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Ecologists have acknowledged the fact that environmental conditions strongly affect life-history strategies in the wild. However, when working in captivity, they appear to overlook these effects. This approach appears precarious, as it likely contributes to increase the inconsistency of results across ecological studies. To illustrate this point, I reviewed here the conditions under which captive zebra finches (Taeniopygia guttata) are kept in studies examining stress parameters that mediate life-history strategies, and compared these conditions to the conditions their wild counterparts experience in their native habitat. I found that captive zebra finches are typically kept under conditions that mostly reflect a paradoxical season in terms of temperature, light and humidity that would never be encountered in the wild. Most importantly, I also found that these conditions are associated with elevated stress levels. This suggests that most studies using captive zebra finches are conducted under stressful conditions, and therefore give a biased and limited view of how birds regulate life-history strategies. This example strongly suggests that we have to rethink our approach when examining ecological questions in captivity, by carefully considering conditions under which animals are kept in view of their current and future ecology.
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INTRODUCTION

Guidelines regarding the housing of laboratory animals are sometimes vague, especially concerning non-model organisms. For instance, the Directive 2010/63/EU states that “temperature and relative humidity […] shall be adapted to the species” and that “regular photoperiods and intensity of light adapted to the species shall be provided” (European Parliament and the Council of the European Union, 2010). These sentences are equivocal, as the meaning of the word “adapted” can be understood differently. Does it mean that animals should be housed under the least stressful conditions, under conditions that they would encounter in the wild, or under the minimal conditions enabling them to survive in captivity? These semantic differences are of prime importance in ecological studies, as animals may allocate resources differently based on the environmental conditions they experience (Stearns, 1989). For instance, animals housed under the least stressful conditions are likely to allocate resources to self-maintenance and reproduction alike (Ricklefs and Cadena, 2007), while animals housed under environmental conditions limiting resource availability are likely to trade-off reproduction against self-maintenance (Beaulieu et al., 2015). This shows that the vagueness surrounding the formulation of guidelines for the housing of laboratory animals are likely to lead to a great variability of conditions under which captive animals are monitored, which in turn is likely to lead to inconsistent or even contradictory results in ecological studies.

Here, I reviewed the conditions under which captive zebra finches (Taeniopygia guttata) are housed, and compared these conditions to the conditions their wild counterparts experience in Australia (Methods and Raw Data in Supplemental Material). Zebra finches are highly relevant in this context, as they represent one of the most common avian models in captivity, with an increasing interest for these birds in ecology and evolution (Bateson and Feenders, 2010; Griffith and Buchanan, 2010; Schmidt, 2010). Presumably because selective pressures are relaxed in captivity, captive and wild animals differ in several traits, with captive birds typically being genetically less diverse, larger, heavier, more colorful, less discriminating during courtship, and less active than wild birds (Sossinka, 1982; Forstmeier et al., 2007). However, captive and wild zebra finches appear to use very similar resource allocation strategies and investment priorities when conditions vary, thereby making them highly comparable for ecologists examining their life-history strategies (Tschirren et al., 2009; Mainwaring et al., 2010).

In this review, I focused on articles examining in zebra finches physiological markers of stress that are likely to mediate life-history strategies, such as glucocorticoids (corticosterone) and markers of oxidative stress (Monaghan et al., 2009; Crespi et al., 2013). These markers are currently receiving much attention in ecological studies (Wingfield, 2013a,b; Beaulieu and Costantini, 2014; Dantzer et al., 2014; Speakman et al., 2015; Taff and Vitousek, 2016). Corticosterone is secreted once the life-emergency stage is activated to allow animals to cope with stressful conditions. It redirects the physiology and the behavior of animals to reduce the cost (i.e., allostatic load) triggered by stressful conditions (Wingfield, 2013a,b). Oxidative stress occurs when the production of reactive oxygen species surpasses antioxidant defenses and increases oxidative damage, which in turn can negatively affect fitness components (Costantini, 2008; Monaghan et al., 2009). Oxidative stress is typically exacerbated by stressful environmental conditions (Beaulieu and Costantini, 2014). Because oxidative stress can also accelerate the shortening of telomeres (non-coding sequences of a repeated motif that cap the ends of chromosomes; von Zglinicki, 2002), I also included in this review studies on telomeres, which can themselves be considered as markers of physiological stress (Bateson, 2016).

DO CONDITIONS IN CAPTIVITY REFLECT NATURAL CONDITIONS?

Based on the superposition of the current distribution range of zebra finches (IUCN, 2015) to the major climatic zones of Australia (Australian Government Bureau of Meteorology, 2014), the desert, the grassland, and the subtropical zones appear the most suitable habitats for zebra finches, as these zones are almost entirely occupied by birds. In contrast, the tropical and the temperate zones appear as suboptimal habitats, as they are only partly occupied, while the equatorial zone is unsuitable, as it is entirely devoid of zebra finches (Figure 1).
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FIGURE 1. Distribution range of zebra finches in the different climatic zones of Australia, and conditions experienced by captive and wild zebra finches. Blue represents the temperate zone, orange the grassland, red the desert, light green the subtropical zone, dark green the tropical zone, and purple the equatorial zone. (A) Shows how the whole territory occupied by zebra finches is divided between these climatic zones. (B) Shows the proportion of each climatic zone occupied by zebra finches (colored bar) and the proportion where they are absent (empty bar). The conditions used by studies in captivity are represented in (C), and conditions in the wild are represented in (D). Annual variation of these conditions in the wild is represented for each of the climatic zones of Australia. Solid lines represent regions where zebra finches are present, while dashed lines represent regions where they are absent in partly-occupied climatic zones (between 0 and 50% of the total area). The temperate subzone where zebra finches are absent is significantly colder than the temperate subzone where they are present especially in summer [subzone: F(1, 85) = 19.733, P < 0.001; month: F(1, 128) = 823.183, P < 0.001; month2: F(1, 128) = 746.831, P < 0.001; subzone*month: F(1, 128) = 13.976, P < 0.001; subzone*month2: F(1, 128) = 13.857, P < 0.001]. The tropical subzone where birds are absent is significantly more humid than the tropical subzone where they are present especially outside the rain season (winter) [subzone: F(1, 12) = 1.395, P = 0.261; month: F(1, 95) = 108.776, P < 0.001; month2: F(1, 95) = 77.266, P < 0.001; subzone*month: F(1, 95) = 38.213, P < 0.001; subzone*month2: F(1, 95) = 33.411, P < 0.001] while temperatures are similarly high in the two subzones [subzone: F(1, 12) = 0.303, P = 0.587; month: F(1, 95) = 223.947, P < 0.001, month2: F(1, 95) = 228.133, P < 0.001; subzone*month: F(1, 95) = 1.637, P = 0.204; subzone*month2: F(1, 95) = 3.486, P = 0.065]. The black horizontal lines represent average conditions used in captivity. The green area represents the thermoneutral zone of zebra finches (i.e., the temperature range outside which energy requirements increase for thermoregulation).



The average temperature used in studies conducted with zebra finches in captivity (mean ± SD = 22.2 ± 2.0°C) corresponds to the average temperature occurring during spring and fall equinoxes in the three most suitable climatic zones, during the winter months in the tropical zone, and during the summer months in the temperate zone (Figure 1). This suggests that the temperature conditions used in captivity are representative of a very brief period of time when considering the three most suitable climatic zones, but reflect longer periods of time in suboptimal zones. This first shows that thermal conditions in captivity are representative of geographically and seasonally limited conditions in the wild.

The combination of the temperature and light conditions used in captivity (mean ± SD = 13.8 ± 1.4 hours/day) reveals a seasonal mismatch between these parameters, at least when considering the three most suitable climatic zones. Indeed, a temperature of 22°C corresponds to equinoxes while 14-h long days correspond to the summer solstice (Figure 1). Importantly, this mismatch is expected to worsen in the future. Indeed, as temperatures are expected to increase in the next decades in the three most suitable climatic zones for zebra finches (CSIRO, 2015), birds are likely to encounter in the future a mean temperature of 22°C in a season characterized by shorter days (Figure S1). Temperature and light conditions in captivity do not reflect either the conditions occurring in the tropical zone. Indeed, the light schedule used in captivity never occurs in the tropical zone and, even though the temperature used in captivity reflects current winter temperatures, such a temperature is unlikely to be encountered in the future in this region (Figure S1). In the end, the conditions used in captivity appear to best match summer conditions in the temperate zone in terms of temperature and light. However, the humidity used in captivity (mean ± SD = 45.8 ± 11.4%) is never encountered in this climatic zone. This suggests that, overall, captive zebra finches are housed under conditions that would be perceived as a paradoxical season in the wild. This is reinforced by the fact that day length and temperature are not correlated in captivity while they are strongly correlated in the wild (Figure S2).

ARE CONDITIONS IN CAPTIVITY STRESSFUL?

It might be argued that captive zebra finches have become more tolerant to cool conditions through decades of domestication, which should have decreased their lower critical temperature (temperature under which energy requirements linearly increase for thermoregulation). However, captive birds do not show a reduced lower critical temperature compared to (mostly) wild birds (Calder, 1964; Marschall and Prinzinger, 1991), and their metabolic rate more than doubles between thermoneutral temperatures (32–34°C) and cooler conditions (13–15°C) (Bauchinger et al., 2010; Burness et al., 2010; Beamonte-Barrientos and Verhulst, 2013), similarly to (mostly) wild birds (Calder, 1964). This shows that the thermal tolerance of zebra finches was not altered by domestication. Therefore, keeping zebra finches under conditions mostly cooler than the thermal conditions they encounter in their natural habitat is likely to be a source of stress for birds. Accordingly, a review of the literature shows that captive zebra finches kept under cooler conditions show higher baseline corticosterone levels (temperature range: 20.0–26.5°C, Figure 2A). These results are in agreement with previous studies examining the effects of cool conditions on corticosterone levels in wild-caught European starlings (Sturnus vulgaris; de Bruijn and Romero, 2011, 2013). This suggests that most studies keeping zebra finches between 20 and 22°C (72% of studies) keep birds under thermally-stressful conditions. These temperatures (or even lower temperatures) are, however, also found in each of the climatic zones occupied by zebra finches, and especially in the temperate zone where such thermal conditions occur year round (Figure 1). This suggests that each climatic zone is at least temporarily thermally-stressful for zebra finches. Interestingly, the temperate subzone where zebra finches are absent is significantly colder than the temperate subzone where they are present (Figure 1D), suggesting that cold-induced stress is likely to contribute to the absence of zebra finches in this climatic zone.
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FIGURE 2. Effects of conditions in captivity on corticosterone levels in zebra finches. The relationship between corticosterone levels and temperature is represented in (A), and the relationship between corticosterone levels and humidity is represented in (B). Corticosterone levels depend on temperature [F(1, 27) = 5.531, P = 0.026, A], and on the interaction between temperature and humidity [humidity: F(1, 10) = 5.754, P = 0.037; temperature: F(1, 10) = 10.146, P = 0.010; humidity*temperature: F(1, 10) = 5.027, P = 0.049, B]. For the visualization of the effects of the interaction between humidity and temperature on corticosterone levels, data have been artificially divided between [21–22°C] (white symbols) and [23–26.5°C] (black symbols).



In captive zebra finches, corticosterone levels also depend on the interaction between temperature and humidity, with higher corticosterone levels being found with high temperature and humidity (Figure 2B). Given the small number of studies reporting information on corticosterone levels and humidity (n = 14), these results need to be considered with caution. However, the distribution range of zebra finches in the tropical zone appears to support them. Indeed, the tropical subzone where birds are absent is significantly more humid than the tropical subzone where they are present while temperatures are similarly high in the two subzones (Figure 1D). This suggests that stress induced by the combined effects of heat and humidity may contribute to the absence of zebra finches in the tropical zone.

These results suggest that the climatic zones at the edge of the current distribution range of zebra finches (i.e., temperate and tropical zones) correspond to suboptimal habitats, across which costs progressively surpass benefits. This suggests that zebra finches able to live in the tropical and the temperate zones may correspond to atypical birds able to maximize benefits relative to costs under suboptimal conditions (Wingfield et al., 2015). Consequently, using conditions currently occurring in the tropical or the temperate zone as a reference for studies conducted in captivity is unlikely to give a representative picture of the bulk of the species.

I was not able to examine the effects of thermal conditions on other stress parameters than corticosterone, such as markers of oxidative status that were too heterogeneous. However, such effects can be expected. Indeed, zebra finches exposed 24 h at 12°C show higher levels of oxidative damage than individuals kept at 24°C (Stier et al., 2014) (although such effects do not occur for a shorter cold exposure; Beamonte-Barrientos and Verhulst, 2013). At the same time, zebra finches exposed to cold conditions appear to mobilize antioxidant compounds, as after 48 h at 6°C, they show higher plasma carotenoid concentrations than individuals kept at 26°C (Eraud et al., 2007). It might be argued that such effects may not be observed in captive zebra finches that are kept under thermal conditions not as extreme as in these examples (typically 22°C). However, similar to the study conducted on zebra finches at 6°C (Eraud et al., 2007), a study conducted in gouldian finches (Erythrura gouldiae) at a milder temperature (20°C) showed that birds kept at that temperature also increase antioxidant defenses relative to birds kept within their thermoneutral zone (Beaulieu et al., 2014). This suggests that, similar to corticosterone levels, the thermal conditions under which captive zebra finches are kept are likely to affect their oxidative status.

Because of limited data, I was not able to examine the effects of long days on stress parameters in zebra finches. However, studies conducted in other birds indicate that long days can be perceived as stressful. For instance, in the neotropical yellow-rumped warbler (Dendroica coronata), basal corticosterone levels increase with daylight duration (Holberton, 1999). Moreover, prolonged exposure to light is also likely to worsen the oxidative status of birds (Navara and Nelson, 2007). The fact that prolonged exposure to light may negatively affect the self-maintenance of zebra finches is reinforced by the fact that their mortality rate significantly increases when they are exposed to continuous daylight (Snyder et al., 2013). These stressful effects are likely to be due to the fact that long days can disrupt the sleep of birds (Raap et al., 2015). As sleep allows birds to conserve energy (Roth et al., 2010), this suggests that long days are likely to aggravate the increased energy requirements and stress due to cool conditions.

WHAT ARE THE CONSEQUENCES OF KEEPING CAPTIVE ANIMALS UNDER STRESSFUL CONDITIONS IN ECOLOGICAL STUDIES?

Keeping animals under suboptimal conditions (e.g., cool conditions) may not necessarily be a drawback in ecological studies, as it forces animals to allocate resources between functions. Consequently, it represents an excellent opportunity for ecologists to examine how animals regulate life-history trade-offs. For instance, captive zebra finches exposed to a low temperature (7°C) maintain body condition but their reproduction performance is greatly impaired relative to birds exposed to 21°C (Salvante et al., 2007). Accordingly, in contrast to birds from the center of Australia, birds from the cooler temperate zone cannot maintain an activated reproductive system year-round (Perfito et al., 2007). These effects may be mediated by elevated corticosterone levels, as experimentally increasing corticosterone levels in captive zebra finches also impairs their breeding performance (Salvante and Williams, 2003). These results suggest that captive and wild zebra finches both reduce investment into reproduction under cool conditions presumably to maintain body condition. As most studies on captive zebra finches are conducted under this ecological scenario, this reveals a strong bias in the results of these studies. Moreover, most of these studies do not have a control group of birds exposed to higher temperatures (or even better to temperatures within their thermoneutral zone), thereby making the interpretation of results difficult. At least, investigators should report the thermal conditions under which animals are kept (38% of studies do not report such information) in order to be able to estimate how stressful conditions are, and how animals regulate life-history trade-offs. This is also true regarding humidity conditions. Indeed, in the wild, zebra finches use relative humidity as a signal for breeding. Accordingly, subtle changes in humidity (40–55%) appear to have strong effects on their reproductive performance in captivity, with higher humidity triggering higher reproductive performance (Williamson et al., 2008). In the few studies conducted on captive zebra finches and reporting information on humidity (15% of studies), mean humidity greatly fluctuates (25–60%), thereby suggesting that the readiness of zebra finches to reproduce (and how they regulate life-history trade-offs) is likely to greatly vary across studies.

Importantly, the effects of captive conditions on the physiology of zebra finches reported here are likely to affect in turn their behavior. For instance, male zebra finches with high corticosterone levels are unlikely to be selected by females to mate (Roberts et al., 2007), while high corticosterone levels is likely to induce greater exploratory behavior and greater risk taking (Martins et al., 2007). As there is no reason to think that zebra finches used in behavioral studies are housed under conditions less stressful than those reported here, this indicates that most behavioral studies also only give a biased and limited view of the full behavioral spectrum of these birds. Such concern has already been raised in neurobiological sciences (Schmidt, 2010).

WHY DO INVESTIGATORS USE SUCH CONDITIONS IN CAPTIVITY?

The absence of precise recommendations regarding the conditions under which captive zebra finches should be kept is likely to explain why these conditions appear to vary arbitrarily from a study to another. The only recommendation that I found regarding the thermal conditions under which zebra finches should be kept is given by the Royal Society for the Prevention of Cruelty to Animals (RSPCA), which recommends that “zebra finches should be housed at a temperature comprised between 15 and 20°C” (RSPCA Research Animal Department, 2011). Here, the concern is not that these thermal conditions may correspond to any actual ecological situation, but that birds could be exposed to a risk of hypothermia at lower temperatures. Overall, the absence of precise guidelines gives much leeway to ethics committees and investigators regarding the settings they want to use. Moreover, ethics committees may not necessarily have the expertise regarding the requirements of non-model animals such as zebra finches, which may lead to the decision to keep birds under the same conditions as those typically used for model organisms (e.g., rodents) or for local birds.

The vast majority of studies using zebra finches are conducted in institutions of Europe and North America. In these regions, birds typically breed in spring or summer, when temperatures are close to the thermal conditions reported here for captive zebra finches. This suggests that investigators are likely to consider temperate conditions as a reference and extend them to non-temperate regions (Zuk, 2016). This is reinforced by the fact that captive zebra finches are mostly maintained under long days, although photoperiodicity does not appear to trigger reproduction in this species (as opposed to temperate birds; Perfito, 2010; Olson et al., 2014). This temperate bias is therefore likely to explain why the conditions in captivity better reflect the environmental conditions of the temperate zone of Australia, although this climatic zone appears suboptimal for zebra finches.

CONCLUDING REMARKS AND PERSPECTIVES

By using the example of studies examining stress parameters in captive zebra finches, the present review highlights the fact that ecological studies often overlook the effects of environmental conditions on the regulation of life-history strategies in captive animals. The current approach consisting in considering these environmental factors as marginal details in captivity appears precarious, as it likely contributes to the inconsistency of results that we currently observe across ecological studies. For instance, studies examining whether variation in oxidative status may mediate life-history strategies have produced highly inconsistent results, thereby casting doubt on the generality of findings (Speakman et al., 2015).

Except adverse conditions that affect animal welfare, there are no wrong conditions under which animals can be kept in captivity, but only conditions reflecting more or less a given situation in the wild. Future studies conducted in captivity should therefore not necessarily try to follow common procedural guidelines (Schmidt, 2010) but consider the conditions that they use in view of the current and future ecology of the considered species. This suggests that, similar to conditions in the wild, environmental conditions can also be stressful in captivity. In that case, investigators need to be aware and acknowledge that these conditions are stressful (and not try to dismiss this fact). Consequently, when deciding about which conditions to use in captivity, the main question should be: are the parameters representative of the natural conditions encountered by animals in space and time, and is this combination of parameters stressful? Only this simple but more rigorous approach will allow us to reconcile ecological studies and captivity.
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