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SUMMARY 32 

Trade-offs between the immune system and other condition dependent life-history traits 33 

(reproduction, predator avoidance, and somatic growth) have been well documented in 34 

both birds and mammals. However, no studies have examined the impact of immune 35 

activation on thermoregulatory performance during acute cold exposure. Because of their 36 

high surface-area-to-volume ratios, small birds incur high energetic costs associated with 37 

thermoregulation during cold exposure. Consequently, we predicted that the immune 38 

system and the thermoregulatory system would compete for energetic resources.  To test 39 

this, we immunologically challenged adult house sparrows (Passer domesticus) with 5 40 

mg/kg of lipopolysaccharide (LPS) to induce an acute phase response (APR) and 41 

measured both resting (RMR = minimum metabolic rate) and summit (Msum = maximal 42 

metabolic rate during cold exposure) metabolic rates. We found that birds injected with 43 

LPS had significantly higher RMR and Msum than birds injected with phosphate buffered 44 

saline (PBS), indicating that LPS-treated birds were able to support both the cost of 45 

immune activation and that of thermoregulation under conditions eliciting maximal 46 

thermogenic performance. These results suggest that, in the absence of a pathogen, birds 47 

that experience short-term activation of the immune system have higher energetic costs 48 

during cold exposure, but immune activation does not compromise maximum 49 

thermoregulatory performance.  50 

 51 

Keywords: immune; life history; thermogenic capacity; trade-offs; lipopolysaccharide  52 

 53 

  54 
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INTRODUCTION 55 

Condition dependent life-history traits require organisms to invest energetic resources 56 

among several potentially competing physiological and behavioral functions. Physiologic 57 

processes such as immune activation, thermoregulation, reproduction, growth, and 58 

cellular maintenance all require organismal expenditures of energy (French et al., 2009; 59 

Zuk and Stoehr, 2002). However, energetic resources are limited and investment in one 60 

process can potentially reduce the investment in others resulting in decreased 61 

functionality (French et al., 2009; Stearns, 1989). Immune activation (Martin et al., 2003) 62 

and thermoregulation in endothermic organisms (Swanson, 2010) both incur high 63 

energetic costs that are reflected by changes in metabolic output. How metabolic energy 64 

is allocated during concurrent activation of these two functions, and between potentially 65 

competing physiological functions in general, is poorly understood.  66 

 67 

Small passerine birds overwintering in cold climates are faced with high-energy 68 

expenditures for thermoregulation. This is, in part, due to their high surface area-to-69 

volume ratios (Schmidt-Nielsen, 1984). Birds can mediate the negative effects of cold 70 

exposure through metabolic adjustments that facilitate cold tolerance (McKechnie, 2008; 71 

Swanson, 2010). Cold tolerance is defined as the period of time over which a bird can 72 

maintain its body temperature by thermogenesis (principally shivering) at a given level of 73 

cold exposure (Swanson, 2001). Winter acclimatized or cold acclimated birds from cold 74 

winter climates generally show seasonal increases in both basal (BMR = minimum 75 

metabolic rate required for maintenance) and summit (Msum = maximal metabolic rate 76 

during cold exposure) metabolic rates relative to summer acclimatized or warm 77 

acclimated birds (Cooper and Swanson, 1994; Swanson, 2010). Msum assumes 78 

importance not only because it sets the upper limit of thermogenic capacity and cold 79 

tolerance for endothermic organisms, but also because it is correlated with increased 80 

shivering endurance at submaximal levels of cold exposure (Marsh and Dawson, 1989; 81 

Swanson, 2001; Swanson and Liknes, 2006) and increased survival rates (Hayes and 82 

O'Connor, 1999; Sears et al., 2006). However, the energetic demands of thermoregulation 83 

are likely exacerbated by the activation of the immune system during cold exposure.  84 

 85 



T
he

 J
ou

rn
al

 o
f 

E
xp

er
im

en
ta

l B
io

lo
gy

 –
 A

C
C

E
PT

E
D

 A
U

T
H

O
R

 M
A

N
U

SC
R

IP
T

Overwintering birds confronted with a pathogen must cope with the dual challenge of 86 

activating and maintaining both thermoregulatory and immune functions during cold 87 

exposure. Like thermoregulation, activation of the immune system, both innate (Martin et 88 

al., 2003; Ots et al., 2001) and adaptive (Svensson et al., 1998), increases metabolism in 89 

birds. However, the effects of cold on avian immunity are not consistent. In regards to 90 

performance effects, some studies report that cold challenged birds show increased 91 

activity of the adaptive immune system (antibody production) (Hangalapura et al., 92 

2004b), while others report a depression (Svensson et al., 1998). In contrast, components 93 

of the innate immune system (phagocytes, natural antibodies, cytokines, etc.) are 94 

enhanced in birds challenged both immunologically and by cold exposure (Dabbert et al., 95 

1997; Hangalapura et al., 2003; Hawley et al., 2012). Metabolically, individuals 96 

experiencing the combined effects of moderate cold exposure and immune challenge 97 

experience elevated resting metabolic rates (RMR = minimum metabolic rate at rest in 98 

immune-challenged birds) compared to individuals immunologically challenged at 99 

thermoneutrality (Burness et al., 2010; Hawley et al., 2012). Based on the 100 

aforementioned studies, though, no clear effect of cold exposure on the immune system 101 

has emerged in studies that have focused on the effect of cold challenge on immune 102 

function. To our knowledge, no studies have examined the alternative scenario, the 103 

impact of immune activation on thermoregulatory performance during acute cold 104 

exposure. 105 

 106 

In the present study we examine the effects of immune activation on the ability of house 107 

sparrows (Passer domesticus) to thermoregulate during extreme cold challenge, when 108 

they are challenged to their maximal thermogenic capacity (Msum). Under these 109 

conditions, the cost of reduced thermogenic function or performance is expected to be 110 

much higher than documented in previous studies due to the risk of hypothermia. To test 111 

this we simulated a bacterial infection by inducing an acute phase response (APR) using 112 

lipopolysaccharide (LPS). LPS is an immunogenic component of gram-negative bacteria 113 

that stimulates a short-lived inflammatory response, but is non-pathogenic (Kent et al., 114 

1992). The acute phase response has become an important tool in examining the effects 115 

of immune activation on the performance and functionality of other condition dependent 116 
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life-history traits (Bonneaud et al., 2003; Burness et al., 2010; Lee et al., 2005; Owen-117 

Ashley and Wingfield, 2007). Activation of the APR results in both behavioral and 118 

physiological changes (Owen-Ashley et al., 2006; Owen-Ashley and Wingfield, 2007) 119 

that may interfere with cold tolerance. It is characterized by heterothermia, the release of 120 

endogenous pro-inflammatory cytokines (IL-1, IL-6, TNF-α) (Kluger et al., 1998), the 121 

release of glucocorticoids (Owen-Ashley et al., 2006) and the presentation of sickness 122 

behaviors (anorexia, lethargy, adipsia, and hypergesia)  (Coon et al., 2011; Hart, 1988; 123 

Owen-Ashley et al., 2006). We expected sparrows challenged under these conditions to 124 

be more sensitive to cold challenge and demonstrate a reduction in thermogenic capacity 125 

due to the physiological and behavioral changes induced by the APR.  126 

 127 

MATERIALS AND METHODS 128 

Animal capture and care 129 

We collected house sparrows by mist nets near Alcester, Union County, South Dakota 130 

(43° 1′ N, 96° 38′ W) and Vermillion, Clay County, South Dakota (42° 47′ N, 96° 56′ 131 

W). House sparrows are a widely distributed, invasive, non-migratory species that 132 

overwinter in both temperate and tropical climates (Anderson, 2006). Upon capture, we 133 

measured body mass to the nearest 0.1 g and wing and tarsus length to the nearest 134 

0.01mm. We captured birds used in this study in October of 2011 and June of 2012. After 135 

capture, we immediately brought birds back to University of South Dakota campus where 136 

they were housed indoors under controlled temperature (23 ± 1°C) and light (12 L:12 D).  137 

We housed birds in flight cages (56 x 30 x 38 cm) with food (wild birdseed) and vitamin-138 

enriched water provided ad libitum. We allowed birds to acclimate to the captive 139 

environment for at least two weeks before experimentation began. We used birds 140 

captured in October of 2011 exclusively for Msum measurements and those captured in 141 

June of 2012 for RMR measurements. An additional 4 birds were captured in May of 142 

2012 for use in an RMR pilot study, but their metabolic measurements were not included 143 

in the final analysis due to their being measured on the same day as capture. Because we 144 

maintained birds for both time periods under identical captive conditions for at least two 145 

weeks prior to experiments, a time during which body mass stabilized, and limited our 146 

comparisons to control versus treatment birds within each period, we expect no seasonal 147 
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effects on our results.  148 

  149 

Immune challenge 150 

We randomly assigned birds to receive a single injection of either LPS (Sigma#L4005, 151 

serotype 055:B5) dissolved in phosphate buffered saline (PBS) or PBS (control).  152 

We injected birds with a high LPS dose of 5 mg kg -1 of body weight to maximize the 153 

detection of the effects of immune activation on thermogenic performance and acute cold 154 

tolerance. We derived this dose from a pilot dose-response study where birds used in the 155 

cold challenge study were randomly challenged with either PBS or with varying doses of 156 

LPS (1 and 5 mg kg -1 BW). We measured their body temperature (Tb) at the time of 157 

injection (0 h) and 3, 6 and 24 h post-injection. We found that the dose of 5 mg kg -1 BW 158 

induced a significantly more pronounced and longer lasting bout of hypothermia (3 to 6 h 159 

post-injection) than the 1 mg kg -1 BW dose (Fig. 1). The birds used for the pilot 160 

experiment were given an additional two-week rest period prior to Msum measurements. 161 

In small passerine bird species, hypothermia, as opposed to fever, has previously been 162 

reported during LPS-challenge (Owen-Ashley et al., 2006; Owen-Ashley and Wingfield, 163 

2007). A 5 mg kg-1 dose of LPS has been used in other avian (Cheng et al., 2004) and 164 

small mammal studies (Barsig et al., 1995; Qin et al., 2007).  165 

 166 

Summit metabolic rate 167 

We injected birds with either LPS (n = 6) or PBS (n = 6) 3 h prior to cold challenge. We 168 

measured Msum via sliding cold exposure in a helox (79% helium and 21% oxygen) gas 169 

mixture (Liknes et al., 2002; Swanson, 2001; Swanson et al., 1996). We initiated the cold 170 

exposure at 0 to -6°C for 15 min, then decreased the bath temperature at a rate of -0.3°C 171 

min -1 until a steady decline in oxygen consumption indicative of hypothermia was 172 

induced. We modified the initial temperature for each individual, according to body mass 173 

(lower temperatures for larger birds), so that hypothermia did not occur too rapidly (< 30 174 

min) or too slowly (> 1 h). 175 

 176 

We placed individual birds into a 1.9 l metabolic chamber designed from a paint can with 177 

the inner surface painted flat black to provide emissivities near 1.0. The chamber was 178 
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equipped with a perch. The mean effective volume of this chamber, calculated according 179 

to Bartholomew et al. (Bartholomew et al., 1981), was 1917· ml. We achieved 180 

temperature control within the metabolic chamber by immersing it into a bath of water 181 

and ethylene glycol (Forma Scientific Model 2095; Marietta, OH, USA), which regulated 182 

chamber temperature to ± 0.2°C.  Prior to immersion, we flushed the chamber for at least 183 

5 min with helox to replace air. We scrubbed incurrent and excurrent gas of water and 184 

CO2 by passing the gas stream through a column of drierite and ascarite. We maintained 185 

flow rates of dry, CO2 -free, helox at 1010–1030· ml·min -1 over the course of the 186 

experiments using a Cole-Parmer Precision Rotameter (Model FM082-03ST; Chicago, 187 

IL, USA), previously calibrated with a soap bubble meter to ± 1% accuracy. We 188 

monitored chamber temperature continuously with a Cole-Parmer thermocouple 189 

thermometer (Model 8500-40) and recorded chamber temperature every 60 s.  190 

 191 

We measured oxygen consumption during helox cold exposure by open-circuit 192 

respirometry with an Ametek S-3A oxygen analyzer (Pittsburgh, PA, USA). We recorded 193 

measurements of dry, CO2,-free efflux gas every 5 s on a computer using Datacan 5.0 194 

(Sable Systems, Henderson, NE, USA) data collection software. We computed oxygen 195 

consumption according to the instantaneous equations of Bartholomew et al. 196 

(Bartholomew et al., 1981)  using Expedata 2.0 software (Sable Systems, Henderson, NE, 197 

USA). For calculations of oxygen consumption, we recorded oxygen content of incurrent 198 

gas before and after each metabolic trial and adjusted baseline oxygen content for drift 199 

over the test period using the drift correct function in Expedata 2.0. We then calculated 200 

consecutive 5 min means for oxygen consumption rates over the test period and 201 

considered the highest 5 min mean, excluding the initial 10 min of measurements, as 202 

Msum (Dawson and Smith, 1986). We corrected all values for oxygen consumption to 203 

STPD. Tests were conducted between 09:00 h and 12:00 h. Birds were in the chamber for 204 

no more than 1 h and no more than two birds were cold-challenged per day.  205 

 206 

At the end of each test, we promptly removed birds from the chamber and recorded their 207 

body mass and cloacal temperature. We measured body temperature (Tb) with a Cole-208 

Parmer Model 8500-40 Thermocouple Thermometer (Chicago, IL, USA) by inserting a 209 
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lubricated 20-gauge copper–constantan thermocouple into the cloaca (approximately 210 

1·cm). We considered birds with Tb < 37°C as hypothermic. For each bird, we noted the 211 

temperature at cold limit (TCL = the temperature producing hypothermia during exposure 212 

of an individual bird to a declining series of temperatures) (Saarela et al., 1989). 213 

 214 

We completed body mass and temperature measurements at the time of injection, 3 h 215 

post-injection, immediately after cold challenge, and 24 h after injection.  216 

 217 

Resting metabolic rate 218 

We measured RMR using procedures similar to those for Msum measurements except that 219 

air was used as the respiratory gas instead of helox. We randomly selected birds to 220 

receive LPS or PBS treatments. We measured RMR in LPS (n = 5) and PBS (controls; n 221 

= 5) injected birds from 19:00 h to 07:00 h. We injected birds immediately before placing 222 

them into the metabolic chamber. We maintained flow rates of dry, CO2-free air at 290 223 

ml min-1 and kept the chamber temperature at 30°C, which is within the thermal neutral 224 

zone for house sparrows (Arens and Cooper, 2004; Hudson and Kimzey, 1966), 225 

throughout the RMR trials. We kept birds within the metabolic chambers overnight for 226 

~12 h. Because we did not fast birds prior to metabolic measurements, and to allow the 227 

APR to develop, we excluded the first 3 h of the metabolic trial from our RMR 228 

calculations. We recorded oxygen content in the excurrent gas every 5 s and calculated 229 

oxygen consumption according to steady state equations (Withers, 1977) corrected to 230 

STPD. We calculated 10 min running mean values for oxygen consumption over the test 231 

period and considered the lowest 10 min running mean as RMR (Bartholomew et al., 232 

1981). Only one individual was measured per night. 233 

 234 

We recorded body mass and temperature measurements at the time of injection and 12 h 235 

post-injection, when the birds were removed from the metabolic chambers.   236 

 237 

Data analysis 238 

We carried out all statistical analyses using JMP 7.0.1 (SAS Institute Inc., Cary, NC, 239 

U.S.A.) and present data as means ± SE. We accepted statistical significance at p ≤ 0.05. 240 
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We analyzed the effects of treatment on RMR and Msum via analysis of variance 241 

(ANOVA) and analysis of covariance (ANCOVA) with body mass (measured 242 

immediately prior to birds being placed in the metabolic chamber) acting as the covariate. 243 

We used repeated measures ANOVAs (RMA) to detect any treatment by time effects on 244 

the body mass and body temperature (Tb) of birds sampled at multiple time points, 245 

followed by Bonferroni corrected Student’s t-test at each time point. Student’s t-test were 246 

also used for pairwise comparisons of the magnitude of change in body mass and Tb, and 247 

also to detect variation in the temperature at cold limit (TCL).  248 

 249 

RESULTS 250 

Effects of immune challenge on Msum 251 

LPS-treated birds had significantly higher Msum than PBS-treated birds both with 252 

(ANCOVA: F 3, 8  = 5.14, P = 0.029) and without (ANOVA: F 1, 10  = 8.14, P = 0.017) 253 

body mass included as a covariate (Fig. 2). For birds having Tb and body mass measured 254 

at multiple time points, a significant treatment by time interaction for Tb (repeated 255 

measures ANOVA: F 2, 20 = 22.67, P < 0.0001), but not body mass (repeated measures 256 

ANOVA: F 2, 20 = 0.4402, P = 0.65) was detected. At the time of injection (3 h prior to 257 

cold exposure), body mass (t (10) = 2.23, P = 0.68) and Tb (t (10) = 2.23, P = 0.19) did 258 

not differ significantly between LPS and PBS-treated birds (Table 1). Immediately prior 259 

to cold challenge (3 h post-injection) LPS-treated birds had significantly lower Tb 260 

compared to PBS-treated birds (t (10) = 2.28, P = 0.0002; Fig. 3; Table 1) and the change 261 

in Tb between pre-injected and 3 h post-injected birds was also significantly greater in 262 

LPS than in PBS-treated birds (t (10) = 2.23, P = 0.0003), with the Tb of the LPS treated 263 

birds decreasing to a greater extent than the PBS treated birds. However, there was no 264 

significant difference in body mass between LPS and PBS-treated birds immediately 265 

prior to cold exposure (t (10) = 2.23, P = 0.46; Table 1), nor was there a significant 266 

change in body mass (t (10) = 2.23, P = 0.21) for birds between the time of injection and 267 

3 h post-injection.  268 

 269 

All of the birds that underwent the helox cold challenge were confirmed to be 270 

hypothermic at the termination of the cold exposure treatment. Immediately following 271 
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cold challenge there was no significant difference in body mass between LPS and PBS-272 

treated birds (t (10) = 2.23, P = 1). However, PBS-treated birds lost significantly more 273 

body mass than LPS-treated birds (t (10) = 2.23, P = 0.0014) during cold challenge 274 

(change in body mass for birds measured immediately before and after cold challenge). 275 

At 24 h post injections there was no significant difference in body mass (t (10) = 2.23, P 276 

= 0.97) or Tb (t (10) = 2.23, P = 0.31; Table 1) between LPS and PBS-treated birds. The 277 

temperature producing hypothermia during cold challenge (TCL) was not significantly 278 

different between LPS-treated and PBS-treated birds (t (10) = 2.23, P = 0.81; Fig. 4). 279 

 280 

Effects of immune challenge on RMR 281 

LPS-treated birds had significantly higher RMR than PBS-treated birds both with 282 

(ANCOVA: F 3, 6  = 11.41, P = 0.0068) and without (ANOVA: F 1, 8  = 11.63, P = 0.0092) 283 

body mass included as a covariate (Fig. 2). For birds that had Tb and body mass measured 284 

at multiple time points, no significant treatment by time interaction was detected for 285 

either Tb (repeated measures ANOVA: F 1, 8 = 2.55, P = 0.1490) or body mass (repeated 286 

measures ANOVA: F 1, 8 = 0.3.97, P = 0.0816). Prior to injection, birds did not differ 287 

significantly in body mass (t (8) = 2.31, P = 0.098) or Tb (t (8) = 2.31, P = 0.83). Upon 288 

removal from the metabolic chamber, the change in body mass was significantly greater 289 

in LPS-treated birds than in PBS-treated birds (t (12) = 2.31, P = 0.013); experimental 290 

data combined with pilot data), but treatment groups showed no significant difference in 291 

Tb (t (8) = 2.17, P = 0.09).  292 

 293 

DISCUSSION 294 

The results of this study suggest that mounting an immune response (APR) incurs a 295 

significant energetic cost and that this cost is additive to thermoregulatory costs during 296 

severe cold challenge. This is similar to the results of Burness et al. (2010) and Hawley et 297 

al. (2012), who documented additive costs and no trade-offs between thermoregulation 298 

and immune activation during much milder cold exposure treatments. Despite the 299 

additive cost of the APR and Msum in this study, the thermogenic performance of cold 300 

challenged birds was not affected by immune activation, suggesting that immune 301 

challenged birds were able to afford the energetic costs of concurrent activation of both 302 
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thermoregulatory and immune systems, even under conditions eliciting maximal 303 

thermoregulatory performance. To our knowledge, this is the first study to examine the 304 

effects of immune activation on thermoregulation during acute cold challenge.  305 

 306 

Stimulation of the acute phase response, via LPS, resulted in birds having significantly 307 

higher RMR (40% increase) than those challenged with PBS (Fig. 2). This is in 308 

agreement with previous data for avian species, where activation of the immune system 309 

resulted in elevated RMR (Marais et al., 2011; Martin et al., 2003). LPS-treated house 310 

sparrows also lost significantly more body mass than control birds during the 12 h period 311 

that they spent in the metabolic chamber. Birds in the metabolic chamber did not have 312 

access to food or water. As such, the loss of body mass is reflective of birds using their 313 

stored energetic resources to maintain bodily functions. In a previous study, the loss of 314 

body mass was ameliorated by providing ad libitum access to food and water during 315 

immune challenge, suggesting that the energetic consequences of immune activation can 316 

be offset by resource availability at temperatures both within and below thermoneutrality 317 

(Burness et al., 2010). 318 

 319 

Simultaneous activation of the thermoregulatory and immune systems significantly 320 

elevated the Msum of house sparrows by 17% relative to PBS-treated birds, but did not 321 

affect the cold tolerance of birds challenged with severe cold temperatures (Figs. 2 and 322 

4). This was contrary to our original prediction that thermoregulatory performance would 323 

be compromised (i.e., lower Msum and higher TCL) in birds undergoing an APR. The LPS 324 

dose and cold challenge temperatures used in this experiment were more extreme than 325 

those used in other life-history trade-off experiments (Burness et al., 2010; Hangalapura 326 

et al., 2003; Hawley et al., 2012; Owen-Ashley et al., 2006). For example, mild cold 327 

exposure in other passerine bird thermoregulatory-immune trade-off studies (Burness et 328 

al., 2010; Hawley et al., 2012) resulted in metabolic rate elevations above those for 329 

thermoneutral temperatures of 1.3 to 2.6-fold, whereas the severe cold exposure in our 330 

study resulted in metabolic rate elevations exceeding 8-fold. Nevertheless, we found that 331 

thermogenic performance was not hindered by immune activation even though it required 332 

elevated energy expenditure. 333 
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 334 

An identifying characteristic of the acute phase response is the presentation of 335 

heterothermia. In this study, LPS-challenged house sparrows experienced a brief bout of 336 

hypothermia in lieu of hyperthermia. This was confirmed in 100% of our LPS-treated 337 

birds, immediately prior to cold challenge. This contrasts with Tb data from house 338 

sparrows following 1 mg kg -1 LPS injections (Coon et al., 2011) where sparrows showed 339 

a slight nocturnal hyperthermia. Part of the difference between our study and Coon et al. 340 

(2011) may be due to the higher LPS dose used in our study, as the thermoregulatory 341 

response to LPS is dose dependent in rodents, with hypothermia at high doses (Blatteis, 342 

2006; Rudaya et al., 2005). However, our pilot studies suggested a similar, albeit less 343 

pronounced response for 1 mg/kg LPS-treated birds. The LPS-induced hypothermia 344 

documented in our study is consistent with previous data from Gambel’s white-crowned 345 

sparrows (Zonotrichia leucophrys gambelii ) (Owen-Ashley et al., 2006) and to a lesser 346 

extent zebra finches (Taeniopygia guttata) (Burness et al., 2010). Owen-Ashley and 347 

Wingfield (2007) attribute the hypothermic response during APR to the fact that small 348 

passerine species possess high thermal set points and high surface–area-to-volume ratios, 349 

making prolonged elevation of Tb metabolically unfeasible. However, variation in Tb, at 350 

the onset of cold challenge, had no effect on Msum or TCL, which also contradicted our 351 

earlier assertion that the APR would negatively impact thermoregulatory performance.  352 

 353 

Body mass, also, did not vary significantly between LPS-treated and PBS-treated birds 354 

during acute cold challenge (Table 1). Although PBS-treated birds lost significantly more 355 

mass during the course of cold challenge, we suspect that birds treated with PBS likely 356 

consumed more water and food during the 3 h interim between injection and cold 357 

challenge, as APR typically reduces feeding in birds (Burness et al., 2010; Owen-Ashley 358 

et al., 2006). This would result in higher mass loss from urination and defecation during 359 

the course of cold challenge. While we challenged our birds under more rigorous 360 

conditions than those described in other thermo-immune studies, our findings on body 361 

mass are still consistent with other avian studies that examined the effects of moderately 362 

cold temperatures and immune activation on body condition (Burness et al., 2010; 363 

Hawley et al., 2012).  364 
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 365 

This study demonstrated that while there was a significant energetic cost attached to the 366 

concurrent activation of both the thermoregulatory and immune system, thermogenic 367 

performance was not affected by immune activation. Under natural conditions, the 368 

thermoregulatory abilities of cold challenged birds may be compromised by pathogen 369 

exposure and resource availability (Gutierrez et al., 2011; Hangalapura et al., 2004a; 370 

Hawley et al., 2012). In this study we activated the immune system using LPS, which is 371 

non-pathogenic. In the absence of a pathogen, trade-offs between thermogenic and 372 

immunologic function may not be readily apparent, as pathogenicity can greatly affect 373 

body condition (Pantin-Jackwood et al., 2012) and, thus, thermoregulatory ability 374 

(Verbeek et al., 2012). While we found no effect of immune activation on thermogenic 375 

performance, further investigation into the immediate and long-term effects of thermo-376 

immune interactions is warranted.  377 

 378 

Life-history theory assumes an energetic ceiling such that elevated energetic costs in one 379 

energetically demanding trait are linked to reduced energetic investment in another 380 

(French et al., 2009; Stearns, 1989). While we did not measure the intensity of the APR during 381 

cold exposure in this study, the significant elevation of Msum for LPS-treated birds 382 

suggests that additive energetic costs, at least for some potentially competing systems, 383 

can be accommodated. If this is the case, then the assumption of competition among 384 

condition-dependent life history traits for strictly limited energetic resources needs to be 385 

applied cautiously and tested empirically when exploring the evolution of avian life 386 

histories. This is consistent with the idea that the energetic cost of an immune response is 387 

not necessarily the currency mediating potential trade-offs between immunity and other 388 

condition-dependent life history traits, but that other factors such as competition for other 389 

shared resources (e.g., proteins) or degradation of body condition could be involved 390 

(Burness et al., 2010). In addition, competition among condition-dependent life history traits 391 

may only occur under conditions approaching maximum levels of organismal energy 392 

expenditure. Because Msum is typically lower than exercise-induced maximal metabolic 393 

rates for birds (Swanson et al., 2012; Wiersma et al., 2007), compromised metabolic 394 

performance due to activation of the immune system, or other energetically costly 395 
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activities, might not be detected for Msum, but only at energetic expenditures approaching 396 

maximum metabolic output.   Distinguishing among these possibilities will require 397 

additional research. 398 

 399 
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TABLE AND FIGURE CAPTIONS 547 

Table 1. Cloacal Tb (°C) and body mass of PBS and LPS challenged house sparrows 548 

undergoing acute cold challenge during the course of the experimental time line. 549 

 550 

Fig. 1. Cloacal Tb (°C) of house sparrows maintained at room temperature that were 551 

injected with either PBS (control) or with varying doses of LPS (1 and 5 mg kg-1) and 552 

measured at 0, 3, 6, and 24 h post-injection for a pilot dose-response study. Values are 553 

expressed as the mean ± SE. Asterisks denote statistically significant differences between 554 

the body temperatures of PBS and LPS-challenged birds (p < 0.05) as determined by 555 

student’s t-test (p < 0.01). Sample sizes are in parenthesis beside the treatment dose.  556 

 557 

Fig. 2. The effect of immune challenge on summit metabolic rates (Msum; cold challenge) 558 

and resting metabolic rates (RMR; thermoneutrality) of house sparrows challenged with 559 

either PBS or LPS (dotted bars). Values are expressed as the mean ± SE of ml O2 min-1. 560 

Asterisks denote statistically significant differences between PBS and LPS-challenged 561 

birds (p < 0.05) as determined by student’s t-test.  562 

 563 

Fig. 3. The Tb (°C) of PBS and LPS (dotted bars) treated house sparrows 3h post-564 

injection. Values are expressed as the mean ± SE. Asterisks denote statistically 565 

significant differences between PBS and LPS-challenged birds (p < 0.02) as determined 566 

by student’s t-test.  567 

 568 

Fig. 4. Average temperature producing hypothermia (TCL) in PBS and LPS (dotted bars) 569 

challenged house sparrows exposed to a declining series of temperatures (°C). Values are 570 

expressed as the mean ± SE. Asterisks denote statistically significant differences between 571 

PBS and LPS-challenged birds (p < 0.05) as determined by student’s t-test.  572 

 573 
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Table 1. Cloacal Tb (°C) and body mass of PBS and LPS challenged house sparrows 

undergoing acute cold challenge during the course of the experimental time line. 

Values are expressed as the mean ± SE.  
Asterisks denote statistically significant differences between the body temperatures of PBS and 
LPS (p < 0.025) as determined by student’s t-test. 
 

    pre-cold-challenge 

          pre-injection     (3 h post-injection)    24 h post-injection 

Treatment body mass (g) Tb (°C) M (g) Tb (°C) body mass (g) Tb (°C) 

PBS 28.3 ± 0.67 40.6 ± 0.21 28.1 ± 0.78 41.2 ± 0.20 27.9 ± 0.94 40.9 ± 0.35 

LPS 27.9 ± 0.59 41.3 ± 0.17 27.4 ± 0.52 39.5 ± 0.22 27.8 ± 0.64 41.4 ± 0.21 

P-value 0.68 0.19 0.46 0.0002* 0.97 0.31 


