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Part I – Why Are Resources Finite?
In the boreal forests of Canada, a small passerine bird, the black-capped chickadee (Poecile atricapillus), thrives 
(Figure 1). Chickadees weigh only about 12 grams and easily fit in the palm of your hand. Despite their small size, 
chickadees can tolerate mean winter temperatures lower than −25 °C (−13 °F; Petit et al., 2013).

Many bird species migrate to track changes in the availability of a seasonal resource (e.g., food) and avoid freezing 
temperatures. However, chickadees are part of the larger family, Parid, which are resident species, meaning they rarely 
migrate, and they stay in the same location all year long. Chickadees are widely known for their cognitive abilities, 
which greatly influence their survival during these freezing temperatures (Sonnenberg et al., 2019). 

There are many demanding portions of the an-
nual cycle of a bird (Figure 2, next page) and this 
is especially true for small birds that must survive 
during harsh winters. Organisms need to con-
sume a certain number of calories per day to fuel 
the different aspects of their biological systems, 
such as brain tissue and blood flow. This amount 
can be measured by their metabolic rate. For a 
human, this is about 7530 kJ or 1800 calories per 
day (Durnin, 1981). For a chickadee, this ranges 
from 40–65 kJ per day (Karasov et al., 1992; 
Doherty et al., 2001; Cornelius et al., 2019).

Although chickadees are good at finding food, 
the acquisition of energy is limited by the 
amount of food available, predation risk from 
obtaining that food, and agility for flight (Hous-
ton & McNamara, 1993). 
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Consider the following before you continue reading: 
How do both predation risk and starvation risk 
change with the seasons for a small northern 
hemisphere bird? When do these two risks 
intersect in ways that pose especially challenging 

“decisions” for chickadees?
2

A Delicate Balance: 
Resource Allocation, Immunity, and Disease
by
Emily Cornelius Ruhs, Global and Planetary Health, University of South Florida, Tampa, FL
Cynthia J. Downs, Environmental and Forest Biology, SUNY College of Environmental Science and Forestry, Syracuse, NY

Figure 1. (A) Black-capped chickadee resting on a branch in the boreal for-
est during winter. Photo by Audrey Le Pogam, used with permission. (B) 
Chickadee in the snow. Photo by Cam Miller available on FlickR and (C) 
Chickadee eating a grub. Photo by John Benson available on FlickR. B and C 
reproduced under a Creative Common license (CC-BY-NC-ND-2.0).
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The amount of food that a chickadee consumes 
can be thought of as energy that must fuel each 
of its physiological processes inside the body and 
outside activities, like flight. These small birds 
must allocate energy to each of these processes 
in order to make sure they continue to function 
properly.

There are a few ways that chickadees gain more 
energy throughout the day, including foraging 
to obtain more food or targeting energy-rich 
foods. Chickadees can also save energy by using 
something called “hypothermia,” meaning they 
decrease their internal body temperatures to 
become closer to ambient temperatures and 
thus reduce heat loss (Chaplin, 1976). However, 
during hypothermia, birds are generally less 
responsive and vigilant (Andreasson et al., 2019). 

By intaking more food or saving more energy than what is needed on a daily basis, chickadees are able to build up fat 
stores to help them survive harsh periods. 

Questions
1. In a sentence or two, describe the difference between acquisition and allocation. 

2. Using Figure 2, list which portions of the annual cycle might be more demanding and why.

3. What information would you need to determine how much energy black-capped chickadees consume on a daily 
basis? 

4. Other than hypothermia, what are some ways that chickadees could conserve energy throughout the day?

5. What might be the short-term consequences of not obtaining enough food (or energy) throughout the day?

Figure 2. Annual cycle of a black-capped chickadee. The large dotted line 
represents the peak of winter cold and snow cover. The small dotted line 
represents the typical breeding season. The solid line represents when 
molt typically occurs. Credit: BioRender academic subscription.
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Part II – Resource Allocation Across Biological Systems
Adequate fat stores vastly improve nightly and overwintering survival in small birds, including chickadees (Cornelius et 
al., 2017). In fact, chickadees increase their body mass by 4% (~0.5 g) between the fall and peak of winter (Petit et al., 
2013) to cope with the increased energetic needs of living in a cold environment.

2
Consider the following before you continue reading:  
Why would chickadees expend more energy when 
temperatures are cold?

2

During winter or an extreme weather event when 
resources are limited (i.e., low food availability), the 
delicate balance between physiological systems is 
increasingly threatened. Birds must make a “choice”: 
do they gather more food or trade-off the allocation 
of energy to the most important processes? Most of 
the time there is a unconscious trade-off to divert 
resources to the most important process. During 
winter, this would mean prioritizing fat storage, 
because without it, they might not survive the night.

Many have studied the effects of food restriction or 
unpredictability on the physiology of birds (Bed-
nekoff & Krebs, 1995; Cuthill et al., 2000; Cucco et 
al., 2002). Chickadees, for example, seem to prioritize short-term 
survival when faced with food unpredictability in winter-like condi-
tions (−15 °C; see Figure 3). That is, they focus on building up fat 
stores during cold tempertures (“strategic fattening”; Witter et al., 
1995; Houston et al., 2007) over maintaining energetically costly 
physiological defenses, like the immune response (Cornelius et al., 
2017). In fact, it appears that prioritizing fat storage directly traded-
off with the ability to mount this immune response (Figure 3). 

As you might have guessed, winter is not the only energetically 
demanding period; breeding is too. Chickadees have their normal 
processes they must maintain, but during breeding they must also 
lay eggs and care for nestlings. Once eggs have hatched, energy 
demand is at an all-time high as parents must also supply food for 
their nestlings. This focused attention on providing for themselves 
and an increased number of nestlings caused adult collared 
flycatchers (Ficedula albicollis) to decrease investment in their 
antibody production, another type of immune response (Figure 4; 
Nordling et al., 1998). Similarly, when adult chickadees were given 
fewer nestlings to care for they had increased body mass compared 
to those given more nestlings (Cornelius et al., 2019). 

However, the summer months are also when parasites and patho-
gens tend to be most common, as disease carrying insects are more 
prevalent; this places birds in dangerous situations of needing 
to prioritize one important function (breeding) over another 
(defense).

Figure 3. Haptoglobin response, a measure of the inflammatory response 
versus change in fat mass. Overall, chickadees that had more fat had a 
lowered haptoglobin response compared to those with less fat reserves. 
Credit: Figure republished with permission of University of Chicago Press–
Journals, from Cornelius et al. (2017), permission conveyed through 
Copyright Clearance Center, Inc.

Figure 4. Collared flycatchers with manipulated broods 
(either increased or decreased by two nestlings). Those 
with larger broods had decreased antibody production. 
Credit: Figure republished with permission of The Royal 
Society (U.K.), from Nordling et al. (1998), permission 
conveyed through Copyright Clearance Center, Inc.
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Questions
6. What are the advantages and disadvantages of prioritizing short-term survival (i.e., having adequate fat stores)?

7. How would you design an experiment to test whether animals are experiencing trade-offs between biological 
systems? What would be some of the things you would measure? What would you need to control?

8. Imagine that you ran an experiment where chickadees were subjected to winter-like temperatures. You designated 
two groups, a control that got ad libitum food (food available at all times) and an experimental group that 
received reduced food on random days (unpredictable food). At the end of the experiment, you collected the data 
shown in Figure 3. Describe how you would interpret the graph. What would you conclude?

9. Imagine you have four chickadee populations, during the winter, all with varying amounts of resources available 
to them. 

Population 1 has more resources than needed to meet its daily energy demands. 
Population 2 has just enough resources to meet its daily energy demands
Population 3 has not quite resources to meet its daily energy demands
Population 4 is severely lacking in the resources to meet its daily energy demands

 Draw a point for each population (mean response) based on how you would estimate their relationship between 
fat mass and immune function. Briefly explain your reasoning.

10. Some bird species are short-lived and invest more into reproduction; others are long-lived and reproduce less 
often or have smaller clutches. How might trade-offs between physiological systems be impacted by whether a 
species is short- or long-lived?
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Part III – Applying Your Knowledge: Implications for Disease Susceptibility
The ability to mount an immune response is necessary to curb infection with parasites or pathogens. Immune 
responses vary depending on the pathogen encountered and some responses are more energetically costly to mount 
than others (Lee, 2006). For example, the inflammatory response, which is similar to the response when you get the 
flu, can increase total energy expenditure by 16% (Burness et al., 2010). Producing antibodies to a specific pathogen 
can increase total energy expenditure by 8–25% (Demas et al., 1997; Svensson et al., 1998). This means that certain 
aspects of immune defense might be more beneficial to downregulate than others (Sheldon & Verhulst, 1996; Loch-
miller & Deerenberg, 2000). 

2
Consider the following before you continue reading:  
What might a decreased immune response mean for being 
susceptible to infection (i.e., getting an infection)? Immune 
defenses are costly; are there certain times of year when it might 
be important to invest less in aspects of the immune system?

2

Recall the collared flycatchers from Figure 4. When they 
had to care for more offspring their antibody production 
decreased. This led to an overall increase of malarial “haemo-
proteus” parasites (Figure 5; Nordling et al., 1998). The data 
from collared flycatchers implies that there is a link between 
resource availability and disease susceptibility.

Population density has also been implicated in disease 
susceptibility. As population density increases the demand 
and competition for resources also increases, reducing the 
energetic resources available per individual (Martínez-Padilla 
et al., 2019) and impacting immunocompetence (the ability 
to mount an adequate immune response; Lochmiller, 1996). 

One interesting example of the relationship between 
population density and infection is the case of the red grouse 
(Lagopus lagopus scoticus, Figure 6). Red grouse are a gal-
linaceous bird (ground feeding) that inhabit and feed upon 
the heathered moors of northern Britain. For many years, 
researchers have studied their population density and inves-
tigated why grouse populations periodically crash (Figure 
7, next page). It turns out that, while feeding, grouse ingest 
a gut parasitic nematode worm, Trichostrongylus tenuis. In 
fact, infection with these parasites strongly influences survival 
and is implicated, in part, to causing these cyclical popula-
tion declines (Hudson et al., 1998). Below we’ll explore this 
pattern further in relationship to the concepts we’ve learned. 

Figure 5. Collared flycatchers with manipulated broods (either 
increased or decreased by two nestlings). Birds with larger 
broods had decreased antibody production. Credit: Figure 
republished with permission of The Royal Society (U.K.), 
from Nordling et al. (1998), permission conveyed through 
Copyright Clearance Center, Inc.

Figure 6. Red grouse. Credit: Photo by Mark Hope, cc-by-nc-
nd-2, Flickr.

https://creativecommons.org/licenses/by-nc-nd/2.0/
https://creativecommons.org/licenses/by-nc-nd/2.0/
https://www.flickr.com/photos/water_rail/22673680827/in/photolist-AxAxnv-4RLDYq-GKHUNf-694XpX-2iGkJ5p-KhQBjM-2iGkDny-cDWCbC-5v4p9i-QJRpip-CtfSkV-PzNKXU-2hpqrjr-2hDxpdt-Dokj5Y-yUJgUm-z5GhJB-dWbBJP-bRZQCa-dG5szA-cdgZbA-yfdsB7-hjdsor-FFg7et-bLW6R-FvqFVe-bEHx8S-2iGkJk9-hJUfnu-rcZSPk-sabXL2-2e9gy4K-2icBhav-Px8F36-FQEZwi-F2j4D2-FwsnPs-FWyTMn-DokjBj-CS9Ddn-zdasVF-HTEbau-yUHjCm-cpBCwY-2ir2RSA-A1ruAN-76twZr-B7y4Pf-26oeQRY-Ax5jfv
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Questions
11. Now that you’ve gotten to this last section, you’re probably thinking, “Wow, this is all so complicated!” You’re 

not wrong. In fact, trade-offs are difficult to study and observe in wild animals, but we can make some educated 
predictions. Under what conditions would you expect animals to favor survival? To favor maintaining a strong 
immune response? To favor reproduction?

12. What might a high population density of red grouse mean for the number of parasites present in the moorlands?

Figure 7. Red grouse population density and parasite load over time. Credit: Figure reproduced from Martínez-
Padilla et al. 2013, courtesy of Wiley-Blackwell Publishing Ltd., used in accordance with publisher’s guidelines.
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13. Mounting an immune response to infection is necessary to fight off infection. In the case of the red grouse, this 
means fighting off parasitic worm infection. What might be a physiological consequence of mounting a strong 
immune response? (Hint: interpret Figure 8.) 

14. Now you know that resources, immune response and disease susceptibility are all connected. Imagine you are 
a researcher working on the red grouse system, and you are interested in what would happen if food resources 
declined (e.g., because of a bad winter, high density of birds). What would you expect to observe, for the grouse 
population, in terms of:
a. body mass,
b. immune response,
c. parasite infection rates, and
d. survival.

Figure 8. Relationship between spleen mass and worm parasite burden (left) and relationship between spleen mass 
(proxy for immune response) and body condition score (right); higher score is better. Credit:  Figure reproduced from 
Mougeot and Redpath (2004), licensed from John Wiley and Sons.
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