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Early life neonicotinoid exposure
results in proximal benefits
and ultimate carryover effects
Thomas Zgirski1,2*, Pierre Legagneux2,3,4,7, Olivier Chastel4, Lyette Regimbald1,
Louise Prouteau4,5, Audrey Le Pogam1,2,7,8, Hélène Budzinski5, Oliver P. Love6 &
François Vézina1,2,7,8
Neonicotinoids are insecticides widely used as seed treatments that appear to have multiple negative
effects on birds at a diversity of biological scales. Adult birds exposed to a low dose of imidacloprid,
one of the most commonly used neonicotinoids, presented reduced fat stores, delayed migration
and potentially altered orientation. However, little is known on the effect of imidacloprid on birds
growth rate despite studies that have documented disruptive effects of low imidacloprid doses on
thyroid gland communication. We performed a 2 × 2 factorial design experiment in Zebra finches,
in which nestling birds were exposed to a very low dose (0.205 mg kg body mass−1) of imidacloprid
combined with food restriction during posthatch development. During the early developmental
period, imidacloprid exposure resulted in an improvement of body condition index in treated nestlings
relative to controls. Imidacloprid also led to compensatory growth in food restricted nestlings. This
early life neonicotinoid exposure also carried over to adult age, with exposed birds showing higher
lean mass and basal metabolic rate than controls at ages of 90–800 days. This study presents the first
evidence that very low-dose neonicotinoid exposure during early life can permanently alter adult
phenotype in birds.
Neonicotinoids are among the most used insecticides in the world1–3. They act by overstimulating the nervous
systems of insects4 and are partly implicated in their worldwide global decline5,6. Adverse effects of neonicotinoids
on higher trophic levels could emanate both directly from the consumption of contaminated food items and
indirectly from disruptions of the food supply by affecting the insect populations on which they f eed7. Because
neonicotinoids bind with higher affinity to insects than to vertebrate r eceptors4, to some extent it was purported
that neonicotinoids would have limited impacts in vertebrates, but the concentrations applied as seed coatings
were known to be high enough to have acutely toxic effects on vertebrates prior to registration. A diversity of
non-lethal behavioral and physiological negative impacts have been documented in vertebrates exposed to doses
(e.g. 0.02–2000 mg kg−1) of n
 eonicotinoids8–13. In recent studies, birds exposed to imidacloprid, one of the
most commonly used neonicotinoids, showed reduced migratory fat stores, delayed migration and potentially
altered migratory o
 rientation8,9. Other vertebrate studies have documented that imidacloprid exposure can
have disruptive effects on the hypothalamo-pituitary axis and thyroid gland f unction11,14,15 as well as metabolic
dysfunction16, altered growth17,18, reproduction19 as well as lipid storage disorders through adipogenesis and
lipid accumulation20–22.
No studies have examined the effects of neonicotinoid exposure during growth in birds, one of the most energetically demanding stages in vertebrate life c ycles23,24. Growth limitation can have long-term consequences on
adult physiology and fitness-related life-history traits, and thus on adult fitness25–29. In agroecosystems, nestlings
can be exposed to neonicotinoids directly during agricultural applications or via consumption of coated-seeds,
contaminated arthropod prey and drinking w
 ater30–32. Given the potential disruptive effects of neonicotinoids
11,14,15
on thyroid function
, which regulates metabolism and resource allocation during growth33, it is surprising
that the link between neonicotinoids exposure, metabolism and growth have only been examined in young
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Figure 1.  Mean daily body mass (s.e.m.) according to the four treatments (Day 1–30) in the first half of the
experiment. Daily administration of imidacloprid (0.205 mg kg body mass−1mg/day) occurred from day 4 to
30 after hatching. Food treatment began on day 5. Blood samples were taken on days 15 and 30 (Ad libitumControl n = 18, Ad libitum-Imidacloprid n = 13, Restricted-Control n = 19, Restricted-Imidacloprid n = 10).
Inserted boxplot shows body mass according to treatments on 800 day old birds. Boxes indicate interquartile
range, middle lines indicate median, whiskers show the minimum and maximum values within 1.5 × the
interquartile range while dots outside the whiskers represent outliers (< 1.5× interquartile range from box).

rodents and avian embryos17,18,34. In the latter studies, moderate to high doses of imidacloprid (range: 10 mg kg−1
–337 mg kg−1) resulted in skeletal malformations, neurobehavioral deficits and adverse effects on immunity.
However, short and long-term effects of early-life neonicotinoid exposure have not been examined, especially
at doses that could be encountered in the environment (but s ee35).
We used a 2 × 2 factorial experimental design in a model bird species, the Zebra finch (Taeniopygia guttata) to
examine direct effects of the neonicotinoid imidacloprid on body condition and thyroid function during growth
and the long term effects on adult physiology, focusing on body composition and metabolism. We considered two
major routes of impact from neonicotinoid application during intensive agriculture: direct pesticide exposure
and indirect food reduction (i.e., via a reduction in foraging resources). Zebra finches were exposed daily to a
low dose of imidacloprid [0.205 mg kg body mass−1 , 0.5% of the LD50 of House sparrow (Passer domesticus)
41 mg kg−1] and/or to food restriction during posthatch growth. This dose was comparable to the one used in
a passerine, the Red munia (Amandava amandava) where the administration of 0.155 mg kg−1 of imidacloprid
in adults induced thyrotoxicity with potential damaging effects on thyroid c ells11. The dose used in the current
study can be considered to be environmentally relevant for most farmland birds species that incorporate a mix
of invertebrates and seeds in their diet during the nestling rearing period 36. Birds in our study were exposed
to imidacloprid from days 4 to day 30 after hatching (Fig. 1) which represents a total exposure of 0.059 mg of
imidacloprid per nestling and is equivalent to two canola seeds treated with imidacloprid (0.03 mg of imidacloprid per s eed9). The current experiment was conducted on 129 nestlings over 3 months (See “Appendix A” for a
visualisation of the birds used over time).

Results

Plasma imidacloprid concentration. We first validated that the ingested pesticide was present in nestlings’ blood by measuring imidacloprid concentration in plasma. This was done by pooling samples (to increase
plasma volume and detection rate) of individuals from the first and second half of the experiment to obtain two
pooled samples (“Appendix A”). Imidacloprid plasma concentrations were 7.92 ng.g −1 plasma and 4.19 ng.g −1
plasma during the first and second half of the experiment respectively and only trace amounts were detected
in controls (one pool: 0.08 ng g−1 plasma). To account for this change in imidacloprid concentration over time,
data were analyzed with an interaction effect between treatment and period. The number of individuals used
in both periods were similar (60 and 69 in the first and second half of the experiment respectively (“Appendix
A”). 5 individuals died during the growth experiment (Restricted-Control: 2; Ad libitum-Control: 1; RestrictedImidacloprid:1; Ad libitum-Imidacloprid: 1). The body mass, tarsus length and head-bill length of the parents as
well as the brood size were also similar in both time periods (All t  1.29; All p 0.08). However, in the second
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Figure 2.  Mean daily body mass (s.e.m.) according to the four treatments (Day 1–30) in the second half of the
experiment. Daily administration of imidacloprid (0.205 mg kg body mass−1mg/day) occurred from day 4 to
30 after hatching. Food treatment began on day 5. Blood samples were taken on days 15 and 30 (Ad libitumControl n = 18, Ad libitum-Imidacloprid n = 13, Restricted-Control n = 19, Restricted-Imidacloprid n = 10).
Inserted boxplot shows body mass according to treatments on 800 day old birds. Boxes indicate interquartile
range, middle lines indicate median, whiskers show the minimum and maximum values within 1.5 × the
interquartile range while dots outside the whiskers represent outliers (< 1.5× interquartile range from box).

half-period, Ad libitum-Imidacloprid nestlings were lighter than Controls before start of treatments (treatment
effect day 1–4 on body mas sβ = −0.37 ± 0.14, P = 0.023).

Direct effects of imidacloprid exposure during growth. Exposure to imidacloprid resulted in higher

body condition index (Scaled-Mass Index hereafter SMI37) in treated nestlings relative to controls during the
first half of the experiment (Treatment effect: F(3;9.99) = 15.07, P 0.001, Fig. 1, Table 1). Since this effect was
consistent for both the Ad libitum and food restricted groups, imidacloprid exposure resulted in a compensatory effect on growth in restricted birds (Fig. 1). The greatest impact on SMI was found on day 8, where
Restricted-Imidacloprid birds were +19.0 % heavier (SMI) than Restricted-Control birds. Similarly, Ad libitumImidacloprid birds were +14.6 % heavier than Ad libitum-Control birds. This effect persisted until the end of
the experiment at day 30 (close to independence), where Restricted-Imidacloprid and Ad libitum-Imidacloprid
birds were still +7.5 % and +4.9 % heavier than their respective controls. There was a significant interaction
between treatment and day but resulted from an effect size (Table 1). This increase in SMI was not associated
with a change in structural body size in imidacloprid exposed birds. Total water content was similar for all
measured individuals (Mean total water = 10.50 ± 0.29 (n=6) and 10.49 ± 0.13 (n=41) for imidacloprid during
the first and second half respectively and 10.37 ± 0.18 (n=13) for the control group in the second-half period)
with all statistical results remaining highly non-significant (all F < 0.218; All p-values > 0.65). Food restriction
had negative effect on head-bill length in non-exposed birds in the second half-period (food restriction effect
on head-bill length β = −0.72± 0.17, P 0.001, “Appendix B”). The effect of food restriction was comparable to
a previous study that used the exact same procedure38. We compared the body mass difference between control
and restricted birds from day 5 to day 18 for which similar data was available. Mean difference was 0.90 [±95%
CI 0.71–1.09] and 0.70 [± 95% CI 0.57–0.84] for Spencer et al. (2003) and our study respectively. While no statistical differences between the two studies were detected, the impact of food restriction was reduced in our study
potentially because additional corn oil was administered to our nestlings. This mitigation effect of imidacloprid
exposed birds was more subtle during the second half of the experiment (Treatment effect: F(3;29.76) = 17.27, P
 0.001) with no effect of imidacloprid treatment and a strong effect of the nutritional stress (Table 1). Plasma
triiodothyronine (T3) levels measured at days 15 and 30 and thyroxin (T4) levels measured at day 30 revealed no
significant treatment effects on either hormone regardless of the treatment period considered (“Appendix C”).

Imidacloprid effects in post‑fledging and adult birds. We investigated long-term effects of early imidacloprid exposure on body, lean and fat mass using quantitative magnetic resonance on days 90 and 800. We
also examined effects on basal metabolic rate measured by respirometry [on day 800 after keeping the birds in
optimal nutritional and daylight conditions with no further imidacloprid exposure (see insert in Figs. 1 and 2)].
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1. Treatment*Period + Treatment*Day + Brood size

16

0.00

0.43

2. Treatment*Period + Treatment*Day + Brood size +
Pair order

17

0.40

0.35

a) Model

AICc

SMI residuals

3. Treatment*Period + Treatment*Day + Brood size +
Pair order + Sex

18

1.30

0.22

4. Null

5

91.36

0.00

b) SMI residuals

β

SE

df

t-value

P-value

(Intercept)

0.43

0.29

42.14

1.50

n.s.

Ad libitum-Imidacloprid

0.41

0.28

26.61

1.47

n.s.

Restricted-Control

−0.98

0.26

26.46

−3.81

< 0.001***

Restricted-Imidacloprid

0.88

0.30

25.05

2.91

< 0.01**

Period

0.69

0.27

18.25

2.54

< 0.05*

Day

0.00

0.00

2809

0.42

n.s.

Brood size

−0.15

0.04

38.49

−3.35

< 0.01**

Ad libitum-Imidacloprid:Period

−0.87

0.37

19.95

−2.34

< 0.05*

Restricted-Control:Period

−0.49

0.37

18.21

−1.30

n.s.

Restricted-Imidacloprid:Period

−1.36

0.39

19.32

−3.52

< 0.01**

Ad libitum-Imidacloprid:Day

0.01

0.00

2809

2.09

< 0.05*

Restricted-Control:Day

0.04

0.00

2809

7.73

< 0.001***

Restricted-Imidacloprid:Day

0.00

0.00

2809

−0.18

n.s.

Random effects
Individual standard deviation

0.54

Pair standard deviation

0.22

Residual standard deviation

0.65

Table 1.  (a) Model selection of the effects of treatments (Ad libitum-Control, Ad libitum-Imidacloprid,
Restricted-Control, Restricted-Imidacloprid), Sex, Brood size, Pair order) on scaled body condition residuals
(SMI residuals ) from day 8 to day 30. (b) Parameter estimates (slopes [β] with standard error [SE], degrees of
freedom [df], t-value and P-value) for top ranked model. Factor level references: Treatment = Ad libitumControl, Period = First half-period. (N observations = 2937; from 129 individuals of 35 pairs used as random
factors).

At day 90 when birds are considered adult and able to breed, we did not detect any residual effect of early
imidacloprid exposure and food restriction on SMI (See "Appendix D1 and D2"), which indicates that the birds
condition had recovered within 60 days after the end of imidacloprid exposure. The lack of difference in SMI
among the groups persisted after two years (or 800 days; the expected maximum lifespan of this species in the
wild). However, both at age 90 and 800 days, birds that were exposed to imidacloprid during the first half of the
experiment had significantly heavier lean body mass (SLMI, Scaled Lean Mass Index) than controls [Fig. 3A;
imidacloprid effect on SLMI β = 0.97 ± 0.19, P 0.001 and β = 1.11 ± 0.37, P = 0.013 for age 90 and 800 days
respectively (see "Appendix E1 and E2"), this effect was not detected in the second half of the experiment]. This
increase in SLMI was consistent and independent from the nutritional treatment considered ("Appendix F1 and
F2"). Females also had higher lean body mass compared to males irrespective of the period considered (β = 0.85
± 0.21 ; Fig. 3A, no interaction between sex and treatment). Furthermore, Scaled Fat Mass Index (SFMI) was
higher in imidacloprid exposed birds at 800 days but only for birds exposed during the first half of the experiment (imidacloprid effect on SFMI: β = 1.03 ± 0.41, P = 0.031, "Appendix G1 and G2"). In other words, birds
that were exposed to imidacloprid during growth maintained both higher lean and fat mass later in life (see
"Appendix H" for summary statistics). This change in body composition was associated with significantly higher
lean-corrected basal metabolic rate (BMR) in imidacloprid exposed birds compared to controls (Figure 3B). The
effect of early-life imidacloprid exposure on adult BMR was only found in birds exposed during the first half of
the experiment (imidacloprid effect on lean mass corrected BMR, β = 0.83 ± 0.34, P = 0.030 and β = 0.59 ± 0.28
for the second half of the experiment, see "Appendix I1 and I2" for more details).

Discussion

We have shown that short-term exposure to a very low dose of imidacloprid, one of the most commonly-used
neonicotinoid pesticides in the world, can positively impact body condition index during growth and body composition of adult birds. Counterintuitively, imidacloprid enhanced body condition and appeared to fully compensate for the negative effects of growing under a food-restricted environment. Interestingly, those beneficial and
compensation effects faded at a lower imidacloprid concentration (i.e. during the second half of the experiment).
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Figure 3.  (a) Residuals of Scaled Lean Mass Index (day 800) split by sex and early-life treatments (Control in
blue and Imidacloprid in orange). Control (n = 20) = Ad libitum-Control + Restricted-Control / Imidacloprid
(n = 16) = Ad libitum-Imidacloprid + Restricted-Imidacloprid). (b) Lean mass corrected Basal Metabolic
Rate (model residuals) (day 800) according to the sex and the two treatments (Control and Imidacloprid).
Specifications of the boxplots are provided in the caption of Figure 1. These results show individuals treated
during the first half of the experiment. P-value ≤ 0.05*.

Our study is the first to report a positive effect of low imidacloprid exposure on the development and body
condition of juvenile birds. This suggests that the influence of very low dose imidacloprid on body condition is prominent only at juvenile stages in birds. Indeed, adult passerine Red munia (Amandava amandava)
daily exposed to 0.155 mg kg body mass−1 of imidacloprid [0.5% LD50 of Japanese quail (Coturnix japonica),
31 mg kg−1] over 30 days did not change their body mass11. The increase in body condition reported in the
current study was not associated with a change in structural body size and is consistent with other studies in
rodents where a mass gain was reported in mice and rats exposed to very low doses of imidacloprid (16 0.5 mg
kg−121, 0.06 mg.kg−1).
During the second half of the experiment (lowest concentration), the short and positive effect of imidacloprid
administration on growth rate was considerably reduced with no carry-over effects at the adult stage. Dosing the
solution over the course of the experiment and/or individual plasma would have been ideal instead of pooling
the samples for the two periods (see methods). However, since the exact same protocol was followed during the
first and the second half of the experiment, we are confident that the differences occurred because of the fading of
the imidacloprid solution and not from different tested groups. This dose-response could non-exclusively result
from either a threshold effect of imidacloprid or from non-linear processes, also known as hormesis, a biphasic
toxicological phenomenon characterized by low-dose stimulation and high-dose i nhibition39,40. At higher doses,
the reported effects on physiology or behaviour are apparently always d
 eleterious8,9,41. Taken together, the doseresponse of imidacloprid exposure on organisms is likely non-linear. Future studies are required to confirm the
potential hormetic nature of imidacloprid exposure in vertebrates, as shown in a rthropods39,42.
Egg yolk thyroid hormones thyroxine (T4) and triiodothyronine (T3) produced already after a few days of
incubation43 can regulate several key physiological processes such as prenatal development and juvenile growth33
and metabolism44 for which imidacloprid was found to imbalance their plasma concentrations11. However, in our
study, plasma T3 and T4 levels were not influenced by imidacloprid exposure nor food restriction. These results
are surprising given recent studies reporting higher T4 and lower T3 in Red munias exposed to 0.155 mg kg
body mass−1 of imidacloprid11 and an inverse response (lower T4 and higher T3) to food restriction in domestic fowl45–48 and mice49. Therefore, the underlying mechanisms still require dedicated studies, since thyroid
hormones were apparently not playing a significant role in our system and imidacloprid did not influence the
hydric balance of exposed birds. Once adult, exposed birds maintained higher levels of both lean and fat masses.
Lean tissues are known to have higher metabolic activity than adipose tissues50 and this could partly explain the
observed high BMR in adult imidacloprid birds. The influence of imidacloprid on body reserves has been of great
interest in human studies as it is thought to have obesogenic effects by promoting lipid accumulation in 3T3-L1
adipocytes20–22,51, resulting in increased body fat accumulation. However, such obesogenic cellular mechanisms
have not been examined in birds and were beyond the scope of this study.
Our study highlights that a very low dose of imidacloprid can benefit development in birds with long-lasting
consequences. Environmental conditions experienced during early life can act directly on adult phenotypes with
influences on individual fitness components26,52. In this study, the mitigation effect of imidacloprid exposure
on SMI was particularly high during the period of rapid linear growth, where energy is known to be mostly
allocated toward tissue-synthesis53. This ultimately resulted in an accumulation of lean tissues and larger lipid
stores in adult birds. Therefore, early-life imidacloprid exposure induced long term effects, which consequently
resulted in higher maintenance cost during a dulthood54. While the development of an optimal phenotype may
be constrained by a wide range of environmental conditions, our study revealed that neonicotinoids superimpose
a new layer of complexity in resource allocation and that this can be carried over to generate adults living with
higher maintenance costs.
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Methods

Bird husbandry and experimental approach. This study took place at the avian facility of the Uni-

versité du Québec à Rimouski (UQAR), from November 2016 to March 2019. Birds were kept at a constant
temperature of 21 ◦ C on a 12L:12D cycle during the entire experiment. This experiment was conducted over
two consecutive breeding trials (first half: 28-11-2016 to 15-01-2017, second half: 16-01-2017 to 11-03-2017
"Appendix A").
Adults were randomly paired and kept together in 41x42x32 cm in canary breeding cages with an external
cardboard nest box attached to the front wire mesh panel. After twelve days, unsuccessful pairs were redistributed.
Nest boxes were checked every day between 9:00 and 11:00 during the laying period. Egg cross-fostering was
performed to avoid potential maternal effects in egg production, incubation and nestling rearing. Each egg was
therefore swapped with an egg from another pair laid on the same date. This procedure was conducted for pairs
with the same treatment (intra-group) and between pairs with another treatment (inter-treatments groups). 68,7%
(total=67 pairs) of the breeding pairs succeeded to produce a clutch and 20 pairs produced a second clutch that
were included in the experiment (Second clutch effect: F(1;286.2) = 9.10−4 , P = 0.98). Nine pairs failed between
day 1 and 5 after hatching and were discarded from the analysis. Nest boxes were checked twice per day toward
the end of the incubation period (12 to 14-days after clutch completion) to determine hatching dates and to
associate eggs with nestlings. After hatching, breeding pairs were randomly assigned to one of four treatments,
Ad libitum-Control, Ad libitum-Imidacloprid, Restricted-Control, Restricted-Imidacloprid. Consequently each
nestlings in a given nest received the same treatment, resulting in a 2 × 2 factorial design experiment. Water was
available Ad libitum for all groups. Additionally, electrolytes were mixed to water twice a week. Each nestling
was marked with a coloured spot (using food dye to track each individual from a given clutch) from day 1 to
day 15 and then fitted with a unique alpha-numeric color band. Birds were weighed every day (0.01 g) before
treatment administration. Wing chord, tarsus and head-bill lengths were measured (0.01 mm) every two days
starting at age 8. All procedure took place between 09:00 and 11:00. Blood samples were collected in a second
round of manipulation, at least an hour after imidacloprid administration between 11:00 and 12:00 am. Blood
samples were collected at day 15 and 30 from the brachial vein using a 27-gauge needle and a 70–100 μL heparinized capillary tube which represent <1 % of the bird’s total body mass. These samples were later centrifuged
(10 min at 8,000 rpm; UNICO PowerSpin BX centrifuge C886, UNICO, Dayton, NJ) to obtain plasma samples
and hematocrit data. Plasma samples were stored at −20 ◦ C. After day-30, birds were maintained in captivity
(males and females were kept separately in large cages with 2-10 individuals per cage) and fed Ad libitum until
basal metabolic rate measurements two years later. Research protocols were in compliance with the Canadian
Council on Animal Care guidelines and approved by the Université du Québec à Rimouski (UQAR) Animal Care
Committee (CPA-67-16-180). The study was carried out in compliance with the ARRIVE guidelines.

Imidacloprid treatment.

Treated birds were exposed daily to imidacloprid (analytical standard, Toronto
Research Chemicals (I274990) from day 4 to day 30 using corn oil as a vehicle (organic food grade). The chosen dose, 0.205 mg g−1 represented 0.5% of LD50 of House sparrow (Passer domesticus) (41 mg kg−1). Control
groups only received corn oil. The dosing solution was prepared by directly adding imidacloprid to the oil and
then stirring overnight to ensure complete homogeneity. We orally administered 5.13 μL g−1 mass of nestlings
(for both treated and control groups) using a micropipette with a 100 μL tip cone. Complete swallowing with
this technique was confirmed after administration, by observing 20 nestlings (10 controls and 10 imidacloprid).
After administration, those 20 nestlings were kept in the dark for 10 minutes. At 5 min and 10 min, the beak
gapes were observed to detect any oil regurgitation. From these observations, we confirmed complete swallowing after injection in 100% cases. The solution was protected from direct light and stored in the dark and kept at
4 ◦ C during the whole experiment.
To validate and quantify imidacloprid absorption in nestlings, we used on-line Solid-Phase Extraction/Liquid
Chromatography coupled to Tandem Mass Spectrometry SPE-LC-MS/MS. As we used the same solution during
the whole experiment, we measured imidacloprid concentration in plasma taken during the first and the second
half of the experiment (“Appendix A”). We found a reduction in imidacloprid plasma concentration between
the first and the second half of the experiment that could have resulted from a degradation in the stock solution
during the experiment despite its conservation in the dark at 4 ◦ C during the entire experiment.

Imidacloprid chemicals analysis. Remaining blood samples (plasma was first used to measure T3 and

T4 concentration in plasma, see below) taken at days 15 and 30 were pooled into three groups: Control birds
(Ad libitum + food restricted); imidacloprid exposed birds from the first and the second half of the experiment
respectively (“Appendix A”). The samples could not be analyzed individually because we did not have enough
plasma per pool after the T3 and T4 analyses. We pooled 8 (first half) and 24 (second half) samples per pool in
imidacloprid groups (Control n = 27). To dose imidacloprid in the plasma55,56, internal standard imidaclopridd4 was added to 25 μL of plasma. 25 μL intake plasma volume is the lowest acceptable volume to realize the
protocol with a good sensitivity (LOQ imidacloprid = 10 pg/g plasma with this method). Plasma samples were
pretreated with acetonitrile to precipitate proteins. Before analysis, ultra-pure water was added to the supernatant and extracts were injected to the analytical system composed of a Poroshell 120 SB C18 guard column (5
mm length ×2.1 mm internal diameter, 2.7 μm particle size) (Agilent) used as on-line SPE cartridge. Target compound separation was realized with a Poroshell Phenyl-Hexyl column (100 mm × 2.1 mm, 2.7 μm) (Agilent).
Imidacloprid detection was ensured by the 6490 Triple Quad mass spectrometer (Agilent). Finally, we checked
the analytical sequence by quality controls and used internal standards to calculate the concentration. Limit of
quantification for imidacloprid is 10 pg g−1 plasma. Analyses were carried out at the Université de Bordeaux
(UMR CNRS 5805 EPOC).
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Food restriction treatment.

To experimentally reduce nestling’s growth rate, we manipulated food accessibility to breeding adults. Food restriction occurred from day 5 and stopped at day 30 when Zebra finch nestlings are considered to reach nutritional independence. All groups were fed daily with 50 g of a commercial
finch seed mix. However, in the food restricted groups seeds were mixed with buckwheat husks with a volume
ratio of 1:3. This method is known to decrease food intake rate in Zebra finch by increasing parental foraging
effort, mimicking a poor food resource environment57. Ultimately, this can decrease nestling-feeding rates and
growth38. Breeding pairs were also supplemented with egg food (homogenized hard-boiled chicken eggs with
breadcrumbs). Ad libitum and food restricted pairs were respectively supplemented with 15g and 6.5g of egg
food. Egg food was supplemented for the duration of the breeding process (pairing until chicks were 30 days of
age), so that all breeding pairs received 15g until the day of hatching then 6.5g for pairs in the food restricted
group.

Thyroid hormones analyses. Blood samples were taken at day-15 and -30 to test the influence of treatments on nestlings triiodothyronine (T3) and thyroxin (T4) levels. T3 and T4 analyses were performed by radioimmunoassay (RIA) at the Centre d’Études Biologiques de Chizé58,59. Total TH levels were assessed in duplicates
(20 µl plasma) in one run without extraction. Plasma were incubated during 24h with 10000 cpm of the appropriate 125I-hormones (Perin ELmer, US) and polyclonal rabbit antiserum supplied by Sigma company (US). The
bound fraction (hormone linked to antibody) was then separated from the free fraction by addition of a sheep
anti-rabbit antibody and centrifugation. After overnight incubation and centrifugation, bound fraction activity
was counted on a wizard 2 gamma counter (Perkin Elmer, US). Cross-reactions of T3 antiserum were defined
as follows by Sigma: triiodoD-thyroacetic acid 6%, L-thyroxine 0.2%, diiodo-L-thyrosine<0.01%, monoiodoL-thyrosine<0.01%. Cross-reactions of T4 antiserum were defined as follows by Sigma: triiodothyronine 4%,
diiodo-L-thyrosine <0.01%, monoiodo-L-thyrosine <0.01%. Intra-assay variations were respectively 9.20% and
7.19% for T3 and T4. The lowest T3 detectable concentration was 0.42ng.ml−1 and it was 0.29 ng.ml−1 for T4.
Two samples were serially diluted in the assay buffer and their displacement curves were parallel to the standard
curve.
Body composition and metabolic rate. We measured the lean and fat components of body mass non-

invasively by quantitative magnetic resonance (EchoMRI, Houston, TX, USA60, 10 min procedure for triplicate
measurements, see Le Pogam et al. 202061) at 90 days and at around 800 of age as well as basal metabolic rate at
around 800 days (mean age = 791 days, min = 758 days, max = 830 days). QMR was only available at the end of
period A (21/01/2017).
Adult Basal metabolic rates were measured overnight (average duration: 09:33 ± 25min) simultaneously on
four birds. Birds were placed in airtight stainless-steel metabolic chambers (1.5 L) equipped with a perch and a
copper constantan thermocouple connected to a Sable Systems TC-2000 thermocouple reader (Sable Systems,
Las Vegas, NV, USA) to continuously monitor chamber temperature. Metabolic chambers were placed in a
PELT-5 (Sable Systems, Las Vegas, NV, USA) temperature cabinet set at 35 ◦ C (within the thermoneutral zone
for the species). Birds received dry, CO2-free air at a constant rate of 500 mL.min-1 maintained by mass flow
controllers. The air sent to the analyzer alternated automatically between reference air (10min) and chamber
air (40min) using a multiplexer (Sables Systems MUX, Sable Systems, Las Vegas, NV, USA). BMR calculations
were based on the lowest averaged 10 minutes of VO2 using equation 10.1 from Lighton (2008)62. The duration
of BMR trials ensured that birds were post-absorptive at the time of BMR measurement (which occurred after
6.28 ± 2.45 h of measurement on average). We converted to energy consumption assuming a respiratory quotient
of 0.71 and using a thermal equivalent of 19.8 kJ L O2 −1 and converted units to Watts63.

Statistical analysis. We used the scaled mass index (SMI) as a body condition index (BCI)37. The body

condition index was obtained from the most correlated structural body measurement to body mass (Scaled Mass
Index, SMI), lean mass (Scaled Lean Mass Index, SLMI) or fat mass (Scaled Fat Mass Index, SFMI). The body
condition index can be computed as:
 bSMA
L0
BCIi = Mi
Li

where Mi and Li are the body mass or the body composition component and the linear body measurement of
individual i respectively; bsma is the scaling exponent calculated by dividing the slope from an OLS regression
by the Pearson’s correlation coefficient r of M on L; L0 is the arithmetic mean value of the linear body measurement. Head-bill was the structural size that most strongly correlated with body mass during the growth period
(head-bill mean = 20.55, r = 0.90, P  0.001, SMI bsma = 0.88) while tarsus length was the most related structural
size metric to body mass at both 90 and 800 days old (Tarsus mean = 16.72, r = 0.27; P  0.01, SMI90 bsma =
2.68, SMI800 bsma = 4.18, SLMI90 bsma = 1.51, SLMI800 bsma = 2.21, SFMI90 bsma = 1.72, SFMI800 bsma = 2.82). As
Head-bill length was measured every two days during the growth, we interpolated sequential measurements
assuming a linear skeletal growth over a 2 days period. We thus obtained an SMI for each day of the experiment
from day 8 to day 30.
Before testing the effect of treatments on body condition, we applied different nonlinear functions to our full
dataset.
 Quadratic, logistic and Gompertz functions were tested using AICc. The logistic function best fitted our
data ( AICc > 2.10) and was retained. We estimated variability in body condition index of individual nestlings
from the residuals of the logistic fit relating the scaled mass index and day of all measured nestlings using the
‘nls’ function in R
 64. The adjusted equation was:
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SMI =

11.944
[All 3 parameters of the equation were highly significants (all t  20.9, all P < 0.001)]
1 + e−(6.367+1.676∗day)

Residuals from this logistic relationship were used as the dependent variable in a General Linear Mixed Model
(GLMM) to test the effect of treatments during growth. We included both periods (first and second half of the
experiment) in the analyses and tested for potential interaction between period and treatment. We followed the
same procedure for head-bill (Gompertz function) and tarsus (logistic function). We performed General Linear
Mixed Models (GLMM’s) to test treatment effect on thyroid hormones during growth, body condition index
during adult periods as well as basal metabolic rate.
The random structure of the GLMM’s was determined through model selection procedures following Zuur,
Ieno & Elphick, 201065. Nestling ID and brood ID were considered as random factors to account for repeated
measurements on the same individual during growth as well as the dependence of individuals belonging to the
same clutch.
Kolmogorov–Smirnov tests were used for normality of the data. Explanatory variables were scaled using
z-scoring (by subtracting the mean of the variable and dividing the result by the variable’s standard deviation).
Scale Fat Mass Index at day 90 was log-transformed to fit normality. Starting from the most complete and biologically relevant model, we successively excluded non-significant variables starting from the most non-significant.
Then, the selected model was compared
to the null model using Akaike Information Criterion adjusted for

small sample (AICc). Models with AICc  2 are considered similar. To assess treatment effect, we used ANOVA
(type III). GLMM’s were performed using lme4 package version 1.1-18-1 with R (version 3.4.4 (2018-03-15))64.
Received: 24 November 2020; Accepted: 4 June 2021

References

1. Mineau, P. & Palmer, C. Neonicotinoid Insecticides and Birds: The Impact of the Nation’s Most Widely Used Insecticides on Birds.
(American Bird Conservancy, USA, 2013).
2. Simon-Delso, N. et al. Systemic insecticides (Neonicotinoids and fipronil): Trends, uses, mode of action and metabolites. Environ.
Sci. Pollut. Res. 22, 5–34. https://doi.org/10.1007/s11356-014-3470-y (2015).
3. Jeschke, P., Nauen, R., Schindler, M. & Elbert, A. Overview of the status and global strategy for neonicotinoids. J. Agric. Food Chem.
59, 2897–2908. https://doi.org/10.1021/jf101303g (2011).
4. Tomizawa, M. & Casida, J. E. Selective toxicity of neonicotinoids attributable to specificity of insect and mammalian nicotining
receptors. Annu. Rev. Entomol. 48, 339–364. https://doi.org/10.1146/annurev.ento.48.091801.112731 (2003).
5. Woodcock, B. A. et al. Impacts of neonicotinoid use on long-term population changes in wild bees in England. Nat. Commun. 7,
1–8. https://doi.org/10.1038/ncomms12459 (2016).
6. Pisa, L. et al. An update of the Worldwide Integrated Assessment (WIA) on systemic insecticides. Part 2: Impacts on organisms
and ecosystems. Environ. Sci. Pollut. Res. 28, 1–49. https://doi.org/10.1007/s11356-017-0341-3 (2017).
7. Li, Y., Miao, R. & Khanna, M. Neonicotinoids and decline in bird biodiversity in the United States. Nat. Sustain. 3, 1027–1035.
https://doi.org/10.1038/s41893-020-0582-x (2020).
8. Eng, M. L., Stutchbury, B. J. & Morrissey, C. A. Imidacloprid and chlorpyrifos insecticides impair migratory ability in a seed-eating
songbird. Sci. Rep. 7, 1. https://doi.org/10.1038/s41598-017-15446-x (2017).
9. Eng, M. L., Stutchbury, B. J. & Morrissey, C. A. A neonicotinoid insecticide reduces fueling and delays migration in songbirds.
Science 80(365), 1177–1180. https://doi.org/10.1126/science.aaw9419 (2019).
10. Lopez-Antia, A., Ortiz-Santaliestra, M. E., Mougeot, F. & Mateo, R. Imidacloprid-treated seed ingestion has lethal effect on adult
partridges and reduces both breeding investment and offspring immunity. Environ. Res. 136, 97–107. https://doi.org/10.1016/j.
envres.2014.10.023 (2015).
11. Pandey, S. P. & Mohanty, B. The neonicotinoid pesticide imidacloprid and the dithiocarbamate fungicide mancozeb disrupt the
pituitary-thyroid axis of a wildlife bird. Chemosphere 122, 227–234. https://doi.org/10.1016/j.chemosphere.2014.11.061 (2015).
12. Tokumoto, J. et al. Effects of exposure to clothianidin on the reproductive system of male quails. J. Vet. Med. Sci. 75, 755–760.
https://doi.org/10.1292/jvms.12-0544 (2013).
13. Addy-Orduna, L. M., Brodeur, J. C. & Mateo, R. Oral acute toxicity of imidacloprid, thiamethoxam and clothianidin in eared
doves: A contribution for the risk assessment of neonicotinoids in birds. Sci. Total Environ. 650, 1216–1223. https://doi.org/10.
1016/j.scitotenv.2018.09.112 (2019).
14. Berheim, E. H. et al. Effects of Neonicotinoid Insecticides on Physiology and Reproductive Characteristics of Captive Female and
Fawn White-tailed Deer. Sci. Rep. 9, 1–10. https://doi.org/10.1038/s41598-019-40994-9 (2019).
15. Wang, Y. et al. Unraveling the toxic effects of neonicotinoid insecticides on the thyroid endocrine system of lizards. Environ. Pollut.
258, 113731. https://doi.org/10.1016/j.envpol.2019.113731 (2020).
16. Khalil, S. R., Awad, A., Mohammed, H. H. & Nassan, M. A. Imidacloprid insecticide exposure induces stress and disrupts glucose
homeostasis in male rats. Environ. Toxicol. Pharmacol. 55, 165–174. https://doi.org/10.1016/j.etap.2017.08.017 (2017).
17. Abou-Donia, M. B. et al. Imidacloprid induces neurobehavioral deficits and increases expression of glial fibrillary acidic protein
in the motor cortex and hippocampus in offspring rats following in utero exposure. J. Toxicol. Environ. Heal. - Part A Curr. Issues
71, 119–130. https://doi.org/10.1080/15287390701613140 (2008).
18. Gawade, L., Dadarkar, S. S., Husain, R. & Gatne, M. A detailed study of developmental immunotoxicity of imidacloprid in Wistar
rats. Food Chem. Toxicol. 51, 61–70. https://doi.org/10.1016/j.fct.2012.09.009 (2013).
19. Mohanty, B., Pandey, S. P. & Tsutsui, K. Thyroid disrupting pesticides impair the hypothalamic-pituitary-testicular axis of a wildlife
bird. Amandava amandava. Reprod. Toxicol. 71, 32–41. https://doi.org/10.1016/j.reprotox.2017.04.006 (2017).
20. Sun, Q. et al. Imidacloprid Promotes High Fat Diet-Induced Adiposity in Female C57BL/6J Mice and Enhances Adipogenesis in
3T3-L1 Adipocytes via the AMPKα-Mediated Pathway. J. Agric. Food Chem. 65, 6572–6581. https://d
 oi.o
 rg/1 0.1 021/a cs.j afc.7 b025
84 (2017).
21. Sun, Q. et al. Imidacloprid promotes high fat diet-induced adiposity and insulin resistance in male C57BL/6J mice. J. Agric. Food
Chem. 64, 9293–9306. https://doi.org/10.1021/acs.jafc.6b04322 (2016).
22. Park, Y. et al. Imidacloprid, a neonicotinoid insecticide, potentiates adipogenesis in 3T3-L1 adipocytes. J. Agric. Food Chem. 61,
255–259. https://doi.org/10.1021/jf3039814 (2013).
23. Ricklefs, R. E., Stark, J. M. & Konarzewski, M. Internal constraints on growth in birds. in Avian Growth and Development. Evolution
within the Altricial-Precocial Spectrum (eds Starck, J. M. & Ricklefs, R.E.) 266–287 (Oxford Ornithology Series, Oxford, 1998).

Scientific Reports |
Vol:.(1234567890)

(2021) 11:15252 |

https://doi.org/10.1038/s41598-021-93894-2

8

www.nature.com/scientificreports/
24. Bobek, S., Jastrzebski, M. & Pietras, M. Age-related changes in oxygen consumption and plasma thyroid hormone concentration
in the young chicken. Gen. Comput. Endocrinol. 31, 169–174. https://doi.org/10.1016/0016-6480(77)90014-4 (1977).
25. Metcalfe, N. B. & Monaghan, P. Compensation for a bad start: Grow now, pay later?. Trends Ecol. Evol. 16, 254–260. https://doi.
org/10.1016/S0169-5347(01)02124-3 (2001).
26. Criscuolo, F., Monaghan, P., Nasir, L. & Metcalfe, N. B. Early nutrition and phenotypic development: “catch-up” growth leads to
elevated metabolic rate in adulthood. Proc. Biol. Sci. 275(1642), 1565–1570. https://doi.org/10.1098/rspb.2008.0148 (2008).
27. Monaghan, P. Early growth conditions, phenotypic development and environmental change. Philos. Trans. R. Soc. B Biol. Sci. 363,
1635–1645. https://doi.org/10.1098/rstb.2007.0011 (2008).
28. Lee, W. S., Monaghan, P. & Metcalfe, N. B. The pattern of early growth trajectories affects adult breeding performance. Ecology 93,
902–912. https://doi.org/10.1890/11-0890.1 (2012).
29. Zera, A. J. & Harshman, L. G. The Physiology of Life History Trade-Offs in Animals. Annu. Rev. Ecol. Syst. 32, 95–126. https://doi.
org/10.1146/annurev.ecolsys.32.081501.114006 (2001).
30. Botías, C., David, A., Hill, E. M. & Goulson, D. Quantifying exposure of wild bumblebees to mixtures of agrochemicals in agricultural and urban landscapes. Environ. Pollut. 222, 73–82. https://doi.org/10.1016/j.envpol.2017.01.001 (2017).
31. Hladik, M. L. & Kolpin, D. W. First national-scale reconnaissance of neonicotinoid insecticides in streams across the USA. Environ.
Chem. 13, 12. https://doi.org/10.1071/EN15061 (2016).
32. Morrissey, C. A. et al. Neonicotinoid contamination of global surface waters and associated risk to aquatic invertebrates: A review.
Environ. Int. 74, 291–303. https://doi.org/10.1016/j.envint.2014.10.024 (2015).
33. McNabb, F. M. A. The hypothalamic-pituitary-thyroid (HPT) axis in birds and its role in bird development and reproduction.
Crit. Rev. Toxicol. 37(1–2), 163–193. https://doi.org/10.1080/10408440601123552 (2007).
34. Gobeli, A., Crossley, D., Johnson, J. & Reyna, K. The effects of neonicotinoid exposure on embryonic development and organ mass
in northern bobwhite quail (Colinus virginianus). Comp. Biochem. Physiol. Part - C Toxicol. Pharmacol. 195, 9–15. https://doi.org/
10.1016/j.cbpc.2017.02.001 (2017).
35. Mineau, P. & Callaghan, C. Neonicotinoid insecticides and bats: an assessment of the direct and indirect risks. (Canadian Wildlife
Federation, 2018).
36. Wilson, J. D., Morris, A. J., Arroyo, B. E., Clark, S. C. & Bradbury, R. B. A review of the abundance and diversity of invertebrate and
plant foods of granivorous birds in northern Europe in relation to agricultural change. Agric. Ecosyst. Environ. 75, 13–30. https://
doi.org/10.1016/S0167-8809(99)00064-X (1999).
37. Peig, J. & Green, A. J. New perspectives for estimating body condition from mass/length data: the scaled mass index as an alternative method. Oikos 118, 1883–1891. https://doi.org/10.1111/j.1600-0706.2009.17643.x (2009).
38. Spencer, K., Buchanan, K., Goldsmith, A. & Catchpole, C. Song as an honest signal of developmental stress in the zebra finch
(Taeniopygia guttata). Horm. Behav. 44, 132–139. https://doi.org/10.1016/S0018-506X(03)00124-7 (2003).
39. Ayyanath, M.-M., Cutler, G. C., Scott-Dupree, C. D. & Sibley, P. K. Transgenerational Shifts in Reproduction Hormesis in Green
Peach Aphid Exposed to Low Concentrations of Imidacloprid. PLoS One 8, e74532. https://doi.org/10.1371/journal.pone.00745
32 (2013).
40. Calabrese, E. J. & Baldwin, L. A. Toxicology rethinks its central belief. Nature 421, 691–692. https://doi.org/10.1038/421691a
(2003).
41. Lopez-Antia, A., Ortiz-Santaliestra, M. E., Mougeot, F. & Mateo, R. Experimental exposure of red-legged partridges (Alectoris
rufa) to seeds coated with imidacloprid, thiram and difenoconazole. Ecotoxicology 22, 125–138. https://doi.org/10.1007/s10646-
012-1009-x (2013).
42. Rix, R. R., Ayyanath, M. M. & Christopher Cutler, G. Sublethal concentrations of imidacloprid increase reproduction, alter expression of detoxification genes, and prime Myzus persicae for subsequent stress. J. Pest Sci. (2004) 89, 581–589. https://doi.org/10.
1007/s10340-015-0716-5 (2016).
43. von Engelhardt, N. & Groothuis, T. G. G. Maternal hormones in avian eggs. in Hormones and Reproduction of Vertebrates: Birds,
1st edn. (eds Norris, D. & Lopez, K.) 91–127. https://doi.org/10.1016/C2009-0-01697-3 (Academic Press, 2011).
44. Hulbert, A. J. Thyroid hormones and their effects: A new perspective. Biol. Rev. Camb. Philos. Soc. 75, 519–631. https://doi.org/
10.1017/s146479310000556x (2000).
45. Darras, V. M. et al. Partial Food Restriction Increases Hepatic Inner Ring Deiodinating Activity in the Chicken and the Rat. Gen.
Comp. Endocrinol. 100, 334–338. https://doi.org/10.1006/gcen.1995.1164 (1995).
46. Klandorf, H. & Harvey, S. Food intake regulation of circulating thyroid hormones in domestic fowl. Gen. Comp. Endocrinol. 60,
162–170. https://doi.org/10.1016/0016-6480(85)90310-7 (1985).
47. Reyns, G. E., Janssens, K. A., Buyse, J., Kühn, E. R. & Darras, V. M. Changes in thyroid hormone levels in chicken liver during
fasting and refeeding. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 132(1), 239–245. https://doi.org/10.1016/s1096-4959(01)
00528-0.
48. Harvey, S. & Klandorf, H. Reduced adrenocortical function and increased thyroid function in fasted and refed chickens. J. Endocrinol. 98, 129–135. https://doi.org/10.1677/joe.0.0980129 (1983).
49. Rimbach, R., Pillay, N. & Schradin, C. Both thyroid hormone levels and resting metabolic rate decrease in African striped mice
when food availability decreases. J. Exp. Biol. 220, 837–843. https://doi.org/10.1242/jeb.151449 (2017).
50. Scott, I. & Evans, P. R. The metabolic output of avian (Sturnus vulgaris, Calidris alpina) adipose tissue liver and skeletal muscle:
Implications for BMR/body mass relationships. Comp. Biochem. Physiol. Comp. Physiol. 103(2), 329–332. https://doi.org/10.1016/
0300-9629(92)90589-I (1992).
51. Mesnage, R., Biserni, M., Genkova, D., Wesolowski, L. & Antoniou, M. N. Evaluation of neonicotinoid insecticides for oestrogenic,
thyroidogenic and adipogenic activity reveals imidacloprid causes lipid accumulation. J. Appl. Toxicol. 38, 1483–1491. https://doi.
org/10.1002/jat.3651 (2018).
52. Lindström, J. Early development and fitness in birds and mammals. Trends Ecol. Evol. 14(9), 343–348. https://doi.org/10.1016/
S0169-5347(99)01639-0 (1999).
53. Vézina, F., Love, O. P., Lessard, M. & Williams, T. D. Shifts in metabolic demands in growing altricial nestlings illustrate contextspecific relationships between basal metabolic rate and body composition. Physiol. Biochem. Zool. 82, 248–257. https://doi.org/
10.1086/597548 (2009).
54. Swanson, D. L., Mckechnie, A. E. & Vézina, F. How low can you go ? An adaptive energetic framew ork for interpreting basal
metabolic rate variation in endotherms. J. Comp. Physiol. B 187, 1039–1056. https://doi.org/10.1007/s00360-017-1096-3 (2017).
55. Hao, C., Eng, M. L., Sun, F. & Morrissey, C. A. Part-per-trillion LC-MS/MS determination of neonicotinoids in small volumes of
songbird plasma. Sci. Total Environ. 644, 1080–1087. https://doi.org/10.1016/j.scitotenv.2018.06.317 (2018).
56. Taliansky-Chamudis, A., Gómez-Ramírez, P., León-Ortega, M. & García-Fernández, A. J. Validation of a QuECheRS method for
analysis of neonicotinoids in small volumes of blood and assessment of exposure in Eurasian eagle owl (Bubo bubo) nestlings.
Sci. Total Environ. 595, 93–100. https://doi.org/10.1016/j.scitotenv.2017.03.246 (2017).
57. Lemon, W. C. The energetics of lifetime reproductive success in the zebra finch Taeniopygia guttata. Physiol. Zool. 66, 946–963.
https://doi.org/10.1086/physzool.66.6.30163748 (1993).
58. Chastel, O., Lacroix, A. & Kersten, M. Pre-breeding energy requirements: thyroid hormone, metabolism and the timing of reproduction in house sparrows (Passer domesticus). J. Avian Biol. 34, 298–306. https://doi.org/10.1034/j.1600-048X.2003.02528.x
(2003).

Scientific Reports |

(2021) 11:15252 |

https://doi.org/10.1038/s41598-021-93894-2

9
Vol.:(0123456789)

www.nature.com/scientificreports/
59. Hicks, O. et al. The role of parasitism in the energy management of a free-ranging bird. J. Exp. Biol. 221(24), jeb190066. https://
doi.org/10.1242/jeb.190066 (2018).
60. Guglielmo, C. G., McGuire, L. P., Gerson, A. R. & Seewagen, C. L. Simple, rapid, and non-invasive measurement of fat, lean, and
total water masses of live birds using quantitative magnetic resonance. J. Ornithol. 152, 75–85. https://doi.org/10.1007/s10336-
011-0724-z (2011).
61. Le Pogam, A. et al. Wintering snow buntings elevate cold hardiness to extreme levels but show no changes in maintenance costs.
Physiol. Biochem. Zool. 93, 417–433. https://doi.org/10.1086/711370 (2020).
62. Lighton, J. R. B. Measuring Metabolic Rates, 2nd edn. https://doi.org/10.1093/oso/9780198830399.001.0001 (Oxford University
Press, Oxford, 2018).
63. Gessaman, J. A. & Nagy, K. A. Energy metabolism: Errors in gas-exchange conversion factors. Physiol. Zool. 61, 507–513. https://
doi.org/10.1086/physzool.61.6.30156159 (1988).
64. R Core Team. R: A Language and Environment for Statistical Computing. https://w
 ww.R-p
 rojec t.o
 rg/ (R Foundation for Statistical
Computing, Vienna, Austria, 2017).
65. Zuur, A. F., Ieno, E. N. & Elphick, C. S. A protocol for data exploration to avoid common statistical problems. Methods Ecol. Evol.
1, 3–14. https://doi.org/10.1111/j.2041-210X.2009.00001.x (2010).

Acknowledgements

We are extremely indebted to Louis Drainville from Terre-eau Inc. for his continuous support in this project. We
are also grateful to Charline Parenteau for leading the thyroid hormones assays. T.Z. received a Mitacs Acceleration PhD grant. L.P. was supported by the Université de Bordeaux and Region Nouvelle Aquitaine. This research
was supported by the Quebec Centre for Biodiversity Science. We acknowledge funding from the Natural Sciences and Engineering Council of Canada, Sentinelle Nord program from the Canada First Research Excellence
Fund, the Canada Foundation for Innovation and Région Nouvelle-Aquitaine, France (MULTISTRESS project
to O. Chastel). Michal Vinkler, Pierre Mineau and two anonymous reviewers provided insightful comments on
an earlier version of the manuscript.

Author contributions

T.Z., P.L., F.V. conceived and planned the experiments. T.Z. and L.R. carried out the experiment with the assistance of A.L.P., O.P.L., F.V. and P.L. L.P. and H.B. measured imidacloprid plasma concentration. T.Z. and P.L.
performed the analysis. F.V., A.L.P., O.C. and O.P.L. helped in interpreting the results. T.Z., P.L., F.V. drafted the
manuscript and designed the figures with input from all authors.

Competing interests

The authors declare no competing interests.

Additional information

Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-021-93894-2.
Correspondence and requests for materials should be addressed to T.Z.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2021

Scientific Reports |
Vol:.(1234567890)

(2021) 11:15252 |

https://doi.org/10.1038/s41598-021-93894-2

10

