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Abstract

Ecophysiological studies of invasive species tend to focus on captive individuals and
their invasive range. However, the importance of gaining a thorough understanding of their
physiology in their native range, where autecological knowledge is limited, has played a crucial
role in assessing species ecophysiological responses to the often novel environmental
conditions encountered in their invasive range. Here, we investigated the ecophysiological
characteristics of a population of the wild-caught common waxbill (Estrilda astrild), a
successful global invader, in part of its native range (South Africa). We investigated how this
species adjusts its resting metabolic rate over a range of temperatures to identify its
thermoneutral zone (TNZ) as an indicator of a species' thermal tolerance. The observed TNZ
curve predominantly followed the classic Scholander-Irving model, with metabolic rates
increasing linearly at temperatures outside the TNZ. However, we found an inflection point at
moderately cold temperatures (16°C) where the common waxbill began to decrease its
metabolic rate. This finding highlights the potential use of an energy-saving strategy as an

adaptive response to cold, such as facultative hypothermic responses through a reduction in
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body temperature, which may explain their success as an invasive species. We argue that
although metabolic infection points have been repeatedly identified in studies of TNZ, the
specific mechanisms behind metabolic down-regulation at low temperatures remain
underexplored in the literature. We therefore suggest that future research should focus on
investigating body temperature variation, with particular emphasis on its potential contribution

to metabolic adaptation in colder environments.

Keywords: Ecophysiology; Thermoneutral zone; Common waxbill

Introduction

Global climate change, characterized by rising temperatures and more frequent extreme
weather events, is putting up to one out of six species at risk of extinction as they face
unprecedented challenges in responding to rapid environmental change (Urban, 2015).
Furthermore, the introduction of alien species poses a significant additional threat to global
biodiversity, ecosystem services and economic resources (Bongaarts, 2019; Castro-Diez et al.,
2019; Diagne et al., 2021; Pysek et al., 2020; Shirley & Kark, 2009). According to the latest
IPBES Invasive Alien Species Assessment (2023), at least 37.000 established alien species have
been introduced by human activities, of which 3.500 are also invasive. Changes in global
temperature and precipitation regimes are likely to amplify the impacts of invasive species
(Dukes & Mooney, 1999; Walther et al., 2009), for example, by allowing populations of
introduced species that are not presently invasive to become invasive (i.e., spread and cause
impacts; Hellmann et al., 2008; Mainka & Howard, 2010). For both the effective conservation
of native species and the management of invasive alien species, it is crucial to accurately assess

how species will respond to new environmental conditions. In this context, knowledge of the
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physiological mechanisms used by species to adapt to changing climatic conditions can greatly
improve ecological predictions of species range dynamics (Huey et al., 2021).

Understanding how animals thermoregulate to buffer unfavorable thermal fluctuations
in their environment, and what their thermoregulatory limits are, have long been central
questions in animal ecophysiology (Bozinovic et al., 2011). Thermoregulation in endotherms
is generally non-linear and is thought to follow the classic Scholander-Irving model of
endothermic homeothermy (Scholander et al., 1950), which includes a thermoneutral zone
(TNZ). The latter defines the range of ambient temperatures within which an endotherm can
maintain its body temperature without increasing its metabolic rate above the basal metabolic
rate (BMR) required to maintain basic life-sustaining functions (McNab, 2012). The TNZ of a
species is characterized by two critical temperatures: the lower critical temperature (LCT) and
the upper critical temperature (UCT). Both mark the point at which the metabolic rate begins
to rise above the BMR to maintain normothermia. Several studies have used the concept of
TNZ as an indicator of a species' long-term ability to tolerate thermal variation. For example,
Khaliq et al. (2014) showed that around 15% of bird species presently experience maximum
ambient temperatures above their UCT, and this rises to over 35% under climate change
scenarios. This suggests that birds will increasingly face thermoregulatory constraints on
fitness-related traits, such as activity levels, reproduction, and survival. For example, Milne et
al. (2015) studied 12 bird species in South Africa and identified potential links between climate
warming and population declines in several passerine species associated with fynbos habitat,
such as the Cape rockjumper (Chaetops frenatus), and attributed these declines to the birds'
limited tolerance to higher temperatures.

A better understanding of thermoregulatory strategies and capacities can also contribute
to more accurate risk assessment of invasive species, as they often expand their niche into novel

climates (Liu et al., 2022). For example, ring-necked parakeets (Psittacula krameri) have
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77  successfully colonized many European cities, which are considerably colder than their native
78  range (Strubbe et al., 2015). The same applies to several members of the family Estrildidae,
79  which is notable for establishing numerous invasive bird populations (Stiels et al., 2015). This
80  group of small, finch-like birds comprises 138 species (Winkler et al., 2020) and occupies
81 diverse habitats across Africa, southern Asia, and Australasia, with the highest species
82  concentrations occurring in the tropics (Goodwin, 1982). While several estrildid finches are
83  classified as regional agricultural ‘pests’ (Gleditsch & Brooks, 2020), they are widely traded
84  and have been described as the ‘single most important avicultural family’ (Ribeiro et al., 2020).
85  With 81 introduced species worldwide (Dyer et al., 2017), it is considered the most successful
86  non-native family of birds among tropical passerines (Lever, 2005), with most of the species
87  traded as pet birds (Cardoso & Reino, 2018; Reino et al., 2017).
88 Due to their widespread popularity as pet cage birds (Reino et al., 2017), most studies
89 on estrildid physiology have focused on captive individuals, while relatively few have
90 examined the ecophysiology of free-ranging individuals (Allen & Hume, 2001; Cooper et al.,
91 2019, 2020; Gerson et al., 2019; Sheldon & Griffith, 2018). Pacioni et al. (2023) and Sentis et
92  al. (2023) studied the energetic metabolism of captive common waxbills (Estrilda astrild, 7-9
93  g), but no further information is available on the free-ranging individuals. Two closely related
94  Aftrotropical estrildid finches, which also have established non-native populations (Ascensao
95 etal., 2021), have also only been studied in captivity. Marschall and Prinzinger (1991) studied
96 the thermal physiology of five estrildid species, including the orange-cheeked waxbill (E.
97  melpoda), and showed that each of these birds had different physiological adaptations to their
98  specific habitats in different tropical climates. Cade et al. (1965) and Lasiewski et al. (1964)
99  studied the physiology of captive black-rumped waxbills (E. troglodytes), but found contrasting
100  results regarding the species’ TNZ. Lasiewski et al. (1964) also claimed that when properly

101  fasted, waxbill metabolic rates measured during the day (in darkened metabolic chambers) and
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102  during the night were similar. Stephens et al. (2001) came to the same conclusion for captive
103  orange-cheeked waxbills. These findings contrast with review studies (e.g., Aschoff & Pohl,
104  1970) which suggest that daytime avian metabolic rates are on average 20-25% higher than
105  nighttime rates, highlighting the need for further investigation of diurnal variation in metabolic
106  rates in estrildid species.

107 Studying invasive species solely in captivity or in their invaded range might overlook
108 crucial information about their ability to adjust to specific environmental conditions (Boardman
109 et al,, 2022). For example, it has been shown that a broader understanding of species in their
110  native distribution range is essential for assessing how species may respond to the often novel
111  environmental conditions they encounter in their introduced distribution range (Stuart et al.,
112 2023). However, in contrast to the increasing knowledge of invasive species in their non-native
113 range, autecological knowledge of many invasive species in their native range is still minimal
114  (Ros et al., 2016). The same applies for the common waxbill, for which the distribution and
115  dispersal of well-studied invasive populations in Iberia have been found to be strongly
116  influenced by climate and habitat gradients (Sullivan & Franco, 2018), but accurate prediction
117  of invasion risk is difficult (Stiels et al., 2015). In an attempt to improve accuracy, Strubbe et
118  al. (2023) used thermal physiological approaches to model the species’ potential European
119  distribution range expansion, but faced challenges in inferring key functional traits because of
120  alack of empirical data from wild individuals, forcing them to rely on allometric predictions.
121 Moreover, while experiments on captive birds have value, the non-natural biotic and abiotic
122 conditions to which animals are exposed can lead to important ecophysiological changes
123 (Beaulieu, 2016). Prioritizing research on wild animals, as well as on their native distribution
124  range, is therefore crucial for gaining ecologically relevant insights into species’ potential for
125  distributional expansion. Therefore, here we investigated the ecophysiological characteristics

126  of wild-caught common waxbills in a part of their native range (South Africa). Specifically, we
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127  assessed how this species adjusts its p- (resting) phase metabolic rate over a range of
128  temperatures to identify its thermoneutral zone. We also investigated o- (active) phase
129  metabolic rate patterns, predicting that (i) fasted birds would have a lower resting metabolic
130  rate than non-fasted birds, and (ii) the a-phase metabolic rates of fasted birds would be higher
131  than the p-phase metabolic rates. By filling this gap in the understanding of how wild-caught
132 common waxbills in a part of their native distribution range physiologically adjust to
133 temperature variation, our research will provide crucial data that could potentially be
134  incorporated into models aimed at predicting invasion dynamics and associated risks.

135

136  Methods

137  Study area and bird capture and maintenance

138 The study was conducted in South Africa (Pietermaritzburg, KwaZulu-Natal) near the
139  Darvill Wastewater Treatment Site (N -29.60, E 30.43). Between September 30 and November
140 4 (2022), free-ranging common waxbills were attracted by song playback and captured using
141  mist nets. Birds with a brood patch were released immediately. In total, 42 adult waxbills were
142 withheld for respirometry analyses. Upon capture, these birds were tagged with colored plastic
143 rings for individual identification, aged, sexed, and then brought to the Animal House of the
144  University of KwaZulu-Natal, Pietermaritzburg, where they were housed in outdoor aviaries (1
145 x 3 x 2 m) with shelter from sun and rain and with perches provided. Food (finch mix and
146  millet) and water were provided ad libitum. Measurements of metabolic rate in the nocturnal p-
147  phase started on the same day as the birds were captured. Birds were kept in the aviary for an
148  average of 10 days and released at the original capture site. This work was carried out under
149  ethical permit 'VIB EC2022-090', SAFRING permit No. '0163' and Ezemvelo KZN Wildlife
150  permit 'OP 475'".

151
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152 p- (resting) phase metabolic rate

153 At sunset (19h00), after being weighed to the nearest 0.1 g, birds were placedina 1.1 L
154  airtight plastic chamber within a temperature-controlled environmental chamber (CMP2244,
155  Conviron, Winnipeg, Canada) for p-phase metabolic rate measurement. The six temperatures
156  tested were 12, 16, 20, 24, 28, and 31.5°C. Each plastic chamber contained a chicken-wire mesh
157 to ensure a normal sleeping posture. Metabolic rate was estimated using flow-through
158  respirometry (Lighton, 2018) by measuring O> consumption (VO2; ml/min). Up to seven birds
159  were measured during the same night. Ambient air was supplied by two pumps and divided into
160  separate streams directed to a mass-flow meter (FB-8, Sable Systems) to provide a constant
161  flow of ~650 ml/min. Excurrent air from the bird and the baseline channels was alternately
162  subsampled and passed through a Field Metabolic System (FMS-3, Sable Systems). Birds were
163  measured alternately in cycles along with multiple baselines. The time of measurement for each
164  bird within a cycle (and the length of each cycle) depended on the number of birds within a
165  session. The average measurement time was 11 h. The first 2 h were discarded to ensure that
166  birds were post-absorptive. After the respirometry measurement (06h00), the birds were
167  weighed again to the nearest 0.1 g and returned to the aviary. Some individuals were measured
168 more than once at certain temperatures, resulting in a dataset with repeated measurements.
169  Further details of the respirometry setup can be found in Pacioni et al. (2023).

170

171  a- (active) phase metabolic rate

172 To determine a-phase metabolic rates, birds were first weighed to the nearest 0.1 g, and
173  then placed in a 1.1 L airtight plastic chamber within the temperature-controlled environmental
174  chamber (see above). The temperature in this chamber was maintained at 28°C (which is within
175  the TNZ of the South African waxbill, see below). Each day, four birds were measured using

176  the same respirometry set up described above, in 5-min cycles, for a total of 10 cycles per bird.
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177  The birds were kept in the metabolic chambers from 14h00 to 18h00. After the respirometry
178  measurements, the birds were weighed again to the nearest 0.1 g and returned to the aviary. The
179  same four birds were not selected for the p-phase metabolic rates on that night to reduce
180  potential stress.

181

182  Respirometry and data analyses

183 We used ExpeData software (Sable Systems) to record each experimental trial and
184  extract metabolic rate values (ml Ox/min). To estimate both the p-phase and the a-phase
185  metabolic rates, the lowest stable section of the curve (averaged over 5 min) was selected using
186  equation 9.7 from Lighton (2018).

187 The effect of ambient temperature (12, 16, 20, 24, 28, and 31.5°C) on p-phase metabolic
188  rates was analyzed using a generalized additive mixed model (GAMM), with individual bird
189  ID specified as a random effect ('gamm' function from ‘mgcv’ R-package; Wood, 2023). A
190 segmented regression model was applied to identify points at which the relationship between
191  p-phase metabolic rates and temperature may change ('segmented' R-package; Muggeo, 2008).
192 Changes in o-phase metabolic rates (28°C) were tested by quantifying the variation in
193  metabolic rate over time using measurements taken at 5-min intervals over 4 h. A GAMM was
194  used to identify temporal trends in a-phase metabolic rates at 28°C. The inflection point of the
195 GAMM curve was identified to delineate the period distinguishing 'fasted' and 'non-fasted'
196  stage. Consequently, linear regression models (‘Im’ function) with a Gaussian error distribution
197  were used to investigate whether the metabolic rates during the p-phase (28°C) differed
198  significantly from those during the fasted a-phase (28°C). When repeated measurements per
199  individual were available, the lowest metabolic rate per individual was selected. The GAMM

200  (‘gamm’ function) incorporated a basis dimension (k) of 3 as a value for the smooth terms in the
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201  GAMM fits to capture relationships no more complex than unimodal, and included individual
202  ID as a random effect (Wood, 2023).

203 Sex was included as an independent factor in all models. Models were first run using
204  whole-body metabolic rates and then using mass-independent metabolic rates, determined as
205  the residuals derived from regressions of (log-transformed) p-phase and (log-transformed) a-
206  phase metabolic rates on (log-transformed) body mass. Three different measures of body mass
207  were considered in the analysis: body mass before and after the metabolic rate measurements,
208 and the mean of these two measures. As consistent results were obtained for all three measures,
209  the body mass measured after the metabolic measurements was used in all subsequent analyses.
210  Variables and their interaction that were not statistically significant were removed using a
211 backward stepwise procedure. Given that birds were caged for several days, number of days
212 since capture was included as a fixed covariate to account for the potential effect of captivity.
213 Interquartile ranges were used as a criterion to identify outliers (14 outliers were identified in
214  the a-phase metabolic rates dataset), using the 'quantile’ function in R. Shapiro-Wilk tests were
215  performed to check the normality of the residuals (Shapiro-Wilk W > 0.9). The significance
216  level was set at p<0.05. Body mass, p-phase, and a-phase metabolic rates were log transformed
217  before analyses. All statistical analyses were performed using R software v. 4.2.2 (R Core Team
218  2022), details of which are available in the Supplementary File (RMarkdown file).

219

220  Results

221 p-phase metabolic rates

222 The values for p-phase metabolic rates are summarized in Table 1. Birds exhibited their
223 lowest whole-body and mass-independent rates when exposed to an ambient temperature of
224 28°C, and showed an increase in metabolic rate below this temperature (whole-body, Figure

225  1A; mass-independent, Supplementary information Figure S1A). As the temperature decreased
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226 to ~16°C (inflection point), metabolic rates also began to decrease (Figure 1B and
227  Supplementary information Figure S1B).

228  a-phase metabolic rates

229 GAMM analyses supported a decline in metabolic rate over time, for both whole-body
230 (p < 0.001; Figure 2) and mass-independent (p < 0.001; Figure S2) measurements, visually
231  plateauing off at ~120 min (Figure 2 and Supplementary information Figure S2). Whole-body
232 o-phase metabolic rates (fasted birds only) were on average 48% higher than whole-body p-
233 phase metabolic rates (28°C), and this difference was also significant for both whole-body (p >
234 0.05, Figure 1A) and mass-independent (p > 0.05, Supplementary information Figure S1A)
235  measurements. There was no evidence of a positive correlation between p-phase metabolic rate
236 (28°C) and a-phase metabolic rate (fasted birds only). Neither sex nor number of days since
237  capture were significant (all p > 0.10).

238

239  Table 1. Mean £ SD (standard deviation), minimum-maximum values, and sample size (n) of

240  the p- (resting) phase whole-body metabolic rates (ml O2/min) for various temperatures.

p- (resting) phase metabolic rate

Temperature (°C) Mean + SD Min-Max n
peratu (ml O2/min) (ml O2/min)

12 1.08 £0.21 0.68 - 1.55 27

16 1.13£0.19 0.83-1.63 27

20 1.15+£0.28 0.69 - 1.76 29

24 1.04 £0.36 0.36-1.76 28

28 0.92 £0.31 0.50-1.53 49

31.5 0.99 £0.40 0.42 - 1.60 19

10
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242 Figure 1. A) Boxplots of whole-body p- (resting) phase metabolic rate (ml O2/min) of wild
243  common waxbill (Estrilda astrild) at various ambient temperatures. (Note: The blue filled circle
244  represents the mean value of the a- (active) phase metabolic rates measured at 28°C. Boxplot
245  whiskers extend to the minimum or maximum value within 1.5 times the interquartile range).
246 B) The whole-body p- (resting) phase metabolic rate (MR ml O2/min) at various temperatures.

247  (Note: The vertical red dashed line indicates the inflection point at 16.6°C. The shaded band

11
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248  indicates the 95% confidence interval around the segmented regression line, highlighting the

249  region where there is 95% confidence in the true regression line).
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MR ml O,/min
o
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0 50 100 150 200 250
250 Time (min)

251  Figure 2. Whole-body a- (active) phase metabolic rates (ml O2/min) of common waxbill
252  (Estrilda astrild) over the 4 h fasting period. (Note: The shaded ribbon represents the 95%
253  confidence interval).
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260  Discussion

261 The observed thermoneutral zone (TNZ) curve predominantly follows the classic
262 Scholander-Irving model, where endotherms maintain a stable basal metabolic rate (BMR)
263  within a range of ambient temperatures, but must produce additional metabolic energy to keep
264  their body temperature constant when the ambient temperature falls below or rises above it.
265 Common waxbill metabolic rates were lowest at an ambient temperature of 28°C. Below this
266  temperature, p-phase (resting) metabolic rates increased linearly, until an inflection point at
267  around 16°C where birds began to decrease their p-phase metabolic rates. We also found that
268  0- (active) phase metabolic rates (fasted) were 48% higher than p-phase metabolic rates (28°C),
269 and that whole-body and mass-independent a-phase metabolic rates showed an unimodal
270  decrease over time, plateauing off at ~120 min.

271 Although the specific limits of the TNZ could not be precisely defined because of a
272 temperature difference of 4°C between the ambient temperatures tested, it is reasonable to
273 conclude that the lower value of the TNZ (i.e., the lower critical temperature) for common
274  waxbills fell approximately around 28°C. This was consistent with findings from captive
275 individuals of this species (Pacioni et al., 2023). As temperatures fell below this point, we
276  observed an increase in both whole-body and mass-independent p-phase metabolic rates.
277  However, the curve showed an inflection point at around 16°C, where both whole-body and
278  mass-independent p-phase metabolic rates began to decrease. This may suggest adaptive
279  mechanisms, such as facultative hypothermic responses, to conserve energy in colder
280  conditions (Geiser, 2021; McKechnie & Lovegrove, 2002). Facultative hypothermia, such as
281  resting phase hypothermia, refers to the adaptive ability to reduce body temperature in response
282  to environmental conditions (e.g., cold temperatures), with a 30-40% reduction in metabolic
283  rate (Reinertsen, 1983). This phenomenon has been observed in species spanning 16 different

284 orders and 31 families of birds (Ritchison, 2023), some of which have a small body mass (Ruf
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& Geiser, 2015). For example, small passerines (i.e., blue tit Cyanistes caeruleus, willow tit
Poecile montanus, and black-capped chickadee Poecile atricapillus) have demonstrated the
ability to reduce their body temperature by several degrees after prolonged exposure to cold
conditions as an energy-saving strategy to increase winter survival (Brodin et al., 2017).
However, a study by Andreasson et al. (2019) found that juvenile great tits (Parus major) and
juvenile blue tits were less likely to adopt hypothermia as an energy-saving strategy at very low
ambient temperatures (~-8°C) when faced with an increased perceived predation risk. Similarly,
Cooper and Gessaman (2005) showed that mountain chickadees (Poecile gambeli) and juniper
titmice (Baeolophus ridgwayi) used more energy to reduce their body temperature when the
ambient temperature was exceptionally low (~-10°C). As the temperatures examined in our
study were not extremely low, a potential hypothermic mechanism is likely to be energetically
advantageous for our birds.

Numerous studies have shown a breakdown of the Scholander-Irving model at lower
temperatures, with metabolic rates deviating from linearity at lower temperatures (Noakes et
al., 2013; Nzama et al., 2010; Steiger et al., 2009; Thabethe et al., 2013; van de Ven et al.,
2013). However, these studies did not discuss the precise mechanism underlying this metabolic
downregulation at lower temperatures. As we did not monitor body temperature during our
measurements, it is important to acknowledge this limitation of our study. Without direct
measurements of body temperature, our understanding of the observed inflection point in our
TNZ curve is limited, leading to speculation and highlighting a potential avenue for future
research into the relationship between body temperature adaptations and responses to colder
temperatures in our study species.

As the physiological ability to adapt to low temperatures has been shown to influence
the geographic distribution of endothermic organisms (Khaliq et al., 2017; Hayes et al., 2018),

range distribution expansion may be limited by physiological constraints, such as those
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310 associated with the ability to sustain energetically elevated rates of thermogenesis (heat
311  production) for long periods (Buckley et al., 2018). Indeed, although cold temperatures outside
312 the TNZ are not directly lethal to the bird itself, the prolonged maintenance of high metabolic
313  rates, and hence high energy requirements, may be constrained by environmental factors (e.g.,
314  food availability). This is particularly relevant for invasive species such as the common waxbill,
315  which tends to occupy colder climates in its invasive distribution range compared with its native
316  distribution range (Stiels et al., 2011). Lasiewski et al. (1964) and Stephens et al. (2001)
317  conducted comparable studies on black-rumped waxbill and orange-cheeked waxbill, both of
318  which have invasive populations in Iberia along with the common waxbill. These studies
319 examined the TNZ of these species at ambient temperatures similar to or lower than those in
320  our study. Their results showed a linear up-regulation of metabolic rate when the ambient
321  temperatures were below the TNZ for both species. This evidence suggests that these two
322 species may lack the ability to limit energy expenditure at colder temperatures and may explain
323  why the common waxbill is a more successful invasive species in Iberia than its counterparts
324  (Ascensao et al., 2021).

325 In addition to TNZ, we also examined the patterns of a-phase (active) metabolic rates
326  and found significant differences between the (whole-body and mass-independent) p-phase
327  (28°C) and the a-phase (28°C, fasted birds only) metabolic rates. Specifically, during the a-
328  phase, the whole-body metabolic rates of the fasted birds were significantly higher by 48% than
329  during the p-phase. These results do not support the conclusion of Lasiewski et al. (1964) and
330  Stephens et al. (2001) that metabolic rates during p-phase and a-phase are generally not
331  different in small birds. Furthermore, a recent study by Ellis and Gabrielsen (2019) argued that
332 both a-phase and p-phase metabolic rates represent BMR. Other studies that have found
333  evidence of a circadian rthythm in metabolic rates have typically reported smaller differences.

334  For example, McKechnie and Lovegrove (1999) found that the p-phase BMR was
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335 approximately 20% lower than the a-phase BMR in fed black-shouldered kites (Elanus
336  caeruleus). Daan et al. (1989) found that, in kestrels (Falco tinnunculus), the metabolic rate
337  during the a-phase was 22-27% higher than the metabolic rate during the p-phase. However,
338  these studies involved metabolic measurements lasting for 24 h. The longer measurement
339  period may have resulted in a lower percentage increase in metabolic rate during the a-phase
340 compared with the 4 h measurements we performed. This difference could be attributed to
341  potential acclimatization effects, where birds might adjust to the laboratory conditions over
342  time, leading to a lower metabolic response during the a-phase. The duration of exposure may
343  then influence the degree to which birds modulate their metabolic rates, highlighting the
344  importance of considering the duration of measurements when understanding circadian rhythm-
345  related variations in avian energetics.

346 Finally, we observed an effect of fasting on the a-phase metabolic rates, with a
347  statistically significant decrease in metabolic rates from a non-fasted to a fasted state. This
348  reduction in metabolism is likely to be a consequence of the energy expenditure associated with
349  digesting and assimilating an ingested meal (Brody & Lardy, 1946; Rubner, 1902). Similarly,
350 Cade et al. (1965) observed a decrease in CO> production in the black-rumped waxbill during
351  the transition from fed to fasting conditions, with a-phase metabolic rate values at 3 h post-
352 feeding approximately 30% lower than initial values. Furthermore, in line with these results,
353  we found that common waxbills reached a post-absorptive state at ~120 min, as shown in Figure
354 2, where metabolic rate consumption started to plateau, with final metabolic rate values about
355  40% lower than the initial values. These values suggest a rapid digestion process, consistent
356  with other estrildid species (Cade et al., 1965).

357

358  Conclusions
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359 Our results highlight the potential use of an energy-saving strategy by common waxbills
360 as an adaptive response to cold, which may explain their success as an invasive species.
361  Although metabolic inflection points have been repeatedly identified in studies of TNZ, the
362  specific mechanisms underlying this metabolic down-regulation at low temperatures have not
363  been investigated by many authors. Therefore, we suggest that future research should prioritize
364  the study of body temperature variation, focusing on elucidating its potential contribution to
365 metabolic adaptation to colder environments. Finally, we found that metabolic rates in the a-
366  phase were significantly higher than those in the p-phase. Therefore, we do not support the
367  conclusion of Lasiewski et al. (1964) and Stephens et al. (2001) that metabolic rates during o-
368  phase and p-phase are generally not different in small birds.
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