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Food scarce periods pose serious physiological challenges for birds, especially in energetically demanding con
ditions. For species in the northern hemisphere, a decrease in available resources during winter adds further
physiological stress to the energetic demands of life at low temperatures. Some species cache food to provide a
reliable energy and nutrient resource during scarcity. Canada Jays are a year-round food-caching resident of the
North American boreal forest. Canada Jays also rear their young prior to spring green up, making food caching
not only essential for adult winter survival, but also potentially important for meeting the requirements of
growing offspring in late winter and early spring. We examined the diet choices of Canada Jays immediately
prior to winter, and the macronutrient composition of the foods Canada Jay consumed and cached at this time.
We found that Canada Jays cache the same relative amounts of macronutrients as they consume but did not vary
macronutrients seasonally. The similarities in the macronutrient proportions cached and consumed suggest a
consistent nutrient intake pattern, and that Canada Jays are foraging to simultaneously meet similar minimum
energy and minimum protein targets for both the present and future. These simultaneous targets constrain the
caching decisions of jays when presented with dietary choices.
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1. Introduction
Food caching is a behavioural strategy exhibited by a wide variety of
taxa (Smith and Reichman, 1984; Sherry, 1985; Vander Wall, 1990;
Sutton et al., 2016). While food caching takes many different forms, its
function is to ensure food availability in the future (Smith and Reich
man, 1984; Sherry, 1985). This outcome is particularly important when
that future is a period of food scarcity, as is the case for many caching
species overwintering at northern latitudes (e.g. Vander Wall and Balda,
1981; Wrazen and Wrazen, 1982). For these species, food caching is
essential to survive resource-poor environmental conditions. Because
periods of food scarcity are often seasonal, for example during winter or
a dry season, they are accompanied by reliable environmental cues
which animals use to prepare for the upcoming challenges (reviewed in
Ball, 1993; Dawson et al., 2001; Gorman et al., 2001).
There is an abundance of previous research that investigates how
animals use environmental cues to optimize seasonal timing. Much of
this research examines reproductive timing (e.g. Elliott, 1976; McAllan

and Dickman, 1986; Goldman, 1999; Schaper et al., 2012; Martin et al.,
2020) and migration (e.g. Gwinner, 1990; Dawson, 2008; Tøttrup et al.,
2010; Monteith et al., 2011), particularly in birds. Some migratory birds
employ dietary shifting, the changing of their primary food source, as a
means of optimizing fat stores that fuel migration and increasing their
motivation to fly (Parrish, 1997; Marshall et al., 2016; Guglielmo et al.,
2017). For example, some species shift from heavily insectivorous diets
to more frugivorous diets immediately preceding fall migration to
rapidly improve body condition and accumulate fat (Parrish, 1997;
Smith and McWilliams, 2009). These dietary shifts are likely the result of
diet preference, rather than food availability (Wheelwright, 1988), and
birds actively modulate both their energy and macronutrient intake to
maximize fat accumulation and meet protein requirements (Wheel
wright, 1988; Bairlein, 1990; Bairlein, 2002; Marshall et al., 2016).
When switching from an insectivorous diet to a frugivorous diet,
birds are changing from consuming a low-carbohydrate, high-protein
diet to a high-carbohydrate, low-protein diet. High protein diets pro
mote lean-mass growth leading to increased muscle mass (Bairlein,
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2002). Protein is a metabolically costly precursor to use for lipogenesis,
however, with approximately 31% of energy lost in the process (Mill
ward et al., 1976). Alternatively, high carbohydrate diets are more
energetically efficient precursors for fatty acid synthesis, incurring only
approximately 15% energy loss (Millward et al., 1976). This efficiency
may enable high carbohydrate diets to better promote fat deposition and
accumulation compared to protein-rich diets (Smith and McWilliams,
2009). These macronutrient modulating behaviours are not restricted to
birds. Comparable modulation of dietary macronutrient composition to
overcome social or environmental challenges have been observed in
many taxa, ranging from invertebrates (Cook et al., 2010) to primates
(Guo et al., 2018).
Given the widespread occurrence of macronutrient modulation, it
seems possible that non-migratory food-caching birds would also benefit
from dietary shifting. However, far less is known about nutrient intake
in non-migratory species. American Robins (Turdus migratorius), a par
tial migrant, held in captivity over winter demonstrated similar shifting,
consuming more fruit during the winter months than the summer
(Wheelwright, 1988). Like migratory species, resident birds that face
varying seasonal environments could take advantage of dietary shifting
to increase season-specific performance, as many of these birds almost
entirely replenish depleted fat stores on a daily basis (Blem, 1976).
Resident birds at northern latitudes that experience food-scarce winters
could use dietary shifting immediately preceding and throughout the
winter in order to maintain energy during the food-scarce winter. This
would involve a shift from high protein diets through the summer when
large fat stores are not required, to high carbohydrate diets in the fall
when the accumulation and maintenance of fat stores becomes essential
(reviewed in Blem, 1976). If food storing species are optimizing
macronutrient intake, this should also be evident in their caches, as
replenishing and rebuilding fat stores is essential for survival during
food scarcity (Chaplin, 1974; Blem, 1976). This would suggest that
caches should contain a greater ratio of carbohydrates to proteins than
foods birds are consuming in warmer weather.
Some food-caching birds, however, provision young on cached food.
While maintaining fat stores is essential for adults to survive the winter,
high-protein diets are essential for offspring growth and development
(Johnson, 1971; Boag, 1987; Sales and Janssens, 2003). In these cases,
some combination of high protein and high carbohydrate foods should
be cached to ensure adequate resources for both the caching adult and
the future offspring.
Canada Jays (Perisoreus canadensis) are a food-storing, non-migra
tory, year-round resident of North American boreal and sub-alpine for
ests (Strickland and Ouellet, 2020). They are a generalist species that
caches a wide variety of food items ranging from high protein carrion to
high carbohydrate berries during the late summer and fall in heavily
manipulated, saliva covered boluses, and then subsequently retrieve and
rely on these caches to survive harsh winters (Dow, 1965; Sutton et al.,
2016; Strickland and Ouellet, 2020). As such, caches can remain in bolus
form for months prior to being consumed. It has been suggested that
Canada Jays also provision their offspring from cached food (Derbyshire
et al., 2019), as Canada Jays breed prior to spring green-up (Strickland
and Ouellet, 2020). Because Canada Jay caches are used to both survive
the food-scarce winter and provision offspring, Canada Jays would
benefit from modulating not only their own food intake prior to winter,
but also the food they are caching. Thus, understanding if and how diet
items are eaten and cached in relation to their macronutrient content
could provide insight into the nutritional needs of birds during winter
and how caches are used. Importantly, Canada Jay caching can be
induced through photoperiod cues, and their caching behaviour in
captivity has been shown to resemble their caching patterns in the wild
(Martin and Sherry, 2021).
Our study had two objectives. The first was to assess the ability of a
non-migratory species to modulate dietary intake. If individuals modu
late their dietary intake to improve their condition prior to winter we
would expect individuals to consume a high carbohydrate, low protein

diet immediately preceding winter to accumulate fat. We would also
expect this elevated carbohydrate intake to be maintained through the
winter months to maintain and rebuild fat stores as birds face energetic
and thermogenic challenges.
Our second objective was to assess the ability of a non-migratory
food-caching bird to ensure adequate nutrients are cached in the fall
both to survive the food-scarce winter period and to provision offspring.
If birds do not cache to anticipate specific future requirements, their
caches should reflect the food available. They should either not
demonstrate any preference for caching particular diets or nutrients, or
their caches should reflect the diet they consume. If individuals do cache
in anticipation of future requirements, there are a few possible forms this
could take. They could show a preference for either carbohydrates evidence that they cache to anticipate their own future needs, or protein
- evidence that they cache to anticipate their offspring’s future needs. It
is also possible that individuals could show temporal change in prefer
ence. For example, birds might cache carbohydrates early in the fall and
protein later in the season.
To investigate whether Canada Jays modulate their nutrient intake
and food caching, we offered birds three diets in captivity: 1) high
carbohydrate diet, 2) high protein diet, and 3) an intermediate carbo
hydrate/protein diet. We measured nutrient intake and the nutrient
composition of caches from September to January, the time of year
when we expect modulation to occur.
2. Materials and methods
2.1. Subjects
Six wild-caught Canada Jays housed at the Advanced Facility for
Avian Research at Western University, London, Ontario, Canada, were
used in this study. Individuals had been in captivity for 1 year prior to
the start of feeding trials and had participated in previous caching ex
periments. For this year, when not participating in experiments, birds
were housed outdoors, in large free flight aviaries with access to natural
light and temperature variation. Birds were caught under Ontario
Ministry of Natural Resources Wildlife Scientific Collector’s Authoriza
tion 1091668, and housed and tested in accordance with all local, pro
vincial, and federal laws and Western University Animal Care
Committee protocol 2019–065.
For the duration of feeding trials birds were housed in individual
cages (0.75 × 0.4 × 0.4 m), and had ad libitum access to food and water,
except as described below. The maintenance diet (see Table 1 for
nutritional information) was a mixture of Mazuri Exotic Gamebird
Starter (PMI Nutrition International, Brentwood, MO, U.S.A.), Mazuri
Parrot Maintenance Pellets (PMI Nutrition International), shell-less
peanuts and sunflower chips, and was supplemented with a HARI
PRiME vitamin, mineral and amino acid supplement (Rolf C. Hagen
Incorporated, Baie d’Urfé, QC, Canada).
One individual was removed from the study following the September
feeding period because of unrelated illness and not replaced.
2.2. Diets and feeding trials
The foraging preference trials were conducted over 15 consecutive
days per month in each month from September to January inclusive. The
photoperiod was changed 5 days prior to the start of each month’s
foraging trials and reflected the local photoperiod on the first day of the
upcoming month. Duration of the light phase for each month (hh:mm)
was: Sept 13:10; Oct 11:44; Nov 10:18; Dec 9:15; Jan 9:04. To increase
motivation to eat and to cache, birds were transferred to feeding cages
and food deprived starting 1 h before the lights went off. Formulated
high carbohydrate, high protein and intermediate diets were offered 1 h
after lights on the following morning and left for 3 h. These three hours
constituted the daily feeding period. Outside of this daily feeding period,
birds were in their home cages where the maintenance diet was
2
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23 h. DM consumption was calculated as the difference between the
total DM offered and the sum of the DM remaining and cached
(DMconsumed = DMoffered – (DMremaining + DMcached)). Proportions of each
diet consumed and cached were calculated by dividing the DM of each
diet by the total DM of both diets combined.
Macronutrient allocation between consumption and caches was
calculated using the known diet compositions. Each day, we calculated
the total energy (TE; kJ), crude protein (CP; g), and non-protein energy
(NPE; kJ) consumed and cached for each bird by combining the TE, CP,
and NPE, of the individual diet items that were offered. NPE is the en
ergy derived from carbohydrates and lipids and can be treated as the
proportion of the diet used for energy. CP is critical for growth and
maintenance, but excess CP can be used for energy. To control for dif
ferences in amounts consumed and cached, all values for nutrient allo
cation were standardized per gram of diet.
We used a geometric framework of nutrition (GFN; Simpson and
Raubenheimer, 1995; Raubenheimer and Simpson, 1997) to compare
the macronutrient content of food consumed and food cached, and to
determine whether macronutrient targets could be identified in the jays’
choices among the diets offered. This approach hypothesizes that there
exist optimal combinations of macronutrient intake in a state space
defined by the amount of each macronutrient consumed. The diets that
are available determine whether an animal can meet these macronu
trient targets by varying the amount of each diet it consumes, or caches
in this case. (for details see Raubenheimer and Simpson, 1997; Rau
benheimer et al., 2009; Rothman et al., 2011). We used CP and NPE as
the axes of the macronutrient state space and HPI, IHC, and HPHC were
the diets available to Canada Jays. We evaluated both the total amount
of the diets consumed and cached, as well as the macronutrient ratios
per gram of diets consumed and cached.

Table 1
Diet formulations and calculated percent compositions of synthetic and main
tenance diets used in this study. Synthetic diets adapted from Marshall et al.,
2016.
Intermediate

Casein
Glucose
Briggs-N salt
mixturea
Cellulose
AIN-76 vitamin
mixa
Canola oil
Agar
Water

b

High
Protein

Maintenance

Diet formulation, g
256
66
280
510

456
120

44
24

44
24

44
24

12
120
40
2000

12
80
40
2000

12
80
40
2000

9.82
10.72

46.57
12.25

19.60
18.70

64.96

23.20

33.66

15.59

16.61

15.97

14.06

8.88

12.64

Estimated diet composition
Protein (% DM)
26.15
Fat (% DM)
16.55
Simple
Carbohydrate (%
DM)
41.25
Total energy (kJ/g
DM)b
17.44
Non-protein
energy (kJ/g
12.88
DM)b
a

High
Carbohydrate

MP Biomedicals, Solon, Ohio.
Calculated using diet ingredient nutritional information.

available ad libitum.
We used three slightly modified previously formulated isocaloric
diets for this study (from Marshall et al., 2016; Table 1): a High Car
bohydrate diet (HC), a High Protein diet (HP), and an Intermediate diet
(I). This resulted in three possible diet pairs that could be offered to
birds: HPI, IHC, and HPHC. These diets were made by altering the
amount of casein (protein source), dextrose (carbohydrate source), and
canola oil (fat source), while keeping the remaining ingredients
consistent (for full details and ingredients see Marshall et al., 2016).
Diets were coloured with food-dye to allow birds to easily discriminate
them, and for us to discriminate them when cached. Three colours, red,
blue, and yellow, were counter-balanced across birds and colour com
bination of diets was consistent across the entire experiment. For
example, if a bird received the blue HC diet in the first trial, then all
future presentations of the HC diet for that bird were blue. No bird
received two diets in the same colour, and no more than two birds
received a particular diet/colour combination. To control for neophobia,
birds were offered 100 g of all three diets simultaneously for 3 days prior
to each 15-day set of choice trials and in all cases, birds consumed some
of each diet.
During feeding periods, birds were offered 50 g of each diet in a diet
pair daily and were allowed to freely cache and consume the diets for 3
h. Presentation of diet pairs was balanced and rotated sequentially
across the birds, with two birds receiving each pair each day. For
example, if on a given day birds 1 and 4 received HPI, birds 2 and 5
received IHC, and birds 3 and 6 received HPHC; on the following day,
birds 1 and 4 received IHC, birds 2 and 5 received HPHC and birds 3 and
6 received HPI. In total, each bird received each diet pair 5 times during
each 15-day feeding period.

2.4. Statistical analysis
All statistical analyses were linear mixed effects models performed
using the ‘nlme’ package (Pinheiro et al., 2018) in R Studio v1.1.456 (R
Core Team, 2018). Diet preference data were normalized using an
arcsine transformation. If interactions were not significant, they were
removed from the analysis. P-values less than 0.05 were considered
significant and any significant results which warranted further analysis
were explored with Tukey’s HSD tests using the ‘multcomp’ package
(Hothorn et al., 2008). Except where directly compared, consumption
and caching data were analysed separately. In addition, except where
directly compared each diet pair was analysed independently. Month
was included as a repeated measure and individual was included as a
random effect in all models.
The initial model for total amount consumed or cached included diet
pair and month as independent variables. To compare the total amount
cached and consumed, the model included diet utilization (consumed or
cached), diet pair, and month. The analysis to assess diet preferences
included proportion of diet consumed or cached as the dependant var
iable, with diet and month included as independent variables. To assess
macronutrient allocation the model included amount of crude protein as
the dependant variable, with utilization and month included as inde
pendent factors.
3. Results
3.1. Total food consumed and cached
Birds consumed the same total amount of food daily regardless of
month (F4,16 = 2.09, p = 0.13) or which diet pair they were offered
(F2,50 = 2.44, p = 0.10; Fig. 1A). They also cached the same total amount
of food daily, regardless of month (F4,16 = 2.08, p = 0.13; Fig. 1B).
However, individuals cached more when presented with IHC diet pair
than either of the other two diet pairs (Diet Pair: F2,50 = 5.59, p = 0.006;
Tukey’s HSD: HPI vs HPHC, p = 1.0; IHC vs HPHC, p = 0.008; IHC vs

2.3. Dietary measurements
Following each daily feeding period, the amount of diet consumed,
and the amount cached was determined by recovering the remaining
uneaten food and all caches from the feeding cages. All values are re
ported as dry matter. Dry matter (DM) was determined by drying all
recovered diets, along with a reference sample of each diet at 60 ◦ C for
3
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Fig. 1. The mean (± SE) total food consumed (A) and total food cached (B) per day as a function of diet pair offered. Panel C shows the mean (± SE) total food cached
and consumed per day regardless of diet pair. The graphs in the left column show monthly diet utilization, while the graphs in the right column show utilization
across the entire study. Asterisks indicate a significant difference p < 0.05, n.s. indicates non-significant comparisons.

HPI, p = 0.02; Fig. 1B). In addition, birds consumed significantly more
than they cached (F1,127 = 51.41, p < 0.0001; Fig. 1C), regardless of diet
pair (F2,127 = 2.77, p = 0.07) or month (F4,16 = 2.39, p = 0.09).

cache within any of the three diet pairs (IHC: F4,16 = 0.04, p = 0.99; HPI:
F4,16 = 0.01, p = 0.99; HPHC: F4,16 = 0.02, p = 0.99).
3.3. Macronutrient allocation

3.2. Diet preferences

Because the total amount of food consumed was greater than that
cached (Fig. 1), the total macronutrients consumed were greater than
those cached as well (Fig. 3A). However, the amount of crude protein
per gram cached and NPE per gram cached did not differ from the crude
protein per gram consumed and NPE per gram consumed, respectively,
regardless of the diet pair offered (crude protein: IHC: F1,25 = 1.06, p =
0.31; HPI: F1,25 = 0.03, p = 0.85; HPHC: F1,25 = 1.13, p = 0.30; NPE:
IHC: F1,25 = 1.07, p = 0.31; HPI: F1,25 = 0.03, p = 0.86; HPHC: F1,25 =
1.12, p = 0.30; Fig. 3B). As the diets were isocaloric, the TE per gram
also did not differ between food cached and consumed, regardless of diet
pair (IHC: F1,25 = 1.07, p = 0.31; HPI: F1,25 = 0.04, p = 0.85; HPHC:
F1,25 = 1.14, p = 0.30). Month had no effect on birds’ macronutrient
allocation regardless of diet pair offered (p > 0.1 for all).

For all three diet pairs, month had no effect on preference for which
diet was consumed within the diet pair (IHC: F4,16 = 0.01, p = 0.99; HPI:
F4,16 = 0.06, p = 0.99; HPHC: F4,16 = 0.01, p = 0.97). Individuals did,
however, significantly prefer consuming the Intermediate diet both to
the High Carbohydrate diet when offered IHC diet pair (F1,25 = 4.57, p =
0.04) and to the High Protein diet when offered HPI diet pair (F1,25 =
28.84, p < 0.0001; Fig. 2A). They showed no preference between the
High Carbohydrate and High Protein diets when offered HPHC (F1,25 =
0.58, p = 0.45).
Birds also preferred to cache the Intermediate diet over the High
Protein diet when offered HPI diet pair (F1,25 = 30.6, p < 0.0001;
Fig. 2B), but did not prefer caching the Intermediate diet over the High
Carbohydrate diet when offered the IHC diet pair (F1,25 = 1.69, p =
0.21). A slight but not significant, preference for caching HC over HP can
be observed in Fig. 2B when the birds were offered HPHC diet pair (F1,25
= 3.02, p = 0.09). Month had no effect on which diet birds preferred to

4. Discussion
We evaluated the ability of Canada Jays to modulate macronutrient
4
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Fig. 2. The proportion (± SE) of each diet consumed (A; left column) and cached (B; right column) for each diet pair offered. Upper row IHC, middle row HPI diet
pair, lower row HPHC. The inset graphs in the upper right of each panel show mean proportions across the entire study. Asterisks indicate a significant difference p <
0.05, n.s. indicates non-significant comparisons.

intake, and to secure the future availability of non-protein energy (NPE)
such as carbohydrates through caching behaviour. We found strong
evidence that Canada Jays consume and cache non-randomly, but no
evidence that caching behaviour disproportionately increased future
NPE availability. We also found no evidence that Canada Jays employed
dietary shifting over the period from September to January.
Although the birds cached and consumed different quantities of food
(Figs. 1 & 3A), the macronutrient profile of food cached matched that of
the food consumed on a per gram basis (Fig. 3B). The difference in
overall food consumed and cached is likely because caching species
typically eat to satiation prior to caching (Vander Wall, 1990), and so
birds prioritized eating before caching in the three-hour foraging win
dow. The similarities in macronutrient profiles, however, suggest that
Canada Jays forage are distinguishing the different foods by their
macronutrient content and foraging non-randomly to meet target
amounts for both protein and energy. When birds formulate their own
diets, it appears the birds have a minimum NPE target of approximately
11.7 kJ/g (Fig. 3B), shown by the position on the NPE axis of the intakes
of birds when offered the HPI and HPHC diet pairs. This is further shown
by the preference birds had for the Intermediate diet when offered HPI.
This preference for the Intermediate diet increases the NPE content of
the food consumed and cached and meets the minimum NPE target with
less total consumption or caching than would occur with a preference for
HP or equal preference for HP and I. Birds also appear to be simulta
neously meeting a minimum protein target. When offered IHC birds
showed a preference for consuming the Intermediate diet. Birds also

cached a higher proportion of the Intermediate diet than the High
Carbohydrate when offered IHC although this effect was not statistically
significant. These preferences for the Intermediate diet enabled birds to
achieve higher NPE and CP levels than caching the diets randomly.
Importantly, as NPE is a combination of both fat and carbohydrate, we
cannot identify which, if either, the birds are selecting for to hit their
NPE targets. Future studies should investigate and attempt to disen
tangle fat and carbohydrates to provide greater clarity. It is also worth
noting that birds had access to their maintenance diet each day, outside
the experimental daily feeding period. While we expect the birds’
choices during the feeding period to be representative of their overall
nutritional goals, it is possible that the nutrients consumed as part of the
maintenance diet affected our results.
The macronutrient target actively selected for was likely dictated by
the diet pair offered. The crude protein target was likely easily met in
either diet pair containing HP, and thus the NPE target had a greater
effect on the total amount of food consumed or cached, as noted earlier
in connection with the minimum NPE target. Similarly, the NPE target
was likely easily met when offered IHC. Further evidence for simulta
neous macronutrient targets is illustrated by the lack of diet preference
when birds were offered HPHC. With no Intermediate diet available to
acquire both NPE and protein in relatively high amounts, birds needed
to combine the High Carbohydrate diet to meet the NPE minimum with
the High Protein diet to meet the protein target in their caching and
consumption. These observations suggest that while Canada Jays do not
disproportionately increase the future availability of protein or NPE in
5

R.J. Martin et al.

Comparative Biochemistry and Physiology, Part A 266 (2022) 111142

A

Crude Protein Intake
(g/day dry)

3

50% HP
50% I

100% HP

50% HP
50% HC

100% I

50% I
50% HC

2

100% HC
1

Diet Utilization
Consumed
Cached
0
0

50

100

150

NPE Intake
(kJ/day dry)

B

Diet Pair
HPI
HPHC

100% HP

IHC
50% HP
50% I

Crude Protein Intake
(g/g dry)

0.5

0.4

50% HP
50% HC

0.3

100% I

0.2

50% I
50% HC

100% HC

0.1

0.0
11

12

13

14

NPE Intake
(kJ/g dry)
Fig. 3. In panel A, the total (± SE) crude protein (CP) and non-protein energy (NPE) cached or consumed by Canada Jays are shown for each diet pair in a standard
Geometric Framework of Nutrition plot. Solid black lines represent the possible values achieved by consuming or caching only one of the offered diets in a diet pair.
Dashed lines represent the possible values achieved by consuming (or caching) equal amounts of each diet in an offered diet pair. Thick coloured lines represent the
possible values achieved by caching and consuming the observed proportions of macronutrients. Panel B shows the same data, standardized to CP and NPE per gram
of diet consumed or cached by the birds (± SE). Reference lines represent the fixed ratio of nutrient concentration present in each offered diet. Error bars not visible
are covered by the data points. Birds cached the same relative amounts of each macronutrient as they consumed, illustrated by coloured lines in A, and the grouping
of points in B.

caches, they are ensuring the minimum requirements will be available in
caches. These results also suggest that birds work towards long term
energy and protein targets, even when they are not nutrient deprived.
Birds had their food limited for only 3 h per day, but this short duration
was enough to elicit behaviours allowing us to detect their nutrient
goals. This suggests that birds are actively regulating macronutrients on
a fine scale, perhaps daily or even hourly.

Ensuring a minimum NPE level for caches allows Canada Jays to
accumulate fat more easily and efficiently (Smith and McWilliams,
2009; Marshall et al., 2016), which is an essential aspect of winter
survival (Chaplin, 1974; Blem, 1976). Simultaneously ensuring the
availability of protein means that muscle mass will be maintained
(Bairlein, 2002), and protein will be available for offspring growth.
Canada Jays consume and cache a wide variety of foods (Strickland and
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Ouellet, 2020), and the ability to modulate the macronutrient contents
of both their current and future diets is an important prerequisite for
being a diet generalist.
The mechanistic causes of these results remain unclear. Selection of
diets to maintain the protein and NPE content of caches could be the
result of cognitive processes by which birds anticipate and respond to
their future needs. A number of corvid species have been suggested to
have some prospective or future planning ability. Western Scrub-Jays
(Aphelocoma californica), for example, have the ability to use caches to
ensure food availability the following day when trained to expect a
period without food (Raby et al., 2007) and Eurasian Jays (Garrulus
glandarius) are reported to cache for multiple states of future need
(Cheke and Clayton, 2012). There is, however, no evidence of more
long-term anticipatory abilities in any corvid, and anticipatory caching
based on experiencing and remembering previous winter conditions
would not be possible for first year Canada Jays.
Alternatively, it is possible that through previous caching experi
ence, birds have formed associations between the quality and viability of
food at retrieval and the nutrient content of a cache when it is made.
These associations could be made throughout the year and would lead to
consistency between current consumption and caches. Similarly, birds
could have formed associations from previous experience based on their
physiological responses to consuming or recovering caches, even if all
caches remained viable. Both these strategies would utilize a less com
plex cognitive process than future planning and would be potentially
available to first year birds, though first year birds would still be at a
disadvantage having less time for these associations to form.
A third, and possibly most likely explanation, is that the consistency
between items cached and consumed is not learned. Birds could be
responding to metabolic signals driving their food preferences to meet
both protein and NPE targets. Such metabolic signals would assume
birds required the same quantities of macronutrients to survive yearround and could have shortcomings in the winter if conditions became
unusually energetically demanding, or if the birds were forced to pro
vision their offspring from cached food to an unusual level.
We found no evidence that Canada Jays employ dietary shifting to
increase fat accumulation prior to winter. Regardless of which diet
combination individuals were offered, birds were able to distinguish the
diets based on their macronutrient profile and preferentially consumed
an intermediate diet. Birds also consumed roughly the same total
amount of food each month. This is possibly because Canada jays store
energy exogenously, through their caches eliminating the needs for in
crease on-body fat storage. There are, however, factors that may affect
dietary shifting that we did not examine. Temperature could play a role
in dietary shifting for resident species because temperature provides a
specific and localized environmental cue. Many overwintering birds
replenish fat stores daily and subsequently utilize that fat to survive the
night (Blem, 1976), and it is likely that Canada Jays also exhibit this
pattern of fat utilization. Canada Jays may respond to more immediate
cues like temperature to modulate daily nutrient intake and respond to
reliable long-term cues like photoperiod to make decisions about
nutrient composition of caches.
We found no evidence that Canada Jays specifically prepare to
provision their offspring from cached foods. Although every individual’s
caches did contain protein, birds were generally prioritizing NPE, sug
gesting that caching an abundance of protein relative to energy is not the
primary objective. The intentional and predictable composition of the
caches based on what the birds have eaten is similar in some sense to the
fine control in diet composition birds have shown during migration in a
similar study (Marshall et al., 2016). This suggests overall that birds do
not forage randomly and do follow nutritional targets. The current study
suggests that during the caching period high protein items may not be as
highly prized, and thus could help in understanding preferences for
cached items. While there are many potential explanations for the
preference for relatively low protein relative to NPE, the most likely is
that self-survival takes priority over reproduction. If an individual does

not survive the winter, the amount of food stored to provision offspring
is unimportant. It is also possible that high protein food in the form of
insects, spiders and carrion is available during the Canada Jay breeding
season and cached food is supplementary. While evidence indicates
Canada Jays do feed their offspring cached food (Derbyshire et al., 2019)
it has been proposed that this serves more as a failsafe than the primary
provisioning source (Strickland and Ouellet, 2020).
The goal of this study was to investigate how a non-migratory resi
dent that overwinters at high latitudes utilizes macronutrients as winter
approaches. We found that birds ensure the macronutrient composition
of their caches meets their minimum targets and found that the food
cached does not differ in relative macronutrient content to the food they
consume.
Funding
Funding for this project was supported by a Natural Sciences and
Engineering Research Council of Canada Discovery Grant 105542 to
DFS.
Data availability
Data used in this work are publicly available via ‘figshare’: https://
doi.org/10.6084/m9.figshare.14428223.v1 (Martin, 2021).
Declaration of Competing Interest
The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Acknowledgements
We thank Francis Boon and Michela Rubeli for their assistance with
logistics and animal husbandry. We also thank Sara Kishawi, Aarushi
Mehta, and Muzammil Ahmed for their assistance.
References
Bairlein, F., 1990. Nutrition and food selection in migratory birds. In: Bird Migration.
Springer, Berlin, Heidelberg, pp. 198–213.
Bairlein, F., 2002. How to get fat: nutritional mechanisms of seasonal fat accumulation in
migratory songbirds. Naturwissenschaften 89 (1), 1–10.
Ball, G.F., 1993. The neural integration of environmental information by seasonally
breeding birds. Am. Zool. 33 (2), 185–199.
Blem, C.R., 1976. Patterns of lipid storage and utilization in birds. Am. Zool. 16 (4),
671–684.
Boag, P.T., 1987. Effects of nestling diet on growth and adult size of zebra finches
(Poephila guttata). Auk 104 (2), 155–166.
Chaplin, S.B., 1974. Daily energetics of the black-capped chickadee, Parus atricapillus, in
winter. J. Comp. Physiol. 89 (4), 321–330.
Cheke, L.G., Clayton, N.S., 2012. Eurasian jays (Garrulus glandarius) overcome their
current desires to anticipate two distinct future needs and plan for them
appropriately. Biol. Lett. 8 (2), 171–175.
Cook, S.C., Eubanks, M.D., Gold, R.E., Behmer, S.T., 2010. Colony-level macronutrient
regulation in ants: mechanisms, hoarding and associated costs. Anim. Behav. 79 (2),
429–437.
Dawson, A., 2008. Control of the annual cycle in birds: endocrine constraints and
plasticity in response to ecological variability. Philos. Trans. Royal Soc. B. 363
(1497), 1621–1633.
Dawson, A., King, V.M., Bentley, G.E., Ball, G.F., 2001. Photoperiodic control of
seasonality in birds. J. Biol. Rhythm. 16 (4), 365–380.
Derbyshire, R., Norris, D.R., Hobson, K.A., Strickland, D., 2019. Isotopic spiking and food
dye experiments provide evidence that nestling Canada Jays (Perisoreus canadensis)
receive cached food from their parents. Can. J. Zool. 97 (4), 368–375.
Dow, D.D., 1965. The role of saliva in food storage by the gray Jay. Auk 82 (2), 139–154.
Elliott, J.A., 1976. Circadian rhythms and photoperiodic time measurement in mammals.
Fed. Proc. 35, 2339–2346.
Goldman, B.D., 1999. The circadian timing system and reproduction in mammals.
Steroids 64 (9), 679–685.
Gorman, M.R., Goldman, B.D., Zucker, I., 2001. Mammalian photoperiodism. In:
Circadian Clocks. Springer, Boston, MA, pp. 481–508.

7

R.J. Martin et al.

Comparative Biochemistry and Physiology, Part A 266 (2022) 111142
Raby, C.R., Alexis, D.M., Dickinson, A., Clayton, N.S., 2007. Planning for the future by
western scrub-jays. Nature 445 (7130), 919–921.
Raubenheimer, D., Simpson, S.J., 1997. Integrative models of nutrient balancing:
application to insects and vertebrates. Nutr. Res. Rev. 10, 151–179.
Raubenheimer, D., Simpson, S.J., Mayntz, D., 2009. Nutrition, ecology and nutritional
ecology: toward an integrated framework. Funct. Ecol. 23, 4–16.
Rothman, J.M., Raubenheimer, D., Chapman, C.A., 2011. Nutritional geometry: gorillas
prioritize non-protein energy while consuming surplus protein. Biol. Lett. 7,
847–849.
Sales, J., Janssens, G.P.J., 2003. Nutrition of the domestic pigeon (Columba livia
domestica). World’s Poult. Sci. J. 59 (2), 221–232.
Schaper, S.V., Dawson, A., Sharp, P.J., Gienapp, P., Caro, S.P., Visser, M.E., 2012.
Increasing temperature, not mean temperature, is a cue for avian timing of
reproduction. Am. Nat. 179 (2), E55–E69.
Sherry, D.F., 1985. Food storage by birds and mammals. Adv. Study Behav. 15 (5),
153–188.
Simpson, S.J., Raubenheimer, D., 1995. The geometric analysis of feeding and nutrition:
a user’s guide. J. Insect Physiol. 41 (7), 545–553.
Smith, S.B., McWilliams, S.R., 2009. Dietary macronutrients affect lipid metabolites and
body composition of a migratory passerine, the white-throated sparrow (Zonotrichia
albicollis). Physiol. Biochem. Zool. 82 (3), 258–269.
Smith, C.C., Reichman, O.J., 1984. The evolution of food caching by birds and mammals.
Annu. Rev. Ecol. Syst. 15 (1), 329–351.
Strickland, D., Ouellet, H.R., 2020. Canada Jay (Perisoreus canadensis), version 1.0. In:
Rodewald, P.G. (Ed.), Birds of the World. Cornell Lab of Ornithology, Ithaca, NY,
USA. https://doi.org/10.2173/bow.gryjay.01.
Sutton, A.O., Strickland, D., Norris, D.R., 2016. Food storage in a changing world:
implications of climate change for food-caching species. Clim. Change Resp. 3 (1),
12.
Tøttrup, A.P., Rainio, K., Coppack, T., Lehikoinen, E., Rahbek, C., Thorup, K., 2010. Local
Temperature Fine-tunes the Timing of Spring Migration in Birds.
Vander Wall, S.B., 1990. Food Hoarding in Animals. University of Chicago Press.
Vander Wall, S.B., Balda, R.P., 1981. Ecology and evolution of food-storage behavior in
conifer-seed-caching corvids. Z. Tierpsychol. 56 (3), 217–242.
Wheelwright, N.T., 1988. Seasonal changes in food preferences of American robins in
captivity. Auk 105 (2), 374–378.
Wrazen, J.A., Wrazen, L.A., 1982. Hoarding, body mass dynamics, and torpor as
components of the survival strategy of the eastern chipmunk. J. Mammal. 63 (1),
63–72.

Guglielmo, C.G., Gerson, A.R., Price, E.R., Hays, Q.R., 2017. The effects of dietary
macronutrients on flight ability, energetics, and fuel metabolism of yellow-rumped
warblers Setophaga coronata. J. Avian Biol. 48 (1), 133–148.
Guo, S.T., Hou, R., Garber, P.A., Raubenheimer, D., Righini, N., Ji, W.H., Jay, O., He, S.
J., Wu, F., Li, F.F., Li, B.G., 2018. Nutrient-specific compensation for seasonal cold
stress in a free-ranging temperate colobine monkey. Funct. Ecol. 32 (9), 2170–2180.
Gwinner, E., 1990. Circannual rhythms in bird migration: Control of temporal patterns
and interactions with photoperiod. In: Bird Migration. Springer, Berlin, Heidelberg,
pp. 257–268.
Hothorn, T., Bretz, F., Westfall, P., 2008. Simultaneous inference in general parametric
models. Biom. J. 50 (3), 346–363.
Johnson, N.F., 1971. Effects of levels of dietary protein on wood duck growth. J. Wildl.
Manag. 798–802.
Marshall, T.J., Dick, M.F., Guglielmo, C.G., 2016. Seasonal dietary shifting in yellowrumped warblers is unrelated to macronutrient targets. Comp. Biochem. Physiol. A
Mol. Integr. Physiol. 192, 57–63.
Martin, R.J., 2021. MN Raw Data_RJM.MFD.DFS_2021.xlsx. figshare. Dataset. https://
doi.org/10.6084/m9.figshare.14428223.v1.
Martin, R.J., Sherry, D.F., 2021. Canada jays, Perisoreus canadensis, use multiple contextdependent cache protection strategies. Anim. Behav. 180, 329–335.
Martin, R.J., Kruger, M.C., MacDougall-Shackleton, S.A., Sherry, D.F., 2020. Blackcapped chickadees (Poecile atricapillus) use temperature as a cue for reproductive
timing. Gen. Comp. Endocrinol. 287, 113348.
McAllan, B.M., Dickman, C.R., 1986. The role of photoperiod in the timing of
reproduction in the dasyurid marsupial Antechinus stuartii. Oecologia 68 (2),
259–264.
Millward, D.J., Garlick, P.J., Reeds, P.J., 1976. The energy cost of growth. Proc. Nutr.
Soc. 35 (3), 339–349.
Monteith, K.L., Bleich, V.C., Stephenson, T.R., Pierce, B.M., Conner, M.M., Klaver, R.W.,
Bowyer, R.T., 2011. Timing of seasonal migration in mule deer: effects of climate,
plant phenology, and life-history characteristics. Ecosphere 2 (4), 1–34.
Parrish, J.D., 1997. Patterns of frugivory and energetic condition in Nearctic landbirds
during autumn migration. Condor 99 (3), 681–697.
Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., R Core Team, 2018. _nlme:Linear and
Nonlinear Mixed Effects Models_. R package version 3.1–137. <URL. https://CRAN.
R-project.org/package=nlme>.
R Core Team, 2018. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria. URL. https://www.R-project.
org/.

8

