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In birds ambient temperature can influence adult incubation behaviour, energy budget, egg 

temperature, and embryonic development with downstream effects on offspring survival. 

Surprisingly, experimental manipulations of the whole nesting environment to test causes and 

consequences of variation in incubation pattern, energy balance, egg temperature, and the duration 

of development are lacking to date. Here, we bred pairs of Zebra Finches Taeniopygia guttata 

under controlled conditions at 18° and 30°C and measured clutch size, temperature, hatching 

success, parental attentiveness and the length of the embryonic period. We found that when 

breeding at the higher temperature, males, but not females, increased the number of incubation 

bouts on the nest. Instead, females, but not males, reduced their attentiveness towards the clutch 

overall. Eggs showed no temperature differences between the two treatments and bigger clutches 

experienced lower temperatures. This suggests that parental behaviour may buffer the effect of 

ambient conditions on the thermal profile of eggs, including species with high rates of parental 

attentiveness. Warmer conditions yielded higher hatching rates but did not cause measurable 

differences in the length of embryonic development. Still, smaller clutches hatched earlier in 

accordance with the higher temperature experienced. Additionally, we used data from the 

literature to calculate parental energy expenditure and demonstrate that this was substantially 

different across the two treatments, although predicted energy savings from reduced attentiveness 

at 30°C appeared negligible. These results suggest that when food is available, ambient 

temperature and not energy trade-offs may explain variation in incubation behaviour. 
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Variation in environmental temperature can have pervasive effects on parental care with strong 

ramifications for survival and reproduction in different taxa (Kight et al. 2000, Freedberg et al. 

2001, Green & McCormick 2005, Hopkins et al. 2011, Du & Shine 2015). These consequences 

are also investigated in the avian literature during incubation when ectothermic eggs are 

developing ( Ar & Sidis 2002, DuRant et al. 2013, Berntsen & Bech 2016, Griffith et al. 2016). 

On the one hand ambient temperature can directly influence embryonic temperature during 

parental off-bouts that can last for multiple hours as is common in tropical species (Martin et al. 

2007, Martin et al. 2015, Austin et al. 2019). Yet, the effects of variation in ambient temperature 

on egg temperature have been traditionally considered limited in species with high natural 

attentiveness (Drent 1972, Drent 1975, Silver 1983, Du Rant et al. 2013). This is because while 

sitting on the nest, parents are assumed to override external temperature effects, but in hot 

environments this may lead to heat stress for the embryos. On the other hand environmental 

temperature can also affect patterns of parental on- and off-bouts (Conway & Martin 2000, Ardia 

et al. 2006, Coe et al. 2015), and these parental responses are normally predicated around 

energetic trade-offs (Yom-Tov & Hilborn 1981). Despite the important downstream effects for 

offspring life history and survival (Ospina et al. 2018), the actual outcome of the interaction 

between parents and environment in determining egg temperature, as well as the actual roles of 

energetics in determining parental behaviour, have been poorly tested (Du Rant et al. 2019). 

Descriptive studies on White-crowned Sparrow Zonotrichia leucophrys in Oregon have 

shown positive correlations between parental incubation effort and ambient temperature for certain 

temperature intervals (Webb & King 1983). Conversely, this correlation was negative for Snowy 

Plovers Charadrius nivosus in Oklahoma (Purdue 1976), and absent at all in Orange-crowned 

Warblers Leiothlypis celata in Arizona (Conway & Martin 2000). Another study revealed inverse 

parental responses in Tree Swallows Tachycineta bicolor as a function of the interaction between 

temperature and precipitation pattern (Coe et al. 2015). Some experimental tests support the 

hypothesis that because incubation is an energetically costly task, the amount of time that parents 

spend in their nests regulating egg temperature (attentiveness) is limited by available energy 

(Yom-Tov & Hilborn 1981). Once supplied with extra resources such as heat (Bryan & Bryant 

1999) or food (Chalfoun & Martin 2007) parents of Great Tits Parus major and Karoo Prinia 

Prinia maculosa, respectively, increased their attentiveness. Increased nest attentiveness can 

translate into higher egg temperature and consequently shorter embryonic periods (Rebstock & 

Boersma 2011). Other studies have instead demonstrated the opposite pattern where females of A
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Belding’s Savannah Sparrow Passerculus sandwichensis incubating at warmer temperatures in 

California decreased rather than increased their incubation effort (Davis et al. 1984), and have also 

identified sex-dependent differences in attentiveness for European Starlings Sturnus vulgaris (van 

Overveld et al. 2005). While available studies are extremely valuable in broadening our 

understanding of parental and embryonic plastic adjustments to ambient temperature variation, 

they still provide an incomplete test of these mechanisms. 

Correlative studies lack the ability to determine causation, while experimental tests using 

incubators to manipulate egg temperature provide useful results on the fine-tuned relationship 

between temperature and length of embryonic development but remove parental care from 

consideration (Hepp et al. 2006, Ospina et al. 2018). Most importantly, field studies that have 

experimentally heated the nest influence parental incubation decisions only while adults are sitting 

on the eggs, and therefore subject to the thermal manipulation (Perez et al. 2008, Ardia et al. 

2009, Álvarez & Barba 2014). Instead, when parents are off the nest their decision making process 

about whether to resume incubation depends on the un-manipulated ambient temperature and on 

other environmental variables. Indeed, in the field additional uncontrolled factors exist that change 

on a fine scale such as food availability (Chalfun & Martin 2007), nest predation rate (LaManna & 

Martin 2016), and body condition of the adults (Gorman & Nager 2003). Additionally, also nest 

insulation properties (Deeming et al. 2012) and clutch size (Austin et al. 2019), need to be taken 

into consideration because they can have repercussions on the thermal conditions experienced by 

eggs and on parental behaviour. All of the above ecological aspects may influence incubation 

effort and thus potentially masking the effects of ambient temperature. Therefore, a more complete 

description of the influence of ambient temperature on parents and eggs will only come from 

experiments that, while controlling or measuring others environmental variables, manipulate 

temperature not just in the nest, but also of the whole breeding environment. To date, such tests 

are lacking.

Here, we exposed captive Zebra Finches to a repeat-breeding experiment in rooms at 18° 

and 30° C where the pairs from each temperature were moved to the opposite treatment after 

completing a first breeding cycle. Our experimental design controls for nesting and oviposition 

site that influence, and are influenced by, environmental temperature (Deeming et al. 2012, Martin 

et al. 2017). We consider Zebra Finches an ideal species to test the effects of ambient temperature 

on egg temperature, parental incubation behaviour, and the duration of embryonic development 

for multiple reasons. First, in Zebra Finches both adults contribute to incubation and thus our A
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study may provide further insights into sex-specific variation in parental care.  Secondly, in their 

natural environment they reproduce over a broad range of temperatures (Griffith et al. 2016) that 

may require relatively high levels of behavioural plasticity in care. Thirdly, Zebra Finches have a 

naturally high level of evolved clutch attentiveness (Vleck 1981). High attentiveness may override 

influences of environmental temperature on embryonic temperature and development as predicted 

by the classic view (Drent 1972, Drent 1975, Silver 1983, Du Rant et al. 2013). Alternatively, the 

high level of attentiveness may constrain parental responses, with eggs potentially experiencing 

overheating in hotter conditions but these possibilities remain to be tested. 

METHODS

Experimental design

Twenty-three male and female zebra finches (domestically bred) were force-paired and reared in 

captivity under controlled conditions at Macquarie University (under Animal Ethics Committee 

approval ARA 2013/029). Each pair was housed in a cage with dimensions of 70 cm wide × 47 cm 

deep × 130 cm high containing two 13.5 × 15 cm rattan nest baskets and provided with November 

Grass Amphybromus spp., white cotton thread and Emu Dromaius novaehollandiae feathers to 

line their cups. Cages were held inside temperature-controlled rooms set at either 18°C or 30°C (n 

= 12 pairs/temperature) where finches were acclimated for two weeks without nests before being 

allowed to breed. These two treatment temperatures are ecologically relevant because they reflect 

the average ambient temperatures recorded under natural conditions at Fowlers Gap Arid Research 

Station (our study field in Australia 31° S, 141° E), during the early cooler (July-August), and late 

hotter (December-Jannuary) months of the breeding season (Griffith et al. 2016). Birds were 

maintained with dry millet finch seed mix (Panicum and Setaria spp.) and water available ad 

libitum plus a small daily supplement of Green Pea (Pisum sativum)-Spinach (Spinacia oleracea) 

mash with soft food, hard boiled Chicken (Gallus gallus domesticus) egg, and sprouted seed. 

During the egg-laying stage of the first reproductive attempt nests were monitored daily, with any 

new eggs collected for other work (Andrew et al. 2018), and replaced with dummy eggs (made 

from white Mont Marte hardening modeling clay, Mont Marte, Australia) until clutch completion. 

This first attempt was interrupted on day 9 of incubation when nests were removed for another 

study looking at temperature-dependent variation in nest size and building material (Campbell et 

al. 2018). At this point, new rattan nesting baskets and material were provided and birds were A
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allowed a second attempt where they could rebuild their nest, lay and incubate a new clutch, and 

raise a brood of chicks to independence. Pairs were all then switched into the alternative 

temperature treatment and following another two-week acclimation period with no nest baskets or 

material, the entire process was repeated (see Andrew et al. 2017 for further methodological 

details). As a result, each pair had two reproductive attempts and completed a full successful 

breeding cycle (from nest building to fledging) in the two different temperature treatments. In this 

way, over the experimental period, half of the pairs bred first at 18°C then 30°C and the other half 

bred first at 30°C then 18°C. This design allowed us to take a within-individual analytical 

approach, reducing the confounding effects of differences across individuals, and also the effects 

of the first and second breeding attempt by each pair. 

Measurements of parental behaviour, clutch temperature and embryonic period length

Between days 5 and 7 of the incubation of dummy eggs, average egg temperature was quantified 

using an iButton (DS1921G Thermochron iButton: Maxim Integrated, San Jose, CA) set to record 

temperature (±0.1°C) every minute. The device was placed in the bottom of the nest cup, 

alongside the eggs before 09:00 (GMT+10) in the morning and removed at the same time two 

days later. We decided to measure temperature in nests with dummy eggs for two main reasons. 

The first was to prevent the iButton from damaging the actual eggs. The second was to avoid 

increasing the total mass in the real nest by adding the iButton. Indeed this could dissipate the 

amount of heat received by the eggs and influence timing of embryonic development as found in 

other studies (Moreno & Carlson 1989; Thompson et al. 1998). The morning following the first 

day of egg temperature measurements we video recorded parental incubation behaviour at the nest 

for six hours starting between 08:00 and 09:00 am. Overall, the majority of videos were recorded 

on day 7 of incubation, with seven occurring on day 8. The total video duration of six hours was 

split in three two-hour sections called early, mid and late morning, respectively. One random hour 

per section was watched thereby providing three hours of parental incubation attentiveness for 

each pair. Measuring clutch temperature with the iButton while also video recording parental 

behaviour allowed us to match the timing of parental on and off bouts with the temperature 

recorded in the nest. The temperature data recorded were then averaged to obtain mean incubation 

temperature for each sex. This process was repeated for each randomly selected one-hour interval 

of incubation (early, mid and late morning) and for both breeding cycles. Therefore we ended up 

analyzing a dataset of 276 data points generated from 23 pairs × two sexes  (male or female) × A
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three distinct part of the day (early, mid and late morning) × two treatment temperature, × two 

breeding cycles that yielded 276 observations (see complete data set for temperature and 

attentiveness analysis Dryad). Because Zebra Finches in captivity start incubating as soon as they 

lay eggs, rather than at clutch completion (Gilby et al. 2013), the duration of the embryonic period 

was calculated as the number of days between the laying and the hatch date of the first egg in the 

clutch. To capture hatch date nests were monitored every day only in the morning between 07:00 

and 8:00 to avoid interferences with other tests and measurements performed during the day. 

Timing of hatch was assigned to the previous or same day based on presence of eggshell 

fragments in the nest, appearance of the nestling (wet versus dry), and mass of the nestling 

compared to the mass of the eggs during late incubation. Note that the developmental time was 

measured for the second reproductive attempt at each temperature treatment, while the egg 

temperatures and behavioural videos were taken while the parents incubated dummy eggs that 

replaced the first clutch that was laid. None of the pairs we used in our experiment died so that we 

could use the same adults in both breeding cycles at two different temperatures. 

Data analysis

We tested for the effects of the temperature treatment on the amount of time spent in the nest, and 

on number of incubation bouts by fitting a linear mixed model with treatment (18° or 30°C), 

breeding cycle (first or second), order of exposure to treatment (1830 or 3018°C), and sex 

(male or female) as independent variables. Individual pair identity was included as a random 

factor. We also built a model to examine differences between temperature treatments on clutch 

temperature and percent of eggs hatched with treatment, sex, breeding cycle, clutch size and order 

as independent variables and pair identity as random factor. Finally, we evaluated the effect of 

experimental temperature on length of embryonic period using treatment, breeding cycle, clutch 

size, and order as independent variables and pair identity as a random factor. Marginal and 

conditional R2 for our generalized mixed-effects models were calculated using the r 

squaredGLMM function MuMIn that implements the method described by Nakagawa and 

Schielzeth (2013). We tested for two- and three-way interactions between all independent 

variables included in each model. We dropped all interactions when not significant. Descriptive 

statistics (mean and SD) are reported in the Results section while model outputs are summarized in 

the tables. We used a threshold α = 0.05 to test the significance of our models. All statistical A
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analyses were performed using packages lme4 and lmerTest in program R version 3.4.2 for Mac 

(R Development Core Team 2008). 

To quantify the differences in energy expenditure (kJ) between incubating and non 

incubating birds at 30°C and between birds breeding at the two treatment temperatures we used 

the equations provided by Vleck (1981). To translate the amount of energy calculated from those 

equations into equivalent grammes of food we used the calculations provided by Harper et al. 

(1998) (see Supporting Information Appendix S2 for details of how we obtained our results).

RESULTS

The two treatments used in our experiments yielded no significant differences in thermal 

conditions for the clutches in both breeding cycles and independently from the order of exposure 

to the treatment. Mean and standard deviation of clutch temperature in the 30°C treatment (36.7 ± 

1.16°C) were similar to those in the 18°C ambient temperature treatment (36.39 ± 1.25°C; Fig. 1, 

Table 1a). Eggs experienced a slight but statistically significant increase in temperatures when 

incubated by females (36.72 ± 1.24°C) compared to males (36.53 ± 1.12°C), independently of 

treatment, order, and breeding cycle (Fig. 1, Table 1a). Modal clutch size was 5 and ranged 

between 3 and 6 eggs. For each unit increase in clutch size, clutch temperature dropped by an 

average of 0.47°C (Table 1a).

Zebra Finches are constant incubators and show extremely high overall attentiveness (99.3 

± 1.5%). This attentiveness decreased under warm experimental conditions (-8.8 ± 17.6%), and 

was determined by the response of females alone, with males maintaining equal incubation effort 

(Table 1c, Fig. 2). Males showed a higher average number of off-bouts per hour (3.68 ± 4.2) 

compared to females (2.9 ± 4.14), but this difference was not due to treatment effects (Table 1b). 

We also detected sexual differences in incubation behaviour with females spending substantially 

more time warming eggs (66.7 ± 21.4%) compared to males (44.1 ± 21.6%), irrespective of 

temperature treatment or other factors included in the model (Fig. 2, Table 1c). The total 

attentiveness exceeds 100% because at times both males and females sit on the nest together. Our 

treatment and the associated behavioural responses from females did not cause any detectable 

difference in the length of embryonic development that averaged 13.23 ± 0.43 days. However, 

eggs from the second breeding cycle appeared to have slightly longer development (Table 1d). A
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Eggs from smaller clutches hatched on average 5 hours earlier (Table 1d), in agreement with our 

results showing that smaller clutches were experiencing higher incubation temperatures (Table 

1a). Hatching success was higher under warmer (89.78 ± 18.97%) than under colder conditions 

(81.23 ± 22.23%, P = 0.10) and appeared unaffected by clutch size or order of exposure to the 

treatment (Table 1e). Also, eggs from the second breeding cycle showed consistently lower 

hatching rate (78.91 ± 25%, P = 0.01) compared to the first (92.1 ± 13.25%), independent of the 

other variables considered in the model (Table 1e). 

The reduction in parental attentiveness we detected for pairs when breeding at 30°C versus 

when they bred at 18°C, if constant during incubation, can account for 4 hours and 36 minutes less 

time spent at the nest over the total average period of 13 days. This time difference between 

incubating and non-incubating state at 30°C translates into just 0.7 kJ of energy saved. This is a 

negligible energy benefit that can be acquired by a Zebra Finch from the consumption of 0.1 g of 

commercial seeds (Harper et al.1998). When comparing energy expenditure between treatments 

instead, females at 18°C were predicted to spend 135.9 kJ more than when breeding at 30°C. 

Because the energy content for the daily food intake in this species is 41.4 kJ, equivalent to 2.35 g 

of seeds (Harper et al.1998), the total energy requirements to incubate at 18°C for 13 days can be 

offset by 7.7 g of extra seeds. This amount represents a 25.4% increase in daily food intake per 

female over the entire length of the incubation period (see Supporting Information Appendix S2 

for calculations).  

DISCUSSION

Available studies testing the effects of temperature variation on intraspecific differences in avian 

incubation behaviour are primarily correlative (e.g. Conway & Martin 2000, Ar & Sidis 2002, Coe 

et al. 2015) or have controlled only nest thermal conditions (e.g.Bryan & Bryant 1999, Ardia et al. 

2009, Álvarez & Barba 2014). Here, we experimentally manipulated the temperature of the whole 

nesting environment for captive Zebra Finches, letting them complete a full reproductive cycle at 

18°C and another at 30°C. Despite the substantial difference in ambient temperature, our 

experiment did not alter clutch temperature with eggs produced by pairs at 30°C experiencing 

similar thermal conditions than those produced at 18°C. Also we found that for a given treatment 

temperature, bigger clutches had significantly lower temperature compared to smaller clutches. A
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These results are important because in birds, it has always been unclear how much ambient 

temperature and clutch size affect clutch temperature. Additionally these findings raise the critical 

question of how big ambient and clutch temperature must be before expecting fitness 

consequences. 

Ambient temperature can have strong influences on clutch temperature when considering 

tropical species with long off-bouts that leave their nests unattended for up to six hours a day 

(Martin et al. 2007, Martin et al. 2015, Austin et al. 2019). Here, we found that clutches at 30°C 

were not warmer than those at 18°C in Zebra Finches, a species with extremely high overall 

attentiveness. Of course, this outcome may change under natural conditions in case high ambient 

temperatures may decrease food availability, make foraging less successful, or make parental 

thermoregulation during incubation too challenging, thus forcing adults to take longer off-bouts. 

Still, under laboratory settings, similar clutch temperatures between treatments may be the 

consequence of a reduction in attentiveness by the female at 30°C that we reported here. 

Additionally, also variation in nest structure may have contributed to this outcome. Indeed, parents 

can plastically fine-tune size and composition of the nest to buffer clutches from environmental 

temperatures and provide thermal advantages (Mainwaring et al. 2014). These behavioural plastic 

modifications vary with ambient temperature and yield decreased nest thickness and lower 

insulation properties in warmer environments (Mainwaring et al. 2012). Similar nest modifications 

were also reported by a study that measured the nests produced by the pairs in this same 

experiment showing a 20% nest mass reduction in the 30°C treatment (Campbell et al. 2018). 

These results taken all together suggest that the concurrent contribution of behavioural 

adjustments in incubation pattern and nest building can prevent overheating and help in buffering 

clutches from the influence of environmental temperature. 

We found that the parents responded differently when breeding in the two thermal 

conditions. Total time spent at the nest by females showed a slight and significant decrease at 

30°C. Interestingly, males maintained their attentiveness constant independently from treatment 

but performed on average one extra off-bout when at 30°C. This may be caused by changes in 

communication between the pair associated with longer female off-bouts (Boucaud et al. 2017). 

Differences in attentiveness between male and female zebra finches reflect theoretical 

expectations (Møller & Cuervo 2000) and have been known for a long time (El-Wailly 1966), but 

sex variation in behavioural incubation response to ambient temperature is poorly documented 

(van Overveld et al. 2005) and its causes are still unclear. A
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Variation in incubation efforts have been often explained in term of different life histories 

and energy allocation strategies (McFarland 1977, Yom-Tov & Hilborn 1981, Roff 1992). 

However, our calculations of the energy savings between incubating and non-incubating parents at 

30°C suggest that reduced attentiveness at 30°C provides negligible energy benefits. Additionally, 

calculations of the energy expenditure between our two treatments show that females at 18°C are 

expected to increase daily food intake by 25.4%. Despite this, those females showed higher 

attentiveness, which may help to reduce costs, generated from the re-warming of eggs (Vleck 

1981). Our estimates of the parental energy budget need to rely on a series of assumptions aimed 

at simplifying our calculations (see Supporting Information Appendix S2). For example, the 

activity of the birds does not always equate to the number of daylight hours. Also, attentiveness is 

known to vary during the day, and to increase through the incubation period (Martin et al. 2018). 

Additionally, other unmeasured variables can influence energy expenditure such as body mass, 

age, and body conditions. As a consequence our results related to the energy budget of parents 

during incubation should be interpreted with caution. Despite lacking the fine-scale accuracy of 

other techniques (e.g. daily energy expenditure calculated via doubly labeled water), our estimates 

represent a realistic and conservative quantification of parental energy budget that can help 

understanding of the cost and benefits experienced by adults incubating at different ambient 

temperatures. Thus, our results suggests that for the Zebra Finch, a species that has evolved in 

unpredictable arid environments, when food resources are available, differences in attentiveness 

associated with ambient temperature may not be shaped by resource allocation strategies. 

Alternatively, the higher sensitivity of the female brood patch in perceiving clutch temperature 

may be leading to longer off-bouts to avoid detrimental effects of embryonic hyperthermia (Webb 

1987). Conversely, in colder conditions selection may favour higher attentiveness to allow clutch 

temperature stability rather than self-maintenance despite higher energy needs. The higher 

hatching success we found in warmer clutches provides further indirect support for this possibility 

as embryos’ exposure to lower temperatures are known to bear fitness costs (Olson et al. 2006, 

DuRant et al. 2012).

Parental ability to buffer environmental variation is important because optimal incubation 

temperatures in birds occurs in a relatively narrow window between 36 and 40°C (Webb 1987, 

Cooper et al. 2005, DuRant et al. 2013). Any variation from the species’ optimal temperature 

could lead to developmental consequences (Deeming et al. 2002) including immune responses 

(DuRant et al. 2012), metabolism and growth (Nord & Nilson 2011, Wada et al. 2015). Also, A
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small variation in temperature during the embryonic period might be responsible for some of the 

temperature-dependent effects on DNA methylation, and offspring size seen in this species 

(Andrew et al. 2017; Sheldon et al. 2019). In other taxonomic groups temperature conditions are 

known to affect development in profound ways such as sex determination (Warner & Shine 2008), 

timing of hatching (Du & Shine 2010), and locomotion performances (Deeming 2004). In birds 

instead, it is unclear whether parental care during incubation can remove the consequences of 

ambient temperatures on embryonic development (Silver 1983, Drent 1972, Drent 1975, Du Rant 

et al. 2013, Du Rant et al. 2019).  Our results suggest that this is true for both environmental 

temperatures used in our experiment also in species with high evolved attentiveness.  

Because the eggs of the two treatments had a similar thermal profile, we did not detect any 

difference in the length of embryonic period. Eggs are ectothermic and their development is 

positively correlated to temperature but also differ in their sensitivity to temperature variation. 

Embryos from attentive species that keep their clutches warmer respond minimally to changes in 

incubation temperature (Ton & Martin 2017). These minimal changes in length of embryonic 

period appeared to be caused by variation in clutch size with smaller clutches hatching slightly 

earlier on average compared to larger clutches. This was probably a physical consequence of 

higher number of eggs in nests reducing the per-capita amount of heat received. This is 

particularly interesting because it highlights a possible temperature mediated trade-off between 

egg quantity and quality (Roff 1992). Indeed, eggs experiencing higher incubation temperatures 

can yield hatchlings of higher body mass (Ton & Martin 2017) compared to those experiencing 

colder conditions which may suffer disruptions in growth and immune functions (Olson et al. 

2006, DuRant et al. 2012). 

Our results are important in light of the warmer climate (Du Rant et al. 2019) because they 

suggest that for species with biparental care and a high level of overall nest attentiveness (i.e. 

>90%), impacts of increased environmental temperature may be mitigated by parental behaviour. 

This prediction warrants further studies, especially of species demonstrating broad variation in 

attentiveness, and the application of experimental protocols that capture temperature fluctuations. 

In fact, by keeping the environmental temperature constant we prevented parents and clutches 

from experiencing the thermal variability that previous studies have shown to be influential for 

development and behaviour (Ospina et al 2018, Nord & Giroud 2020). Also, the absence of 

energy benefits from reduced or increased female attentiveness in warm and cold conditions, 

respectively, invite us to consider alternative mechanisms to explain variation in parental care with A
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respect to classic theories predicated around energetic trade-offs (McFarland 1977, Yom-Tov & 

Hilborn 1981, Roff 1992). Indeed, when food is not limited, variation in attentiveness may be the 

consequence of preventing clutches from experiencing detrimental effects of overheating or cold 

temperatures rather than as a strategy aimed at self-maintenance.

We would like to deeply thank Mikaela Symes for her professional help in watching videos of incubating Zebra 

Finches and the M.A.R.S. staff for their daily help in caring for our captive birds. Our gratitude goes also to two 
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FIGURES

Figure 1. Dot plot of the clutch temperature recorded by iButtons in our two air temperature 

treatments (18oC in grey; 30oC in black) while males and females captive Zebra Finches were 

incubating clay dummy eggs. Average temperatures values are reported with 95% confidence 

intervals. 
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Figure 2. Dot plot of the percentage of time spent by male and female captive Zebra Finches at 

the nest (attentiveness) in our two temperature treatments during the two breeding cycles. Total 

male and female attentiveness sums up to more than 100% because often both sexes sit on the nest 

together. Average attentiveness values are reported with 95% confidence intervals.
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Table 1. Summary of statistical models testing the effects of the variables involved in our 

experiment using captive zebra finches on a) clutch temperature, b) number of bouts, c) amount of 

seconds spent incubating, and d) length of embryonic period. We report coefficients with standard 

error (β ,SE), t-values, and significance (P) highlighted in bold.A
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a) Clutch temperature (oC) as dependent variable, mR2 = 0.12, cR2 = 0.35

Variable β (SE) t P

Treatment (30oC) 0.022 (0.142) 0.15 0.873

Sex (Male) -0.243(0.118) 2.04 0.041

Breeding cycle (part2) -0.04 (0.120) 0.33 0.739

Order (3018°C) -0.231(0.247) 0.93 0.357

Clutch size -0.471 (0.125) 3.76 <0.001

b) Number of parental on- and off-bouts (N) as dependent variable, mR2 = 0.04, cR2 = 

0.32

Variable β (SE) t P

Treatment (30°C) 0.275 (0.42) 0.64 0.515

Sex (Male) 0.942 (0.419) 2.24 0.025

Breeding cycle (part2) 0.261 (0.422) 0.61 0.638

Order (3018°C) -1.395 (0.949) 1.47 0.151

c) Number of seconds (sec) spent at the nest as dependent variable, mR2 = 0.23, cR2 = 

0.23

Variable β (SE) t P

Treatment (30°C) -321 (130) 2.47 0.014

Sex (Male) -950 (130) 7.32 <0.001

Breeding cycle (part2) -94 (92) 1.02 0.311

Order (3018°C) 39 (92) 0.42 0.668

Treatment *Sex 323 (183) 1.76 0.079

d) Length of embryonic period (days) as dependent variable, mR2= 0.18, cR2=0.38

Variable β (SE) t P

Treatment (30°C) -0.007(0.009) 0.79 0.439

Breeding cycle (part2) 0.212(0.104) 2.04 0.053A
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 Order (3018°C) 0.13 (0.13) 0.96 0.441

Clutch size 0.194 (0.082) 2.37 0.023
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e) Percent of eggs hatched (%) as dependent variable, mR2 = 0.13, cR2 = 0.49

Variable β (SE) t P

Treatment (30°C) -0.743(0.441) 1.68 0.103

Breeding cycle (part2) -12.86 (4.595) 2.79 0.01

Order (3018°C) -1.78 (7.13) 0.24 0.805

Clutch size 0.194 (0.082) 2.37 0.023
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