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Intermittent fasting (IF) is the practice of temporal food restriction to promote metabolic switching
between a glucose- and a ketone-based metabolism, which has been reported to come with diverse
health benefits. IF practices appear to confer many of the advantages of caloric restriction without
restricting total energy intake, and studies in both rodents and humans suggest organism-wide improve-
ments in neurological, cardiovascular and metabolic health. IF is also commonly employed in the com-
mercial rearing of breeding meat-type poultry, i.e. broiler breeders, which require strict feed
restriction throughout life to maintain physical health. While the scientific poultry literature holds vast
amounts of data on such ‘‘skip-a-day” feeding schedules, it has been unclear to what extent avian and
mammalian literature may be compared as broiler breeders are typically feed-restricted to around 30%
of ad libitum intake even in IF schedules. In this study, we set out to disentangle the effects of IF and calo-
ric restriction in meat-type poultry by employing both IF and daily feeding schedules at two different
restriction levels. Our results suggest that the physiological response to IF in chickens is only marginally
affected by the intensity of feed restriction, while behavioural parameters are more closely related to
feeding level and are expected to better mirror animal welfare. Our results suggest that avian and mam-
malian literature on IF should be comparable. Meat-type chickens do show some peculiarities in response
to IF, such as a reduced insulin sensitivity, but it is currently unclear whether this is true for all chickens
or is an effect of the intense selection for rapid growth in meat-type chickens.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Implications

By studying the physiological and behavioural effects of intermit-
tent fasting under two different levels of caloric restriction, we have
attempted to improve the understanding of how intermittent fasting
affects poultry. In general, we see that the use of different feeding
schedules has large effects on metabolism, with probable similarities
to effects reported in mammals. The different levels of feed restric-
tion, however, had mainly behavioural effects pointing to reduced
animal welfare under commercial-level restriction. These results will
be important to consider when establishing sorely needed animal
welfare assessment protocols for broiler breeders.
Introduction

Intermittent fasting (IF) has gained widespread attention in
recent years for imparting many of the health benefits of caloric
restriction without permanent restrictions on calorie intake
(Anton et al., 2018). This can be considered beneficial both in
humans, where restrictive diets are notoriously difficult to adhere
to (Dansinger et al., 2005), and in domestic animals, where restric-
tive feeding can increase competition over available feed leading to
increased aggression, stress and concerns about animal welfare
(Morrissey et al., 2014; Zuidhof et al., 1995). The definitions of
what can be considered IF differ, and sometimes also include eat-
ing regimens using 8 h daily fasts or periodical very-low-calorie
diets (<25% of metabolic needs) instead of complete fasting
(Anton et al., 2018).

The key factor of IF diets is the so-called ‘‘metabolic switch”, i.e.
the shift from a glucose-based to a ketone-based metabolism
whichmeans not only that ketones meet the majority of the energy
needs of central and peripheral tissues but also that those tissues
switch to preferentially metabolising ketones over carbohydrates
(Anton et al., 2018). This is equivalent to the transition between
fasting phases I and II (Le Ninan et al., 1988) and occurs after
12–36 h in humans (Anton et al., 2018) but can also be triggered
by caloric restriction to around 30–50% of ad libitum intake in mice
(Anton et al., 2018). While most studies employing IF have focused

http://crossmark.crossref.org/dialog/?doi=10.1016/j.animal.2023.100849&domain=pdf
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.animal.2023.100849
http://creativecommons.org/licenses/by/4.0/
mailto:caroline.lindholm@liu.se
https://doi.org/10.1016/j.animal.2023.100849
http://www.sciencedirect.com/science/journal/17517311


C. Lindholm and J. Altimiras Animal 17 (2023) 100849
on humans and rodents, this type of feeding scheme is also com-
monly used in meat-type poultry.

Around 70 years of intense selection for rapid growth has ren-
dered meat-type chickens, commonly known as broilers, unca-
pable of regulating their voluntary feed intake to healthy levels.
These animals are seemingly always hungry and feed intake in
ad libitum conditions appears to be limited only by maximal gut
capacity (Barbato et al., 1984; Bokkers and Koene, 2003). This
extreme eating behaviour has enabled the modern production of
cheap chicken meat but comes at the expense of animal health
and well-being in the breeding stock. While chicks reared for
slaughter live for only around 5 weeks, breeding animals are main-
tained for around 60–70 weeks and must be chronically feed-
restricted to combat skeletal, cardiovascular, and fertility-related
health problems associated with their extreme growth potential.
Feed restriction of the broiler breeders is most intense before sex-
ual maturity and has continuously increased with increased
growth performance in broiler chickens. It currently peaks at 18–
19% of ad libitum intake during the age of 8–13 weeks (Carney
et al., 2022). Intermittent fasting, or ‘‘skip-a-day” feeding, is
reported as the most common strategy globally to achieve this
intense feed restriction while also minimising feed competition
and heterogeneity in individual feed acquisition and growth
(Morrissey et al., 2014; Zuidhof et al., 1995).

Although the poultry literature contains ample research on IF
regimens and their effects, comparisons with mammalian litera-
ture are obscured by IF always being used simultaneously with
intense caloric restriction in poultry. We therefore set out to com-
pare the physiological and behavioural effects of IF and daily feed-
ing at two different caloric restriction levels, where the more
relaxed restriction is expected to closely match the reported wel-
fare optimum for these birds of � 50% of ad libitum (Hocking
et al., 1996) and the stricter restriction represents the current
industry standard aimed at reducing obesity-related ovulation dis-
orders in breeder hens.
Material and methods

Animal management

Incubated broiler eggs (Ross 308) were purchased from a local
broiler hatchery and transferred to our hatchers on day 17 of incu-
bation. Eggs were expected to hatch on incubation day 21, consti-
tuting age 0 days. Seventy-four hatchlings were retrieved from the
hatcher on day 1 as in commercial settings and were individually
weighed, wing-tagged and blood sampled before being given free
access to water and feed in a heated pen (2 � 2 m). Blood samples
were collected from the ulnar vein (sampling volume 10 ll) and
were immediately tested for the ketone body b-hydroxybutyrate
(BHB) using a point-of-care device we have previously validated
for use in chickens (Freestyle Precision Neo; Lindholm et al.,
2019) and further described in Supplementary Material S1. Sam-
ples were successfully collected from 70 animals. Ten animals were
culled due to poor growth around 1 week of age and two more at 5
and 6 weeks respectively because of poor health, for a final sample
size of 62 animals.

Animals were weighed daily during the first week and then
weekly throughout the experiment (Fig. 1). Feeding was ad libitum
during the first week, with animals split into two groups of equiv-
alent BWs at 8 days of age at which time-restricted feeding to two
different feeding levels (30 and 60%) was introduced. Feeding
amounts were based on the caloric content described in perfor-
mance objectives (POs) for Ross 308 broilers and broiler breeders
as detailed in Table 1 and outlined in Fig. 2. The provided feed
throughout the experiment was a grower pellet (Penna, Lantmän-
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nen Lantbruk, Malmö) containing 2556 kcal/kg, 18.4% CP and 2.8%
crude fat. POs for broiler breeders reach a maximal restriction of
19% caloric intake compared to broiler PO at 42–61 days and the
lowest of the feeding levels in the experiment (30%) can be consid-
ered closer to commercial practices (Fig. 2a). At 29 days, the groups
were further split into daily (ED = every day) and alternate-day (IF)
feeding groups forming four groups of 15–16 birds each (Fig. 1).
Each group was kept in a pen approximately 1 � 2 metres with
access to water from a bell drinker and perches. Feed was dis-
tributed manually across the pen floor, which was covered in wood
shavings, to promote foraging and reduce competition, mimicking
commercial broiler breeder rearing conditions in Sweden
(Lindholm et al., 2018, 2017, and 2015). Lights were on 0800–
2000, but the room also had uncovered windows and actual light
levels in the room increased from around 0700 daily.

Activity tracking

Activity loggers (MotionWatch 8, CamNTech) were inserted in
little pouches and attached with rubber bands around the wing
bases in a backpack-like manner as previously described and vali-
dated (Lindholm et al., 2018 and 2015; Supplementary Materials).
Loggers were mounted on the day before data collection to let the
animals habituate to wearing the logger. Data collection took place
on days with minimal interference from experimenters and animal
caretakers. Data were collected in 1 min intervals and analysed as
15 min averages during the hours 0600–2000. Due to a limited
number of loggers and interference-free days available, activity
tracking was only done in the ED-fed groups (30 and 60%) on three
days when the animals were 47, 52 and 62 days old (Fig. 1).

Perching analysis

Surveillance cameras were mounted in the pens between the
ages of 44 and 60 days, and the videos from seven relatively
interference-free days were used for the perching counts, consti-
tuting three fed and four unfed days for the IF groups (30 and
60%). The number of perching birds in each pen was used as a pos-
itive welfare indicator expected to reflect increased satiety and was
counted from the videos at 15-min intervals during the light hours
(48 counts/day). The resulting numbers were normalised for the
number of birds in each pen. More details are given in the Supple-
mentary Materials.

Insulin response testing

At 57–60 d, animals were temporarily transferred from their
home pens to individual cages (43 � 60 � 49 cm) where they could
see and hear each other. Animals had free access to water in the
cages but did not appear to drink while there. Animals were
retrieved individually from the cages within 1 hour, weighed and
sampled for baseline readings from the ulnar vein and then
injected into the same vein with bovine insulin (160 lg/ml in sal-
ine) at a dose of 40 lg/kgBW and returned to the cage. All animals
were used for testing but only animals in which the full dosage was
delivered without backflow spillage from the ulnar vein were con-
sidered in the analysis (n = 46). Follow-up sampling was done after
30, 60 and 120 min in the first ten animals tested, then only after
60 min, as this time was deemed suitable from the first results.
Follow-up sampling was done from the ulnar vein of the non-
injected wing. Blood glucose and ketone concentrations were
determined using point-of-care devices, AccuChek Aviva for glu-
cose (previously validated in (Lindholm and Altimiras, 2016)) and
a Freestyle Precision Neo for ketones (previously validated in
(Lindholm et al., 2019)). After the final blood sample, the birds



Fig. 1. Timeline of the study outlining the different chicken feeding treatments and data collection. IF = intermittent fasting, BHB = b-hydroxybutyrate.
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were returned to their home pens immediately. Further descrip-
tion is available in the Supplementary Materials.

Dissections

Animals were culled at 65 days of age. Animals were retrieved
from their home pens in groups of four and kept in a dark box
for up to 30 min. Each animal was then weighed, blood sampled
from a wing vein and killed by decapitation. Whole brain and liver
were excised and weighed, and sex was determined by gonadal
anatomy.

Statistics

Statistical analyses were performed in RStudio. ANOVAs were
done using the ‘‘aov” and ‘‘drop1” functions to achieve ANOVA
models with type III sum of squares. ANOVA models were initially
constructed using all potentially involved factors and then reduced
by removing non-significant factors. When an interaction factor
was significant, all contributing factors to the interaction were kept
in the ANOVA even if not significant on their own. Levene’s test of
variance homogeneity (car package) was used where appropriate.
Simple two-group comparisons were performed as t-tests. The
individual animal rather than a cohort of animals was considered
the statistical unit (replicate) throughout the experiment to
account for potential individual variations in growth performance.
The study was performed in one cohort of animals.
Results

Growth and organ masses

Animals were fed according to the calculated 30 and 60% feed-
ing levels (Fig. 2a, Table 1) but grew slightly less than expected at
the start of the experiment, leading to higher caloric rations per
kgBW (Fig. 2b). Feeding levels started diverging in terms of feed
amount from 8 days (Table 1) and produced significantly different
BWs from 23 d (Fig. 3). Feeding schedules (ED vs IF) started at
29 days and overall did not result in different BWs within the same
feeding level (Fig. 3b and c).

BWs at cull were significantly affected by feeding level
(F = 46.49, P = 6.9 * 10–9), sex (F = 8.83, P = 0.0044), BWs at the
onset of fasting treatments (day 29; F = 61.24, P = 1.50 * 10–10),
and blood ketones before first feeding (F = 4.73, P = 0.034). Feeding
schedule, day 1 and day 2 BWs (before and 24 hours after first feed
access), BWs at the onset of feed restriction (day 8) and hours fast-
ing at time of cull were included in an early version of the ANOVA
but had no significant effects. Coefficients from the linear model
suggest that higher BW at cull was positively correlated with
higher day 29 BW (+1.96 g/g), the 60% feeding level (+510.47 g)
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and male sex (+143.02 g). Higher BW at cull was also negatively
correlated with a high level of day 1 ketones (�44.89 g/mM),

Relative liver weights (expressed as %BW) were significantly
affected by the hours since last feeding (F = 22.52, P = 1.48 * 10–5)-
, feeding schedule (F = 54.04, P = 9.09 * 10–10), feeding level
(F = 6.51, P = 0.013) and the schedule*level interaction (F = 11.22,
P = 0.0015). Sex had no significant effect on relative liver weight
and was therefore excluded from the model. Relative liver weights
were higher in individuals fed intermittently (+1.51%BW) and fed
60% (+0.24%BW) and lower in individuals fasting for a longer time
before the cull (�0.066 %BW/h) (Fig. 3b). Relative brain weights (ex-
pressed as %BW) were significantly affected only by BW (F = 332.25,
P < 2 * 10–16) and the sex*weight interaction (F = 5.30, P = 0.025).
Sex itself had no significant effect on relative brain weight when
the interaction was included in the model. Analysing the sexes sep-
arately did not reveal any significant factor other than BW for
either sex (Fig. 4a).
Behavioural data

Because the animals were not fed at the same time every day,
logged activity data from the ED birds were visualised as a time
series (Fig. 5a) but mainly analysed in terms of three key time peri-
ods: dawn (0730–0830) is the first hour of the day that begins with
natural light which is supplemented by lamps at 0800; feeding is
the hour around feeding including approximately 15 min before
feeding (animal care-taker in room) and approximately 45 min
after feed distribution; and afternoon (1430–1530) which was cho-
sen for being the calmest part of the day (Fig. 5b). The 60% ED ani-
mals were significantly more active around dawn (P = 0.024) and
kept similar activity levels around feeding time. The 30% ED ani-
mals were instead significantly more active around feeding time
(P = 9.06 * 10–5). There was no significant difference between the
two groups during the calm period in the afternoon.

Unlike the activity monitoring, perching counts were obtained
from all four treatments (Fig. 6). An overall ANOVA of perching
counts showed no significant effects, probably due to small sample
size and high variation in the 60% ED birds especially (Fig. 6a). An
ANOVA of only the less variable 30% birds shows that fed IF birds
perched significantly more (P < 0.001) than ED or fasted IF which
did not differ from each other.
Insulin response test

Insulin response test results were analysed including feeding
level, feeding schedule and feeding status (fed or fasted) in the
ANOVAs. Baseline levels of glucose and ketones were only signifi-
cantly affected by feeding status (glucose: F = 4.26, P = 0.045;
ketones: F = 14.46, P = 0.00049) with fed animals exhibiting glu-
cose values typically 0.54 mM higher and ketone values 0.50 mM



Table 1
Feed amounts per animal (as fed) for the 30 and 60% group throughout the experiment in both g and kcal offered. The feed amounts specified in the broiler breeder and broiler PO
are supplied as reference. Feed amounts in g have been recalculated based on the metabolisable energy in the feed offered in this study for comparison purposes. Breeder
restriction is the feed amount specified in the broiler breeder PO as a percentage of the feed offered in the broiler PO at the same age.

Breeder PO Broiler PO Feed amounts Calories

Age (d) Feed (g) Feed (kcal) Feed (g) Feed (kcal) Breeder restriction (%) 30% group (g) 60% group (g) 30% group (kcal) 60% group (kcal)

1 24.3 62.0 15.3 39.0 159 ad libitum ad libitum ad libitum ad libitum
2 25.0 63.8 20.0 51.0 125 ad libitum ad libitum ad libitum ad libitum
3 25.7 65.7 23.5 60.0 109 ad libitum ad libitum ad libitum ad libitum
4 26.4 67.5 27.0 69.0 98 ad libitum ad libitum ad libitum ad libitum
5 27.1 69.3 31.7 81.0 86 ad libitum ad libitum ad libitum ad libitum
6 27.8 71.2 36.4 93.0 77 ad libitum ad libitum ad libitum ad libitum
7 28.6 73.0 41.1 105.0 70 ad libitum ad libitum ad libitum ad libitum
8 29.6 75.7 45.8 117.0 65 29.0 29.0 74.1 74.1
9 30.7 78.4 50.5 129.0 61 30.0 30.3 76.7 77.4
10 31.8 81.1 56.3 144.0 56 31.8 33.8 81.1 86.4
11 32.8 83.9 64.3 164.3 51 32.8 38.6 83.9 98.6
12 33.9 86.6 70.4 179.8 48 33.9 42.2 86.6 107.9
13 34.9 89.3 76.4 195.3 46 34.9 45.9 89.3 117.2
14 36.0 92.0 83.7 213.9 43 36.0 50.2 92.0 128.3
15 36.7 93.9 89.8 229.4 41 36.7 53.9 93.9 137.6
16 37.5 95.7 97.0 248.0 39 37.5 58.2 95.7 148.8
17 38.2 97.6 104.3 266.6 37 38.2 62.6 97.6 160.0
18 38.9 99.4 111.6 285.2 35 38.9 67.0 99.4 171.1
19 39.6 101.3 118.9 303.8 33 39.6 71.3 101.3 182.3
20 40.4 103.1 126.2 322.4 32 40.4 75.7 103.1 193.4
21 41.1 105.0 133.4 341.0 31 41.1 80.1 105.0 204.6
22 41.6 106.4 140.7 359.6 30 42.2 84.4 107.9 215.8
23 42.2 107.9 148.0 378.3 29 44.4 88.8 113.5 226.9
24 42.8 109.3 155.3 396.9 28 46.6 93.2 119.0 238.1
25 43.3 110.7 167.8 428.9 26 50.3 100.7 128.6 257.3
26 43.9 112.1 175.3 448.1 25 52.6 105.2 134.4 268.8
27 44.4 113.6 181.6 464.1 24 54.5 108.9 139.2 278.4
28 45.0 115.0 189.1 483.3 24 56.7 113.4 145.0 289.9
29 45.6 116.4 196.6 502.5 23 59.0 118.0 150.7 301.4
30 46.1 117.9 202.8 518.5 23 60.9 121.7 155.5 311.0
31 46.7 119.3 209.1 534.5 22 62.7 125.5 160.3 320.6
32 47.2 120.7 215.4 550.5 22 64.6 129.2 165.1 330.2
33 47.8 122.1 221.6 566.5 22 66.5 133.0 169.9 339.8
34 48.4 123.6 227.9 582.5 21 68.4 136.7 174.7 349.4
35 48.9 125.0 232.9 595.3 21 69.9 139.7 178.6 357.1
36 49.4 126.1 239.2 611.3 21 71.7 143.5 183.4 366.7
37 49.8 127.3 244.2 624.1 20 73.2 146.5 187.2 374.4
38 50.3 128.4 249.2 636.9 20 74.8 149.5 191.0 382.1
39 50.7 129.6 254.2 649.7 20 76.3 152.5 194.9 389.8
40 51.1 130.7 259.2 662.5 20 77.8 155.5 198.7 397.4
41 51.6 131.9 262.9 672.1 20 78.9 157.8 201.6 403.2
42 52.0 133.0 268.0 684.9 19 80.4 160.8 205.4 410.9
43 52.4 134.0 271.7 694.5 19 81.5 163.0 208.3 416.6
44 52.8 135.0 275.5 704.1 19 82.6 165.3 211.2 422.4
45 53.2 136.0 279.2 713.7 19 83.8 167.5 214.1 428.2
46 53.6 137.0 283.0 723.3 19 84.9 169.8 217.0 433.9
47 54.0 138.0 285.5 729.7 19 85.6 171.3 218.9 437.8
48 54.4 139.0 288.0 736.1 19 86.4 172.8 220.8 441.6
49 54.8 140.0 291.7 745.7 19 87.5 175.0 223.7 447.4
50 55.2 141.0 294.2 752.1 19 88.3 176.5 225.6 451.2
51 55.6 142.0 295.5 755.3 19 88.7 177.3 226.6 453.1
52 56.0 143.0 298.0 761.7 19 89.4 178.8 228.5 457.0
53 56.3 144.0 299.3 764.9 19 89.8 179.6 229.4 458.9
54 56.7 145.0 301.8 771.3 19 90.5 181.1 231.4 462.7
55 57.1 146.0 303.0 774.5 19 90.9 181.8 232.3 464.6
56 57.5 147.0 304.3 777.7 19 91.3 182.6 233.3 466.6
57 57.9 148.0 304.3 777.7 19 91.3 182.6 233.3 466.6
58 58.3 149.0 305.5 780.9 19 91.7 183.3 234.2 468.5
59 58.7 150.0 305.5 780.9 19 91.7 183.3 234.2 468.5
60 59.1 151.0 305.5 780.9 19 91.7 183.3 234.2 468.5
61 59.5 152.0 305.5 780.9 19 91.7 183.3 234.2 468.5
62 59.9 153.0 305.5 780.9 20 91.7 183.3 234.2 468.5
63 60.3 154.0 304.3 777.7 20 91.3 182.6 233.3 466.6
64 60.7 155.1 304.3 777.7 20 91.3 182.6 233.3 466.6
65 61.2 156.3 303.0 774.5 20 90.9 181.8 232.3 464.6

PO = performance objective.
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lower than in fasting animals (Table 2). The change in glucose in
response to the insulin challenge was significantly affected by
feeding schedule (F = 40.74, P = 1.12 * 10–7) and feeding status
4

(F = 50.30, P = 1.07 * 10–8), but not feeding level (Table 2). The
decrease in glucose was typically smaller in animals on the IF
schedule (by 2.34 mM) and in previously fed animals (by



Fig. 2. (A) Daily caloric feed rations according to the Ross 308 broiler and broiler breeder performance objectives (PO) as well as the two feeding levels used in this study. (B)
Weight-corrected caloric feed rations including the outcome from the experiment (circles). The slightly relaxed feed restriction in the 60% feeding groups was the result of
birds not growing as quickly as expected at the start of the experiment, resulting in higher kcal/kgBW offered.

Fig. 3. Projected BWs of the 30 and 60% feeding levels, as well as the performance objective (PO) target weights for both broilers and broiler breeder hens (A). Projected and
actual BWs of 30% (B) and 60% (C) feeding levels with broiler breeder performance objectives (PO) for reference. There was a significant difference in BW between the
intermittent fasting (IF) and daily-fed (ED) treatments only at the 51-day timepoint in the 30% groups (P = 0.028), when ED birds weighed on average 129.0 g or 14.0% more
than IF birds.

Fig. 4. (A) Relative chicken brain weights were significantly affected by BW and the sex*weight interaction. Feeding levels differ by colour (30% orange, 60% blue), feeding
schedules by shape fill (ED solid, IF open) and sexes by shape (females circle, males square). Separate trend lines are shown for females (grey) and males (black). (B) Relative
liver weights were significantly affected by both feeding schedule and feeding level, with IF and 60% feeding increasing relative liver weights. ED = every day feeding,
IF = intermittent fasting.

C. Lindholm and J. Altimiras Animal 17 (2023) 100849

5



Fig. 5. (A) All-day activity time series from ED-fed chickens. Data were collected over three separate days with variations in feeding time, black arrows indicate the time of
feeding. Lights were on 0800–2000, but natural light increased from 07:00. (B) Average activity at three key time points during the day: the first hour of light, the hour around
feeding time and an hour during the calmest part of the afternoon in both treatments. * indicates statistical significance at P < 0.05. ED = every day feeding.

Fig. 6. (A) Cumulative perching counts per day and chicken are similar across treatments but analysing the 30% data separately reveals that fed IF birds perched more than
both ED and fasted IF birds. No differences were seen at 60% feeding. (B) Representative example of the surveillance videos used to count the number of perching birds, also
showing the layout of the pens. Birds circled in yellow were considered to be perching. Photo shows both 60% groups at 44 days of age. Bars denoted by different letters are
significantly different at P < 0.05. ED = every day feeding, IF = intermittent fasting.

Table 2
Baseline glucose and BHB readings before the insulin challenge and changes 60 min after the injection with insulin. Note that 30% IF (fed) and 60% ED chickens had received the
same size meal before sampling. Effects were considered significant at P < 0.5.

Item 30% ED
(fed)

30% IF
(fed)

30% IF
(fasted)

60% ED
(fed)

60% IF
(fed)

60% IF
(fasted)

Significant effect of. . .

Feeding
status

Feeding
schedule

Feeding
level

Baseline
Glucose (mM) 10.85 ± 0.85 11.11 ± 0.57 10.87 ± 0.80 10.68 ± 0.79 10.99 ± 0.40 10.15 ± 0.80 P = 0.045 – –
BHB (mM) 0.74 ± 0.30 0.71 ± 0.16 1.17 ± 0.50 0.93 ± 0.35 0.69 ± 0.13 1.24 ± 0.52 P = 0.00049 – –

Change 60-min postinsulin injection
Glucose (mM) �5.61 ± 1.18 �3.03 ± 0.89 �5.71 ± 1.08 �5.76 ± 1.04 �3.69 ± 0.98 �6.26 ± 1.02 P = 1.07 * 10–8 P = 1.12 * 10–7 –
BHB (mM) +0.85 ± 0.37 +0.14 ± 0.13 +1.66 ± 0.39 +0.44 ± 0.29 +0.06 ± 0.10 +1.31 ± 0.67 P = 3.61 * 10–12 P = 0.00038 P = 0.016

ED = every day feeding, IF = intermittent fasting, BHB = b-hydroxybutyrate.
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2.64 mM). The change in ketones was significantly affected by all
three factors, with larger increases seen in feeding level 30%
(+0.29 mM; F = 6.33, P = 0.016), ED-fed birds (+0.54 mM;
F = 15.00, P = 0.00038) and previously fasted individuals
(+1.38 mM; F = 94.00, P = 3.61 * 10–12).
6

Discussion

The birds in this study grew slower than expected at the start of
the experiment, and this affected their overall growth (Figs. 2b and
3). This slow early growth was probably the result of low barn tem-



C. Lindholm and J. Altimiras Animal 17 (2023) 100849
peratures during the first week after hatch, which were soon cor-
rected but would have led to less efficient growth at this time.
Although no measurement performed at hatch could reliably pre-
dict individual growth performance over the first few days (data
not shown; compare Lindholm et al., 2017), circulating ketones
(measured as BHB) on day 1 had significant negative effects on
BWs at 65 days of age. It is well-known that posthatch feed and
water intake is crucial for early growth and intestinal development
in chickens (Lilburn and Loeffler, 2015), and this result further
highlights the importance of early body condition by connecting
low energy status (as indicated by increased ketosis) with reduced
long-term growth. Different levels of ketosis around the start of
feeding may be part of the explanation for the early divergence
of BWs in birds that later grow to be small or large compared to
their cohort, that we have reported previously (Lindholm et al.,
2017). This may be related to ketones directly affecting feed intake
as increased ketosis has been shown to reduce appetite in humans
(Gibson et al., 2015).

Although the different growth rates and feeding regimens in
this study did not appear to have much effect on relative brain size,
liver mass showed a clear response to feeding schedule especially.
The increased liver sizes seen in IF were expected from previous
results (Lees et al., 2017; Lindholm et al., 2018) and are most likely
a result of increased glycogen and lipid storage (Lees et al., 2017)
but may also in part result from increased cell proliferation in
the liver as we have previously seen pro-proliferative effects on
the transcription level in this organ (Lindholm et al., 2022). How-
ever, it is probably more likely that any increase in proliferation
in the livers of fasted chickens is associated with higher cell turn-
over than any substantial increase in cell number (Piotrowska
et al., 2016). Relative liver mass was also significantly affected by
the time since last feeding, and we expect that IF-fed birds are
experiencing large swings in liver mass as they alternate between
storing excess energy on feeding days and mobilising it on fasting
days (Lees et al., 2017).

The swings in hepatic energy storage are expected to be largely
affected by circulating insulin and although chickens are normally
rather insulin resistant, prolonged fasting is known to increase the
number of insulin receptors in chicken liver (Simon and Leroith,
1986) as well as to reduce the central insulin resistance of broiler
chickens to laying-chicken levels which are expected to represent
a situation closer to the wild-type ‘‘normal” of chickens (Shiraishi
et al., 2011). While IF in obese mammals is usually reported to
decrease insulin resistance, our results indicate a decreased
responsiveness (i.e. more resistance) in fed IF conditions. This
study did not include an ad libitum-fed control group, and thus,
we cannot determine whether this is because both feed restriction
levels already reduced the expected insulin resistance, or because
the expected insulin resistance was not there in the first place.
Similar results of increased insulin resistance in IF have, however,
been reported in a rodent model of hypercholesteremia (Dorighello
et al., 2014) and in our case may be a similar peculiarity stemming
from the extreme selection for high growth rates and feed efficien-
cies in broiler chickens. It is worth noting that the insulin response
was not simply an effect of meal size, as birds fed the 60% ED and
30% IF meals received the same amount of feed on fed days. In gen-
eral, the level of feed restriction did not appear to affect the
response to insulin injection, with the exception of BHB levels
which were higher in the 30% birds after receiving insulin. Overall,
the effects of insulin injection in this study follow a pattern of indi-
viduals with smaller glycogen stores attempting to protect this
valuable resource, rather than the insulin resistance we were try-
ing to test for.

While the physiological measurements in this study show small
or no effects of feeding level, the behavioural measurements used
paint a different picture. The activity monitoring was only per-
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formed in ED birds and shows a classic light/dark-entrained circa-
dian rhythm in 60%-fed birds with activity peaks around dawn and
dusk. This pattern is very similar to the foraging patterns described
in wild-type chickens (Jones et al., 2004). In contrast, the 30%-fed
birds show a clear activity peak only in response to feeding.
Although feeding times varied from day to day in this study and
our birds can thus not be expected to have entrained a meal-
based rhythm, this type of activity peak around feeding time is a
hallmark of feed restriction and is well-known from both chickens
andmammals (Kostal et al., 1992; Thomas and Xue, 2018). From an
animal welfare perspective, it has been suggested that the develop-
ment of a circadian rhythm is an important welfare indicator
(Bessei, 2006). This suggests that our 60% ED birds were experienc-
ing an acceptable welfare situation, while the 30% ED conditions
are more questionable from a welfare perspective. The perching
data also show clearer effects of feeding status on activity and
well-being in the 30% feeding groups. Although we cannot say that
perching in itself is a welfare indicator, a bird that chooses to perch
is also actively choosing not to forage and is expected to be expe-
riencing less hunger than a non-perching bird (Jones et al., 2004).
Perching behaviour was significantly increased only in the fed IF
condition compared to both fasted IF and fed ED birds at 30%, while
no differences were seen at 60%. This is in contrast with Aranibar
et al. (2020) who saw a general increase in comfort behaviours
during fasting in IF birds, although they themselves conclude that
that may have been confounded by behaviours of displacement
rather than comfort. The lack of significant differences in perching
in the 60% birds may also have been due to their larger body sizes
making perching a less attractive behaviour for them, even though
30 and 60% groups showed similar perching counts overall.

In conclusion, the physiological measurements used in this
study (liver mass, insulin response) were mainly and largely
affected by feeding schedule and to some extent feeding status
(blood glucose and BHB) but did not differ much between restric-
tion levels. This suggests that the intense feed restriction typically
employed in conjunction with IF in broiler breeder chickens does
not profoundly alter the physiological effects of these feeding
schedules and suggests that avian and mammalian literature may
be largely comparable. Behavioural indicators such as activity
and perching on the other hand appear to be very responsive to dif-
ferences in the level of feed restriction and should be crucial to
include when the animal welfare outcomes of different feeding
treatments are of interest.
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