doi.org/10.1071/WR99091
http://www.nature.com/nature/journal/v441/n7089/suppinfo/nature04539_S1.html
https://doi.org/10.1111/jzo.12688%20
https://doi.org/10.1071/RJ15074
http://www.bom.gov.au/climate/data/index.shtml?bookmark=136&zoom=2&lat=-17.985&lon=132.34&layers=B00000TFFFFFFFTFFFFFFFFFFFFFFFFFFFFTTT&dp=IDC10002-d
http://www.bom.gov.au/climate/data/index.shtml?bookmark=136&zoom=2&lat=-17.985&lon=132.34&layers=B00000TFFFFFFFTFFFFFFFFFFFFFFFFFFFFTTT&dp=IDC10002-d
http://www.bom.gov.au/climate/data/index.shtml?bookmark=136&zoom=2&lat=-17.985&lon=132.34&layers=B00000TFFFFFFFTFFFFFFFFFFFFFFFFFFFFTTT&dp=IDC10002-d


29

512 Cade, T. J., & Dybas, J., John A. (1962). Water economy of the budgerygah. The Auk, 79(3), 

513 345-364. doi:https://doi.org/10.2307/4082821

514 Carroll, J. M., Davis, C. A., Elmore, R. D., Fuhlendorf, S. D., & Thacker, E. T. (2015). 

515 Thermal patterns constrain diurnal behavior of a ground-dwelling bird. Ecosphere, 

516 6(11), art222. doi:https://doi.org/10.1890/es15-00163.1

517 Carroll, J. M., Davis, C. A., Fuhlendorf, S. D., & Elmore, R. D. (2016). Landscape pattern is 

518 critical for the moderation of thermal extremes. Ecosphere, 7(7), e01403. 

519 doi:https://doi.org/10.1002/ecs2.1403

520 Climate. (2016). Climate change in Australia. Projections for Australia's NRM Regions. 

521 Retrieved from http://www.climatechangeinaustralia.gov.au/en/climate-

522 projections/explore-data/threshold-calculator/#

523 Crick, H. Q. P. (2004). The impact of climate change on birds. Ibis, 146(s1), 48-56. 

524 doi:https://doi.org/10.1111/j.1474-919X.2004.00327.x

525 Davies, S. J. J. F. (1972). Results of 40 hours' continuous watch at five waterpoints in an 

526 Australian desert. Emu - Austral Ornithology, 72(1), 8-12. 

527 doi:https://doi.org/10.1071/MU972008

528 Davis, J., Pavlova, A., Thompson, R., Sunnucks, P. (2013). Evolutionary refugia and 

529 ecological refuges: key concepts for conserving Australian arid zone freshwater 

530 biodiversity under climate change. Global Change Biology, 19(7) 1970-1984. 

531 doi:https://doi.org/10.1111/gcb.12203

532 Dawson, W. R., & Bartholomew, G. A. (1968). Chapter VII - temperature regulation and 

533 water economy of desert birds A2 - Brown, G.W. In Desert Biology (pp. 357-394). 

534 London, United Kingdom: Academic Press.

535 du Plessis, K. L., Martin, R. O., Hockey, P. A. R., Cunningham, S. J., & Ridley, A. R. (2012). 

536 The costs of keeping cool in a warming world: implications of high temperatures for 

https://doi.org/10.2307/4082821
https://doi.org/10.1890/es15-00163.1
https://doi.org/10.1002/ecs2.1403
http://www.climatechangeinaustralia.gov.au/en/climate-projections/explore-data/threshold-calculator/
http://www.climatechangeinaustralia.gov.au/en/climate-projections/explore-data/threshold-calculator/
https://doi.org/10.1111/j.1474-919X.2004.00327.x
https://doi.org/10.1071/MU972008
https://doi.org/10.1111/gcb.12203


30

537 foraging, thermoregulation and body condition of an arid-zone bird. Global Change 

538 Biology, 18(10), 3063-3070. doi:https://doi.org/10.1111/j.1365-2486.2012.02778.x

539 Duguid, A., Barnetson, J., Clifford, B., Pavey, C. R., Albrecht, D., Risler, J., & McNellie, M. 

540 (2005). Wetlands in the arid Northern Territory. A report to the Australian 

541 Government Department of the Environment and Heritage on the inventory and 

542 significance of wetlands in the arid NT. (Vol. 1). Alice Springs: Northern Territory 

543 Government Department of Natural Resources, Environment and the Arts.

544 Dzialowski, E. M. (2005). Use of operative temperature and standard operative temperature 

545 models in thermal biology. Journal of Thermal Biology, 30(4), 317-334. 

546 doi:https://doi.org/10.1016/j.jtherbio.2005.01.005

547 Fisher, C. D., Lindgren, E., & Dawson, W. R. (1972). Drinking patterns and behavior of 

548 Australian desert birds in relation to their ecology and abundance. The Condor, 74(2), 

549 111-136. doi:https://doi.org/10.2307/1366276

550 Fleming, P. A., Gray, D. A., & Nicolson, S. W. (2004). Osmoregulatory response to acute 

551 diet change in an avian nectarivore: rapid rehydration following water shortage. 

552 Comparative Biochemistry and Physiology Part A: Molecular & Integrative 

553 Physiology, 138(3), 321-326. doi:https://doi.org/10.1016/j.cbpb.2004.04.003

554 Ford, H., Davis, W. E., Debus, S., Ley, A., Recher, H., & Williams, B. (1993). Foraging and 

555 aggressive behaviour of the regent honeyeater Xanthomyza phrygia in northern New 

556 South Wales. Emu, 93(4), 277-280. doi:https://doi.org/10.1071/MU9930277

557 Goldstein, D. L., & Bradshaw, S. D. (1998). Renal function in red wattlebirds in response to 

558 varying fluid intake. Journal of Comparative Physiology B, 168(4), 265-272. 

559 doi:https://doi.org/10.1007/s003600050145

https://doi.org/10.1111/j.1365-2486.2012.02778.x
https://doi.org/10.1016/j.jtherbio.2005.01.005
https://doi.org/10.2307/1366276
https://doi.org/10.1016/j.cbpb.2004.04.003
https://doi.org/10.1071/MU9930277
https://doi.org/10.1007/s003600050145


31

560 Goldstein, D. L., & Lyons, M. E. (2002). Osmoregulation by nestling and adult American 

561 kestrels (Falco sparverius). The Auk: Ornithological Advances, 119(2), 426-436. 

562 doi:https://doi.org/10.1642/0004-8038(2002)119[0426:Obnaaa]2.0.Co;2

563 Hayward, M. W., & Hayward, M. D. (2012). Waterhole use by African fauna. South African 

564 Journal of Wildlife Research-24-month delayed open access, 42(2), 117-127. 

565 doi:https://doi.org/10.3957/056.042.0209

566 Head, L., Adams, M., McGregor, H. V., & Toole, S. (2014). Climate change and Australia. 

567 Wiley Interdisciplinary Reviews: Climate Change, 5(2), 175-197. 

568 doi:https://doi.org/10.1002/wcc.255

569 Hitch, A. T., & Leberg, P. L. (2007). Breeding distributions of north American bird species 

570 moving north as a result of climate change. Conservation Biology, 21(2), 534-539. 

571 doi:https://doi.org/10.1111/j.1523-1739.2006.00609.x

572 Hughes, L. (2003). Climate change and Australia: trends, projections and impacts. Austral 

573 Ecology, 28(4), 423-443. doi:https://doi.org/10.1046/j.1442-9993.2003.01300.x

574 Iknayan, K. J., & Beissinger, S. R. (2018). Collapse of a desert bird community over the past 

575 century driven by climate change. Proceedings of the National Academy of Sciences, 

576 115(34), 8597-8602. doi:https://doi.org/10.1073/pnas.1805123115

577 Irwin, M. (1956). Notes on the drinking habits of birds in semi desertic Bechuanaland. Bull. 

578 BOC, 76, 99-101. 

579 Jetz, W., Wilcove, D. S., & Dobson, A. P. (2007). Projected impacts of climate and land-use 

580 change on the global diversity of birds. PLOS Biology, 5(6), e157. 

581 doi:https://doi.org/10.1371/journal.pbio.0050157

582 Koutsos, E. A., Matson, K. D., & Klasing, K. C. (2001). Nutrition of birds in the order 

583 Psittaciformes: a review. Journal of Avian Medicine and Surgery, 15(4), 257-275, 

584 219. doi:https://doi.org/10.1647/1082-6742(2001)015[0257:NOBITO]2.0.CO;2 

https://doi.org/10.1642/0004-8038(2002)119%5b0426:Obnaaa%5d2.0.Co;2
https://doi.org/10.3957/056.042.0209
https://doi.org/10.1002/wcc.255
https://doi.org/10.1111/j.1523-1739.2006.00609.x
https://doi.org/10.1046/j.1442-9993.2003.01300.x
https://doi.org/10.1073/pnas.1805123115
https://doi.org/10.1371/journal.pbio.0050157
https://doi.org/10.1647/1082-6742(2001)015%5b0257:NOBITO%5d2.0.CO;2%20


32

585 Lee, A. T. K., Wright, D., & Barnard, P. (2017). Hot bird drinking patterns: drivers of water 

586 visitation in a fynbos bird community. African Journal of Ecology, 55(4), 541-553. 

587 doi:https://doi.org/10.1111/aje.12384

588 Lee, P., & Schmidt-Nielsen, K. (1971). Respiratory and cutaneous evaporation in the zebra 

589 finch: effect on water balance. American Journal of Physiology-Legacy Content, 

590 220(6), 1598-1605. doi:https://doi.org/10.1152/ajplegacy.1971.220.6.1598

591 Lemoine, N., Schaefer, H. C., & Böhning‐Gaese, K. (2007). Species richness of migratory 

592 birds is influenced by global climate change. Global Ecology and Biogeography, 

593 16(1), 55-64. doi:https://doi.org/10.1111/j.1466-8238.2006.00252.x

594 Lindström, Å., Green, M., Paulson, G., Smith, H. G., & Devictor, V. (2013). Rapid changes 

595 in bird community composition at multiple temporal and spatial scales in response to 

596 recent climate change. Ecography, 36(3), 313-322. doi:https://doi.org/10.1111/j.1600-

597 0587.2012.07799.x

598 Mac Nally, R., Timewell, C. A. R., & Burger, A. E. (2005). Resource availability controls 

599 bird-assemblage composition through interspecific aggression. The Auk, 122(4), 

600 1097-1111. doi:https://doi.org/10.1642/0004-

601 8038(2005)122[1097:RACBCT]2.0.CO;2

602 MacMillen, R. E. (1990). Water economy of granivorous birds: a predictive model. Condor, 

603 379-392. doi:https://doi.org/10.2307/1368235

604 MacMillen, R. E., & Baudinette, R. V. (1993). Water economy of granivorous birds: 

605 Australian parrots. Functional Ecology, 7(6), 704-712. 

606 doi:https://doi.org/10.2307/2390192

607 Manly, B. F. J. (1992). The design and analysis of research studies. Cambridge, United 

608 Kingdom: Cambridge University Press.

https://doi.org/10.1111/aje.12384
https://doi.org/10.1152/ajplegacy.1971.220.6.1598
https://doi.org/10.1111/j.1466-8238.2006.00252.x
https://doi.org/10.1111/j.1600-0587.2012.07799.x
https://doi.org/10.1111/j.1600-0587.2012.07799.x
https://doi.org/10.1642/0004-8038(2005)122%5b1097:RACBCT%5d2.0.CO;2
https://doi.org/10.1642/0004-8038(2005)122%5b1097:RACBCT%5d2.0.CO;2
https://doi.org/10.2307/1368235
https://doi.org/10.2307/2390192


33

609 Manzo, E., Bartolommei, P., Rowcliffe, J. M., & Cozzolino, R. (2012). Estimation of 

610 population density of European pine marten in central Italy using camera trapping. 

611 Acta Theriologica, 57(2), 165-172. doi:https://doi.org/10.1007/s13364-011-0055-8

612

https://doi.org/10.1007/s13364-011-0055-8


34

613 Marder, J., & Arad, Z. (1989). Panting and acid-base regulation in heat stressed birds. 

614 Comparative Biochemistry and Physiology Part A: Physiology, 94(3), 395-400. 

615 doi:https://doi.org/10.1016/0300-9629(89)90112-6

616 Martínez del Rio, C., Schondube, J. E., McWhorter, T. J., & Herrera, L. G. (2015). Intake 

617 responses in nectar feeding birds: digestive and metabolic causes, osmoregulatory 

618 consequences, and coevolutionary effects. American Zoologist, 41(4), 902-915. 

619 doi:https://doi.org/10.1093/icb/41.4.902

620 McKechnie, A. E., Gerson, A. R., McWhorter, T. J., Smith, E. K., Talbot, W. A., & Wolf, B. 

621 O. (2017). Avian thermoregulation in the heat: evaporative cooling in five Australian 

622 passerines reveals within-order biogeographic variation in heat tolerance. The Journal 

623 of Experimental Biology, 220(13), 2436-2444. doi:https://doi.org/10.1242/jeb.155507

624 McKechnie, A. E., Whitfield, M. C., Smit, B., Gerson, A. R., Smith, E. K., Talbot, W. A., . . . 

625 Wolf, B. O. (2016). Avian thermoregulation in the heat: efficient evaporative cooling 

626 allows for extreme heat tolerance in four southern hemisphere columbids. The Journal 

627 of Experimental Biology, 219(14), 2145. doi:https://doi.org/10.1242/jeb.138776

628 McWhorter, T. J., Gerson, A. R., Talbot, W. A., Smith, E. K., McKechnie, A. E., & Wolf, B. 

629 O. (2018). Avian thermoregulation in the heat: evaporative cooling capacity and 

630 thermal tolerance in two Australian parrots. The Journal of Experimental Biology, 

631 221(6), jeb168930. doi:https://doi.org/10.1242/jeb.168930

632 Menzel, A., Sparks, T. H., Estrella, N., Koch, E., Aasa, A., Ahas, R., . . . Zust, A. N. A. 

633 (2006). European phenological response to climate change matches the warming 

634 pattern. Global Change Biology, 12(10), 1969-1976. 

635 doi:https://doi.org/10.1111/j.1365-2486.2006.01193.x

636 Merrick, J. R. (2006). Evolution and biogeography of Australasian vertebrates. Sydney, 

637 Australia: AUSCIPUB.

https://doi.org/10.1016/0300-9629(89)90112-6
https://doi.org/10.1093/icb/41.4.902
https://doi.org/10.1242/jeb.155507
https://doi.org/10.1242/jeb.138776
https://doi.org/10.1242/jeb.168930
https://doi.org/10.1111/j.1365-2486.2006.01193.x


35

638 Milne, R., Cunningham, S. J., Lee, A. T. K., & Smit, B. (2015). The role of thermal 

639 physiology in recent declines of birds in a biodiversity hotspot. Conservation 

640 Physiology, 3(1), cov048-cov048. doi:https://doi.org/10.1093/conphys/cov048

641 Møller, A. P., Rubolini, D., & Lehikoinen, E. (2008). Populations of migratory bird species 

642 that did not show a phenological response to climate change are declining. 

643 Proceedings of the National Academy of Sciences, 105(42), 16195-16200. 

644 doi:https://doi.org/10.1073/pnas.0803825105

645 Morton, S., Smith, D. S., Dickman, C., Dunkerley, D., Friedel, M., McAllister, R., . . . Walsh, 

646 F. (2011). A fresh framework for the ecology of arid Australia. Journal of Arid 

647 Environments, 75(4), 313-329. doi:https://doi.org/10.1016/j.jaridenv.2010.11.001

648 Nicolson, S. W., & Fleming, P. A. (2003). Nectar as food for birds: the physiological 

649 consequences of drinking dilute sugar solutions. Plant Systematics and Evolution, 

650 238(1), 139-153. doi:https://doi.org/10.1007/s00606-003-0276-7

651 Olsen, P. (1995). Australian birds of prey: the biology and ecology of raptors. Sydney, 

652 Australia: UNSW Press.

653 Pavey, C. R., & Nano, C. E. M. (2009). Bird assemblages of arid Australia: vegetation 

654 patterns have a greater effect than disturbance and resource pulses. Journal of Arid 

655 Environments, 73(6–7), 634-642. doi:https://doi.org/10.1016/j.jaridenv.2009.01.010

656 Persson, L. (1985). Asymmetrical competition: are larger animals competitively superior? 

657 The American Naturalist, 126(2), 261-266. doi:https://doi.org/10.1086/284413

658 R Core Team. (2018). R: a language and environment for statistical computing. Vienna, 

659 Austria: R Foundation for Statistical Computing. Retrieved from https://www.R-

660 project.org/

661

https://doi.org/10.1093/conphys/cov048
https://doi.org/10.1073/pnas.0803825105
https://doi.org/10.1016/j.jaridenv.2010.11.001
https://doi.org/10.1007/s00606-003-0276-7
https://doi.org/10.1016/j.jaridenv.2009.01.010
https://doi.org/10.1086/284413
https://www.R-project.org/
https://www.R-project.org/


36

662 Reside, A. E., VanDerWal, J., Phillips, B. L., Shoo, L. P., Rosauer, D. F., Anderson, B. J., . . . 

663 Harwood, T. D. (2013). Climate change refugia for terrestrial biodiversity: defining 

664 areas that promote species persistence and ecosystem resilience in the face of global 

665 climate change. Gold Coast, Australia: National Climate Change Adaptation Research 

666 Facility.

667 Sæther, B. E., Tufto, J., Engen, S., Jerstad, K., Røstad, O. W., & Skåtan, J. E. (2000). 

668 Population dynamical consequences of climate change for a small temperate songbird. 

669 Science, 287(5454), 854-856. doi:https://doi.org/10.1126/science.287.5454.854

670 Saunders, D. A., Mawson, P., & Dawson, R. (2011). The impact of two extreme weather 

671 events and other causes of death on Carnaby's black cockatoo: a promise of things to 

672 come for a threatened species? Pacific Conservation Biology, 17(2), 141-148. 

673 doi:https://doi.org/10.1071/PC110141

674 Schneider, N. A., & Griesser, M. (2009). Influence and value of different water regimes on 

675 avian species richness in arid inland Australia. Biodiversity and Conservation, 18(2), 

676 457-471. doi:https://doi.org/10.1007/s10531-008-9501-6

677 Skadhauge, E. (1974). Renal concentrating ability in selected west Australian birds. The 

678 Journal of Experimental Biology, 61(1), 269-276. 

679 Smit, B., & McKechnie, A. E. (2015). Water and energy fluxes during summer in an arid-

680 zone passerine bird. Ibis, 157(4), 774-786. doi:https://doi.org/10.1111/ibi.12284

681 Smit, B., Whitfield, M. C., Talbot, W. A., Gerson, A. R., McKechnie, A. E., & Wolf, B. O. 

682 (2018). Avian thermoregulation in the heat: phylogenetic variation among avian 

683 orders in evaporative cooling capacity and heat tolerance. The Journal of 

684 Experimental Biology, 221(6), jeb174870. doi:https://doi.org/10.1242/jeb.174870

https://doi.org/10.1126/science.287.5454.854
https://doi.org/10.1071/PC110141
https://doi.org/10.1007/s10531-008-9501-6
https://doi.org/10.1111/ibi.12284
https://doi.org/10.1242/jeb.174870


37

685 Smit, B., Woodborne, S., Wolf, B. O., & McKechnie, A. E. (2019). Differences in the use of 

686 surface water resources by desert birds are revealed using isotopic tracers. The Auk, 

687 136(1). doi:https://doi.org/10.1093/auk/uky005

688 Smit, B., Zietsman, G., Martin, R. O., Cunningham, S. J., McKechnie, A. E., & Hockey, P. 

689 A. R. (2016). Behavioural responses to heat in desert birds: implications for 

690 predicting vulnerability to climate warming. Climate Change Responses, 3(1), 9. 

691 doi:https://doi.org/10.1186/s40665-016-0023-2

692 Smith, J. E. (2015). Effects of environmental variation on the composition and dynamics of 

693 an arid-adapted Australian bird community. Pacific Conservation Biology, 21(1), 74-

694 86. doi:https://doi.org/10.1071/PC14905

695 Smyth, M., & Coulombe, H. N. (1971). Notes on the use of desert springs by birds in 

696 California. The Condor, 73(2), 240-243. 

697 Stocker, T. F. (2014). Climate change 2013: the physical science basis: Working group I 

698 contribution to the fifth assessment report of the Intergovernmental Panel on Climate 

699 Change. Cambridge, United Kingdom: Cambridge University Press.

700 Suggitt, A. J., Gillingham, P. K., Hill, J. K., Huntley, B., Kunin, W. E., Roy, D. B., & 

701 Thomas, C. D. (2011). Habitat microclimates drive fine-scale variation in extreme 

702 temperatures. Oikos, 120(1), 1-8. doi:https://doi.org/10.1111/j.1600-

703 0706.2010.18270.x

704 Sundaresan, S. R., Riginos, C., & Abelson, E. S. (2011). Management and analysis of camera 

705 trap data: alternative approaches (response to Harris et al. 2010). Bulletin of the 

706 Ecological Society of America, 92(2), 188-195. doi:https://doi.org/10.1890/0012-

707 9623-92.2.188

708 Thomas, C. D., & Lennon, J. J. (1999). Birds extend their ranges northwards. Nature, 399, 

709 213. doi:https://doi.org/10.1038/20335

https://doi.org/10.1093/auk/uky005
https://doi.org/10.1186/s40665-016-0023-2
https://doi.org/10.1071/PC14905
https://doi.org/10.1111/j.1600-0706.2010.18270.x
https://doi.org/10.1111/j.1600-0706.2010.18270.x
https://doi.org/10.1890/0012-9623-92.2.188
https://doi.org/10.1890/0012-9623-92.2.188
https://doi.org/10.1038/20335


38

710 Tieleman, B. I., Williams, J. B., & Bloomer, P. (2003). Adaptation of metabolism and 

711 evaporative water loss along an aridity gradient. Proceedings of the Royal Society of 

712 London. Series B: Biological Sciences, 270(1511), 207. 

713 doi:https://doi.org/10.1098/rspb.2002.2205

714 Tischler, M., Dickman, C. R., & Wardle, G. M. (2013). Avian functional group responses to 

715 rainfall across four vegetation types in the Simpson Desert, central Australia. Austral 

716 Ecology, 38(7), 809-819. doi:https://doi.org/10.1111/aec.12065

717 Valeix, M. (2011). Temporal dynamics of dry-season water-hole use by large African 

718 herbivores in two years of contrasting rainfall in Hwange National Park, Zimbabwe. 

719 Journal of Tropical Ecology, 27(02), 163-170. 

720 doi:https://doi.org/10.1017/S0266467410000647

721 Valeix, M., Chamaillé-Jammes, S., & Fritz, H. (2007). Interference competition and temporal 

722 niche shifts: elephants and herbivore communities at waterholes. Oecologia, 153(3), 

723 739-748. doi:https://doi.org/10.1007/s00442-007-0764-5

724 Villette, P., Krebs, C. J., Jung, T. S., & Boonstra, R. (2016). Can camera trapping provide 

725 accurate estimates of small mammal ( Myodes rutilus and Peromyscus maniculatus ) 

726 density in the boreal forest? Journal of Mammalogy, 97(1), 32-40. 

727 doi:https://doi.org/10.1093/jmammal/gyv150

728 Waser, N. M., & Price, M. V. (2016). Drought, pollen and nectar availability, and pollination 

729 success. Ecology, 97(6), 1400-1409. doi:https://doi.org/10.1890/15-1423.1

730 Washington-Allen, R. A., Van Niel, T. G., Ramsey, R. D., & West, N. E. (2004). Remote 

731 sensing-based piosphere analysis. GIScience & Remote Sensing, 41(2), 136-154. 

732 doi:https://doi.org/10.2747/1548-1603.41.2.136

https://doi.org/10.1098/rspb.2002.2205
https://doi.org/10.1111/aec.12065
https://doi.org/10.1017/S0266467410000647
https://doi.org/10.1007/s00442-007-0764-5
https://doi.org/10.1093/jmammal/gyv150
https://doi.org/10.1890/15-1423.1
https://doi.org/10.2747/1548-1603.41.2.136


39

733 Weathers, W. W. (1981). Physiological thermoregulation in heat-stressed birds: 

734 consequences of body size. Physiological Zoology, 54(3), 345-361. 

735 doi:https://doi.org/10.1086/physzool.54.3.30159949

736 Williams, P. L., & Koenig, W. D. (1980). Water dependence of birds in a temperate oak 

737 woodland. The Auk, 339-350. doi:https://doi.org/10.1093/auk/97.2.339

738 Wolf, B., & Walsberg, G. (1996). Respiratory and cutaneous evaporative water loss at high 

739 environmental temperatures in a small bird. The Journal of Experimental Biology, 

740 199(2), 451-457. 

741 Wood, S. N., Pya, N., & Säfken, B. (2016). Smoothing parameter and model selection for 

742 general smooth models. Journal of the American Statistical Association, 111(516), 

743 1548-1563. doi:https://doi.org/10.1080/01621459.2016.1180986

744 Zann, R. A., & Bamford, M. (1996). The zebra finch: a synthesis of field and laboratory 

745 studies. Melbourne, Australia: Oxford University Press.

746 Zhou, L., Chen, H., & Dai, Y. (2015). Stronger warming amplification over drier ecoregions 

747 observed since 1979. Environmental Research Letters, 10(6), 064012. 

748 doi:https://doi.org/10.1088/1748-9326/10/6/064012

749 Zuur, A. F., Hilbe, J., & Ieno, E. N. (2013). A beginner's guide to GLM and GLMM with R: a 

750 frequentist and bayesian perspective for ecologists. Nuewburgh, United Kingdom: 

751 Highland Statistics.

752 Zuur, A. F., Ieno, E. N., & Elphick, C. S. (2010). A protocol for data exploration to avoid 

753 common statistical problems. Methods in Ecology and Evolution, 1(1), 3-14. 

754 doi:https://doi.org/10.1111/j.2041-210X.2009.00001.x

755

https://doi.org/10.1086/physzool.54.3.30159949
https://doi.org/10.1093/auk/97.2.339
https://doi.org/10.1080/01621459.2016.1180986
https://doi.org/10.1088/1748-9326/10/6/064012
https://doi.org/10.1111/j.2041-210X.2009.00001.x


SUPPORTING INFORMATION

Thermally-driven thresholds in terrestrial avifauna waterhole 

visitation indicate vulnerability to a warming climate

Simon E.Votto, Fiona J. Dyer, Valerie Caron, Jenny A. Davis



Model validation

No clear non-linear patterns were found between the residuals (the difference between the 

observed and predicted DTR for a given value of one of the fixed covariates) and fitted 

values (predicted DTR of a model given the value of one of the covariates) for each model 

(Supporting information Figure S1, S2, S3, S4). This means model predictions for DTR 

maintain an acceptable level of accuracy as covariates increased in their respective values.

Figure S1. Residual plots for nectarivore GAMMs. A: Residuals plotted versus fitted values. 

B: Residuals plotted versus daily maximum temperature. C: Residuals plotted against month. 

D: Residuals plotted versus days since rainfall greater than 2mm. 
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Figure S2. Residual plots for granivore GAMMs. A: Residuals plotted versus fitted values. 

B: Residuals plotted versus daily maximum temperature. C: Residuals plotted against month. 

D: Residuals plotted versus days since rainfall greater than 2mm. 
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Figure S3. Residual plots for carnivore GAMMs. A: Residuals plotted versus fitted values. 

B: Residuals plotted versus daily maximum temperature. C: Residuals plotted against month. 

D: Residuals plotted versus days since rainfall greater than 2mm.
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Figure S4. Residual plots for omnivore GAMMs. A: Residuals plotted versus fitted values. 

B: Residuals plotted versus daily maximum temperature. C: Residuals plotted against month. 

D: Residuals plotted versus days since rainfall greater than 2mm.
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Autocorrelation between covariates (daily maximum temperature and days since last rainfall 

greater than 2mm) was weak for each model as indicated by variance inflation factor (VIF) 

scores that were all under 1.2 (Supporting information Table S1.). Calculations for residual 

overdispersion resulted in values close to 1 for each model, which indicates there is no 

overdispersion in the residuals (Supporting information Table S2.). This means that the 

observed variance in DTRs for each functional group was not higher than the predicted 

variance in DTRs calculated in each model.

Table S1. Variance inflation factor scores for each covariate used in GAMMs for each 

terrestrial avian functional group.

Daily Maximum 

Temperature

Last Rainfall Greater 

Than 2mm

Daily Rainfall Sampling Days

1.004041 1.164292 1.039569 1.135685

Table S2. Residual overdispersion checks for each functional group within their associated 

GAMM. 

Nectarivore Granivore Carnivore Omnivore

1.00034 0.9999139 1.007311 1.007226


