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A B S T R A C T   

The ability to efficiently measure the health and nutritional status of wild populations in situ is a valuable tool, as 
many methods of evaluating animal physiology do not occur in real-time, limiting the possibilities for direct 
intervention. This study investigates the use of blood plasma metabolite concentrations, measured via point-of- 
care devices or a simple plate reader assay, as indicators of nutritional state in free-living seabirds. We experi-
mentally manipulated the energy expenditure of wild black-legged kittiwakes on Middleton Island, Alaska, and 
measured the plasma concentrations of glucose, cholesterol, B-hydroxybutyrate, and triglycerides throughout the 
breeding season, along with measures of body condition (size-corrected mass [SCM] and muscle depth). Sup-
plemental feeding improved the nutritional state of kittiwakes by increasing feeding rate (higher glucose and 
triglycerides, lower cholesterol), and flight-handicapping caused a slight nutritional decline (lower glucose and 
triglycerides, higher cholesterol and B-hydroxybutyrate). Glucose and triglycerides were the best indicators of 
nutritional state when used alongside SCM, and improved upon commonly used metrics for measuring individual 
condition (i.e. SCM or mass alone). Metabolite concentrations varied across the breeding period, suggesting that 
the pre-laying stage, when feeding rates tend to be lower, was the most nutritionally challenging period for 
kittiwakes (low glucose, high cholesterol). Muscle depth also varied by treatment and breeding stage, but 
differed from other nutritional indices, suggesting that muscle depth is an indicator of exercise and activity level 
rather than nutrition. Here we demonstrate potential for the use of blood plasma metabolites measured via point- 
of-care devices as proxies for evaluating individual health, population health, and environmental food 
availability.   

1. Introduction 

Conservation physiology is a rapidly developing field, and altered 
physiology can be an early warning sign of population stress, allowing 
conservationists to rapidly respond to stressors long before they cause 
population declines (Wikelski and Cooke, 2006). Because energy is a 
fundamental currency in nature (Brown et al., 2004; Brown et al., 2012; 
Yodzis and Innes, 1992), physiological systems closely linked to energy 
metabolism are likely particularly sensitive indicators. Energy demands 
fluctuate throughout the annual cycle of an individual, and reproduction 

is one particularly costly period, during which energy requirements in-
crease as individuals transition from self-maintenance to reproductive 
investment (Brown et al., 2004; Costa and Sinervo, 2004; Yodzis and 
Innes, 1992). Breeding events have significant trade-offs (Stearns, 1992; 
Welcker et al., 2015; Williams, 1966), and maintaining the balance 
between the cost of living and the cost of reproducing is critical for in-
dividual fitness, with consequences for population dynamics (Brown 
et al., 2004; Morales et al., 2020; Wikelski and Cooke, 2006). It is 
important to understand how energetic costs vary over distinct phases of 
the annual cycle, but measuring energy intake and expenditure in free- 
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ranging animals is notoriously difficult (Elliott, 2016; Halsey et al., 
2011). Moreover, many physiological measures of energy intake or 
expenditure (e.g. hormone levels, oxidative stress) do not occur in real 
time and require lab assays, making them challenging to apply rapidly to 
conservation. However, techniques for the real time measurement of 
energy expenditure continue to grow, including methods such as 
accelerometry, doubly-labelled water, and time-energy budgets. 

Body condition is commonly used to evaluate the physical condition 
or nutritional state of wild animals (Chastel et al., 1995; Drent and Daan, 
1980; Jacobs et al., 2012) and is typically determined by scaling body 
mass by body size, also referred to as “size-corrected mass” (Jacobs 
et al., 2012; Jakob et al., 1996). Yet, the specific biology of any wild 
animal is complex, and indices of body condition may occasionally fail 
to reflect nutritional state in birds. For instance, mass gain from fat 
deposition can indeed indicate energy storage and nutritional 
improvement (Cerasale and Guglielmo, 2006; Jenni-Eiermann and 
Jenni, 1994). However, birds exhibit high rates of phenotypic flexibility 
for body mass and can adaptively regulate their mass through a variety 
of mechanisms. Mass may be gained or lost from muscle or fat, and 
changes in mass are facilitated through processes including food intake, 
activity level, digestive efficiency, and metabolic rate (Mathot et al., 
2020). For example, gains in muscle mass have been associated with 
periods of extensive physical effort, such as hypertrophy of pectoral 
muscles in preparation for migration (Lindstrom et al., 2000; Marsh, 
1984; Swanson and Merkord, 2013). Thus, in years when food avail-
ability is poor, muscle mass may increase due to increased flight 
required to find food. Therefore, drawing inference from multiple met-
rics is generally more informative than relying on any one metric alone, 
and measures of body condition index may be more reliable when paired 
with other methods of quantifying nutritional state. 

Blood plasma metabolites can offer clues about an individual’s 
nutrition, diet quality, body condition, and other factors intrinsically 
linked with energy intake and metabolism (Alonso-Alvarez and Ferrer, 
2001; Lerma et al., 2022; Lindholm and Altimiras, 2016). Energy from 
food is used in cellular processes, for self-maintenance or the production 
of new biomass–either for growth or reproduction (Brown et al., 2004). 

Metabolites including glucose, cholesterol, B-hydroxybutyrate, and tri-
glycerides vary with nutritional condition (Alonso-Alvarez and Ferrer, 
2001; Castellini and Rea, 1992; Morales et al., 2020). Glucose is a simple 
carbohydrate that is often considered the most important energy source 
for living organisms, and a spike in glucose is associated with recent 
feeding events. Glucose concentrations peak shortly after feeding, before 
dropping to a slightly lower level, where they remain at a consistent 
concentration in the body as an animal enters a fasting period (Alonso- 
Alvarez and Ferrer, 2001; Braun and Sweazea, 2008; Morales et al., 
2020). Circulating cholesterol levels are representative of long-term 
dietary intake, and during fasting cholesterol concentrations are ex-
pected to increase over time, with higher cholesterol levels reflecting 
longer periods of fasting and lower nutritional status (Morales et al., 
2020). Beta-hydroxybutyrate is a ketone body produced when an animal 
is in a fasting state (Lerma et al., 2022; Morales et al., 2020). High levels 
of B-hydroxybutyrate (hereafter “BUTY”) represent the mobilization of 
lipids from energy reserves, and the conversion of fatty acids to BUTY 
spares proteins and carbohydrates from being used as glucose precursors 
during fasting (Alonso-Alvarez and Ferrer, 2001; Castellini and Rea, 
1992; Morales et al., 2020). Triglycerides are fats that constitute the 
largest stock of fuel in the body. They are used as a source of energy for 
muscles and for storage of energy reserves in adipose tissues (Alonso- 
Alvarez and Ferrer, 2001; Buyse and Decuypere, 2015; Morales et al., 
2020). During fasting, triglyceride levels decline as fat reserves are used 
for energy. 

Glucose, cholesterol, BUTY, and triglycerides have been character-
ized through experiments where plasma metabolites are measured 
under fasting conditions. The metabolite concentrations in the blood-
stream change throughout the duration of a food-restricted period 
(Fig. 1), revealing predictable trends that range from an animal’s last 
meal until complete starvation (Alonso-Alvarez and Ferrer, 2001; Cas-
tellini and Rea, 1992; Morales et al., 2020). For instance, high glucose 
and triglyceride concentrations indicate recent feeding events, and are 
typically indicators of good nutritional state (Fig. 1). Meanwhile, high 
cholesterol and BUTY levels have been associated with fasting condi-
tions and poorer nutritional status in individuals (Morales et al., 2020). 

Fig. 1. Predicted changes of plasma metabolite composition following a feeding event and subsequent fasting in birds, under (a) short feed-fast intervals (higher 
feeding rates) and (b) long feed-fast intervals (lower feeding rates). A bird with lower feeding rates when sampled at a random time, would on average have lower 
glucose and triglycerides, and higher cholesterol and BUTY than a bird with higher feeding rates. Modified from Alonso-Alvarez and Ferrer (2001) and Morales et al. 
(2020). The timescale on the x-axis is for illustrative purposes only. 
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Evaluating the relative levels of these four blood metabolites can give a 
holistic evaluation of recent feeding intensity and nutritional state in 
wild animals. 

Body condition index (i.e. size-corrected mass) is another metric 
commonly used to assess the nutritional state of animals, and is typically 
representative of more seasonal changes and longer-term nutritional 
status. An animal’s body condition is influenced by its ability to forage 
effectively, and animals that consistently demonstrate effective foraging 
ability will generally have a higher body condition index. Although 
plasma metabolites reflect recent feeding intensity and nutritional status 
on a rather short time scale, the use of plasma metabolite panels, when 
used in conjunction with other measures of condition, may improve 
upon current indices of nutritional assessment beyond body condition 
index. 

Recently, the use of point-of-care (POC) devices—such as simple 
glucose and cholesterol meters readily available at most pharma-
cies—has made the quantification of many metabolites more accessible 
(Lindholm and Altimiras, 2016; Morales et al., 2020; Stoot et al., 2014). 
These devices enable the user to analyze metabolite panels quickly in 
small samples of whole blood or plasma, opening the door to rapid in situ 
assessment of nutritional state and condition of wild animals. 

Here we investigate how metabolites vary with the nutritional state 
of free-ranging animals, using a wild population of black-legged kitti-
wakes (Rissa tridactyla, hereafter “kittiwake”). We experimentally 
manipulated the energy intake or expenditure of individuals and 
assessed changes in metabolites levels over three consecutive breeding 
stages: pre-laying, incubation, and chick-rearing. We hypothesized that 
increased food availability would shorten the feed-fast interval, and 
thereby improve the nutritional state of individuals as reflected in 
plasma metabolite levels. Furthermore, we predicted that a flight- 
handicap would lengthen the feed-fast interval, and thereby cause 
nutritional decline. We also hypothesized that plasma metabolite levels 
would differ between breeding stages due to changing energy demands. 
We predicted that fed birds would have higher glucose and triglyceride 
levels, and unfed birds would have higher cholesterol and BUTY levels 
(Morales et al., 2020) across all breeding stages. We also predicted that 
handicapped birds would have higher cholesterol and BUTY levels, but 
lower glucose and triglycerides than fed or unfed birds (Morales et al., 
2020). Because energy expenditure of seabirds peaks during incubation 
and chick-rearing, we predicted that the nutritional state of individuals 
would be better in pre-laying compared to incubation and chick-rearing, 
but similar between incubation and chick-rearing (Tremblay et al., 
2022). We also tested if metabolites vary according to size-corrected 
mass (SCM) and pectoral muscle depth, as these measures are 
commonly used to assess the nutritional state or body condition of in-
dividuals (Jacobs et al., 2012; Jenni-Eiermann and Jenni, 1994; Marsh, 
1984). We expected muscle depth to be a good metric of nutritional 
condition because kittiwakes have low percent lipids, and most of the 
variation in body mass from variable environmental conditions is due to 
lean mass changes (Jacobs et al., 2011; Jacobs et al., 2012). Moreover, 
Jacobs et al. (2012) found that none of 56 measures of SCM, including 
scaled mass index and residual of mass on size, improved prediction of 
total lipids compared to mass alone, and so we expected that including 
size in models would not improve models for nutritional state. 

2. Materials and methods 

2.1. Study system 

We conducted the study across the 2022 breeding season (late April 
to late July) on a population of kittiwakes nesting on an abandoned 
radar tower on Middleton Island, Alaska. We observed artificial nest 
sites built on upper sections of the tower from within the tower through 
sliding one-way windows (Gill and Hatch, 2002), which facilitated 
capture and monitoring of breeding adults. We determined the sex of 
breeding individuals by repeated behavioral observations (e.g., 

courtship feeding, copulations) or through morphometric measurements 
(for two individuals only). 

We sampled and divided breeding adult kittiwakes for this study (n 
= 160) into three treatments. Food-supplemented (n = 70): we supple-
mentally fed fish (herring, Clupea sp. and capelin, Mallotus villosus) to 
individuals to increase net energy intake, as food resources were made 
readily available and flight foraging costs were reduced, thereby 
improving nutritional state. We provided breeding pairs with fish ad 
libitum via a PVC tube at their nest site, three times daily from early May 
until mid-August (Gill and Hatch, 2002; Whelan et al., 2020). Food- 
supplemented individuals reduce, but do not eliminate, natural 
foraging at sea (Kahane-Rapport et al., 2022). We later excluded four 
individuals from analyses, as samples were collected prior to the 
beginning of food supplementation in April. Handicapped (n = 20): we 
gave individuals a flight handicap to decrease net energy intake by 
experimentally reducing flight efficiency, thereby worsening nutritional 
state. To reduce flight efficiency, we conducted a feather clipping pro-
cedure on ten breeding pairs during the incubation period following 
methods by Leclaire et al. (2011). We cut selected flight feathers close to 
the base (primary remiges P8, P6, and P4 on each wing, and rectrices R4 
and R2 on either side of the tail). Reductions in wing area are 
compensated by increased wing flapping, thus increasing the energetic 
cost of flight (Pennycuick, 1989). The handicap remains for the duration 
of the breeding season, but disappears after the post-breeding moult 
when birds replace their flight feathers (Pyle, 2008), limiting the effect 
of the handicap to approximately four months. We only sampled nine 
handicapped birds later in chick-rearing to test the effects of treatment, 
while the remaining individuals were excluded due to nest failure. 
Control (n = 70): we sampled individuals that experienced the same 
blood sampling procedure, but no treatment, which therefore only 
foraged naturally at sea. 

2.2. Measuring plasma metabolites 

We collected blood samples within 3 min of capture to determine 
baseline metabolite concentrations (except for three individuals that 
slightly exceeded that time limit; 3:02, 3:10, and 3:40). Further, there 
was no relationship between time sampled and values for any metabo-
lites (p > 0.05). Blood samples were collected from the brachial vein (1 
mL syringe, 25-gauge heparinized needle) and were tested immediately 
after collection with POC devices based on methods described in Mo-
rales et al. (2020), to quantify levels of glucose, cholesterol, and BUTY 
using Contour®Next (detection range = 20–600 mg/dL, CV =

1.3–2.1%), Precision Xtra® (detection range = 0.1–8.0 mmol/L, CV =
3.9%), and CardioChek® (detection range = 100–400 mg/dL, CV =
9.1%) devices, respectively (Morales et al., 2020). Following POC 
testing, we centrifuged the remaining blood samples to separate plasma 
from red blood cells, and froze plasma at − 20 ◦C until later analysis in 
the lab. We determined plasma triglyceride concentrations with labo-
ratory analyses, using methods described in Morales et al. (2020), with 
the Fujifilm Wako LabAssay™ Triglyceride kit. This kit reports total 
triglycerides, incorporating measures of free glycerol within a single 
step. Prior to analysis, frozen plasma samples were thawed and vor-
texed. We performed all assays according to the manufacturer’s proto-
col, and read the plates using a BioTek Epoch 2 Microplate 
Spectrophotometer. To accommodate samples with exceptionally high 
triglyceride concentrations, we extended the standard curve range of 
each plate up to 1480 mg/dL, and performed dilutions on samples that 
remained beyond the standard curve range. 

2.3. Morphometric measurements 

We recorded morphometric measurements for each individual, 
including body mass to the nearest gram and headbill length (back of 
skull to tip of culmen) to the nearest millimeter. We used a linear 
regression between body mass and headbill measurements to determine 
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SCM. We measured pectoral muscle depth during the incubation and 
chick-rearing stages following methods described in Le Bot et al. 
(2019), using a TITAN© portable ultrasound system (Sonosite, Inc. 
USA) with a HST/10–5 MHz broadband transducer. Primary pectoral 
measurements were recorded by positioning the probe at a 45◦ angle to 
the keel, with the probe extending out toward the clavicle. We then 
recorded secondary pectoral measurements for each individual, in 
which the probe was positioned perpendicular to the length of the keel. 
Measurements were recorded in the same positions for every individual, 
and we found that both measurement techniques produced highly 
similar results. We used data from only the secondary pectoral mea-
surement for all subsequent analyses. 

2.4. Statistical analyses 

We fitted linear models to determine the effects of supplemental 
feeding treatment and breeding stage on metabolite concentrations 
within the population. In all metabolite models, we included feeding 
treatment (control, food-supplemented), breeding stage, sex, and SCM 
as fixed factors. We normalized the data for BUTY and triglyceride 
concentrations by natural logarithm transformation in order to meet the 
assumptions of homoscedasticity and normality of residuals in each 
linear model. 

The feather clipping procedure was carried out during the incuba-
tion stage, so the effects of the handicap treatment were generally 
measurable only during the chick-rearing stage. We thus performed 
separate analyses to determine the effect of the handicap treatment on 
metabolite concentrations with a second group of linear models that 
were fitted to incorporate all treatment groups within the chick-rearing 
stage only. In these models, we included treatment (control, food- 
supplemented, handicapped), sex, and SCM as fixed factors. We 
normalized the data for BUTY and triglyceride concentrations by nat-
ural logarithm transformation in order to meet the assumptions of ho-
moscedasticity and normality of residuals in each linear model. 

We also fitted a third group of linear models to assess changes in 
SCM and pectoral muscle depth in response to treatment and breeding 
stage within the population. We included treatment, breeding stage, 
and sex as fixed factors for the SCM model. We included treatment, 
breeding stage, SCM, and sex for the muscle depth models. 

We performed post hoc significance tests on all models using the 
package ‘emmeans’ (Lenth, 2023) to assess contrasts between treatment 
groups, breeding stages, and sex. We adopted a 95% confidence interval 
(p < 0.05) for all analyses. Finally, we used Akaike’s Information 
Criteria (AIC) to identify general linear models that best fit the rela-
tionship between nutritional status and measured indices of nutritional 
state (metabolites, SCM, breeding stage, sex). We included nutritional 
status as the response variable in the AIC models, which was deter-
mined by experimentally manipulating the nutritional state of in-
dividuals within treatment groups. We aimed to investigate the relative 
contribution of metabolites and other measures of body condition in 
explaining variations in nutritional state, and to assess whether plasma 
metabolite concentrations were a better index of nutritional status than 
other measures of body condition (i.e. SCM or mass alone). All statis-
tical analyses were carried out using R Statistical Software (v4.2.2; R 
Core Team, 2022). 

3. Results 

3.1. Feeding treatment 

The effects of supplemental feeding were reflected among in-
dividuals by variation in metabolite concentrations between the fed and 
control treatments (Table 1, Fig. 2). Fed birds had 9.8% higher glucose 
(mean = 224 mg/dL ± 3.47) and 9.1% higher triglycerides (mean =
5.02 ± 0.12 ln[mg/dL]) than control birds (glucose mean = 204 mg/dL 
± 3.33; triglycerides mean = 4.6 ± 0.11 ln[mg/dL]). Cholesterol and Ta
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BUTY concentrations were similar between fed and control groups. 
There were also significant differences in SCM and pectoral muscle 
depth between the control and fed groups (Fig. 3). Fed birds (mean =
446 g ± 3.94) had 8.8% higher SCM than control birds (mean = 410 g ±
4.02), but 3.2% lower pectoral muscle depth than control birds (fed 
mean = 15 mm ± 0.13, control mean = 15.5 mm ± 0.14). 

3.2. Handicapped treatment 

The effects of feather clipping were reflected among individuals by 
variation in metabolite concentrations between the handicapped, fed, 
and control treatments (Table 2, Fig. 4A–D). There were no significant 
effects of the handicapped treatment compared to control. However, 
glucose and triglyceride levels were significantly lower in the handi-
capped group than the fed group. Handicapped birds (mean = 198 mg/ 
dL ± 6.48) had 13.9% lower glucose than fed birds (mean = 230 mg/dL 
± 3.63). Similarly, handicapped birds (mean = 4.59 ± 0.21 ln[mg/dL]) 
had 12.7% lower triglyceride levels than fed birds (mean = 5.26 ± 0.12 
ln[mg/dL). Handicapped individuals also had significantly lower SCM 
than the fed individuals (Fig. 4E). Handicapped birds (mean = 370 g ±
8.71) had 15.7% lower SCM than fed birds (mean = 439 g ± 4.37). 
Finally, pectoral muscle depth was similar between all treatments. 
(Fig. 4F). 

3.3. Breeding stage 

The effects of breeding stage were reflected among individuals by 
variation in metabolite concentrations throughout the breeding season 
(Table 1, Fig. 2). Post hoc analyses revealed that glucose levels were 
significantly different between pre-laying and incubation, and between 
pre-laying and chick-rearing. Glucose levels in pre-laying (mean = 195 
mg/dL ± 3.56) were 14.8% lower than in incubation (mean = 229 mg/ 
dL ± 5.67), and 11.4% lower than in chick-rearing (mean = 220 mg/dL 
± 2.93). Cholesterol levels were significantly different between all 
stages. Cholesterol levels in pre-laying (mean = 333 mg/dL ± 5.24) 
were 35.9% higher than incubation (mean = 245 mg/dL ± 8.5), and 
14% higher than chick-rearing (mean = 292 mg/dL ± 4.4). Chick- 
rearing cholesterol levels were 19.2% higher than incubation levels. 
BUTY levels were significantly different between pre-laying and chick- 
rearing. BUTY levels in pre-laying (mean = 3.03 ± 0.04) were 5.6% 
higher than chick-rearing levels (mean = 2.87 ± 0.03). SCM was 
significantly different between incubation and chick-rearing, and be-
tween pre-laying and chick-rearing (Fig. 3). Birds in chick-rearing 
(mean = 414 g ± 3.58) had 5.0% lower SCM than birds in pre-laying 
(mean = 436 g ± 4.37) and birds in incubation (mean = 435 g ±
7.08). Pectoral muscle depth was 3.3% higher in chick-rearing (mean =
15.5 mm ± 0.08) than in incubation (mean = 15 mm ± 0.17, Fig. 3). 

Fig. 2. Plasma metabolite concentrations of fed and control individuals during pre-laying, incubation, and chick-rearing. Significance of interactions for treatment 
group are averaged over breeding stage and sex. Significance of interactions for sexes are averaged over breeding stage and treatment group. 
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3.4. AIC model selection 

AIC model selection revealed that incorporating measures of plasma 
metabolites, in addition to SCM, improved model fit. The best-fit model 
for nutritional status using fed and control birds as proxies for nutri-
tional state included breeding stage, sex, SCM, glucose, and triglycerides 
as predictor variables (AIC weight = 0.48, Table 3). The best-fit model 
for nutritional status using handicapped and control birds as proxies for 
nutritional state included SCM, glucose, triglycerides, cholesterol, and 
BUTY as predictor variables (AIC weight = 0.33, Table 4). 

4. Discussion 

We investigated how plasma metabolites can reflect variations in the 
nutritional state of free-ranging animals by manipulating the energetics 
of kittiwakes across the breeding period, a critical part of the annual 
cycle of animals in terms of energy demands. As predicted, plasma 
metabolite concentrations varied according to treatment group and 
breeding stage. Measures of glucose, triglycerides, and SCM were the 
best markers of individual nutritional status, reflecting that supple-
mentally fed individuals were in better nutritional state (higher glucose, 
triglycerides, and SCM) than unfed or handicapped individuals overall. 
Thus, plasma metabolite concentrations adequately reflected the nutri-
tional state of kittiwakes in response to manipulation of energy expen-
diture throughout the breeding season, and in the directions expected 
from captive studies. Glucose, triglycerides, and SCM were the overall 
best indicators of nutritional status, and these measures confirmed that 
supplementally fed individuals were in better nutritional state, with 
significantly higher levels of glucose and triglycerides. Kittiwakes 
showed signs of longer feed-fast intervals and worse nutritional state 
during pre-laying (low glucose, high cholesterol), but later improved 
nutritional state during incubation and chick-rearing stages (higher 
glucose, lower cholesterol), as feeding frequency likely increased. In 
short, we argue that point-of-care devices, especially in conjunction with 
SCM, can measure nutritional state in free-ranging birds. Our results 
confirm that measures of plasma metabolites improve upon commonly 
used indices of individual condition (i.e. SCM or body condition), 
highlighting the potential for use of plasma metabolites in advancing 

current metrics for nutritional assessment in wild populations. Overall, 
this study contributes to the development of diagnostic tools for use in 
conservation physiology and monitoring of free-ranging animals. 

4.1. Experimental treatments 

Plasma metabolite levels clearly reflected the nutritional state of 
individuals in each treatment group. Fed birds had significantly elevated 
levels of glucose (Fig. 2A) and triglycerides (Fig. 2D), while concentra-
tions of cholesterol (Fig. 2B) and BUTY (Fig. 2C) were similar to control. 
These results provide evidence that the supplemental feeding treatment 
had a net positive effect on the nutritional state of kittiwakes, and that 
increased access to food was reflected in the metabolite panel. More-
over, handicapped individuals had significantly lower concentrations of 
glucose and triglycerides than fed birds, and slightly elevated levels of 
cholesterol and BUTY (Fig. 4A–D). However, there were no significant 
effects of the handicapped treatment compared to control. (Fig. 4). 

The lack of significant effects between the handicapped and control 
group may be explained by the underrepresentation of the handicapped 
treatment as a result of the small sample size included in the study (n =
9). Alternatively, handicapped kittiwakes may be operating at their 
physiological limit, with little flexibility to maintain breeding efforts if 
subjected to further condition decline (Chastel et al., 1995; Drent and 
Daan, 1980; Erikstad et al., 1998). For example, Erikstad et al. (1998) 
explores a model in which long-lived birds breeding in stochastic envi-
ronments face a threshold in environmental conditions, where breeding 
is profitable and where breeding efforts sharply increase. Many long- 
lived species follow the ‘fixed investment hypothesis’, meaning that 
parents may be restrictive in increasing reproductive investment, rather 
choosing to prioritize self-survival and future reproduction attempts 
(Erikstad et al., 1998; Navarro and González-Solís, 2007). This strategy 
has been clearly demonstrated in Cory’s shearwaters (Calonectris bor-
ealis), in which individuals with a flight handicap prioritized mainte-
nance of their own physiological condition at the expense of current 
reproductive output (Navarro and González-Solís, 2007). Abandonment 
of eggs and chicks has also been observed in the blue petrel (Halobaena 
caerulea), Canada goose (Branta canadensis), and common eider (Soma-
teria mollissima) when body mass reaches a critical lower threshold 

Fig. 3. Size-corrected mass and pectoral muscle depth of fed and control individuals during pre-laying, incubation, and chick-rearing. Mass was corrected using 
measurements of headbill length. Significance of interactions for treatment group are averaged over breeding stage and sex. Significance of interactions for sexes are 
averaged over breeding stage and treatment group. 
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(Aldrich and Raveling, 1983; Chaurand and Weimerskirch, 1994; Erik-
stad et al., 1993). Similarly, Leclaire et al. (2011) found that kittiwakes 
had a tendency for fixed reproductive investment, and that male birds 
given a flight handicap generally reduced parental effort. We observed 
similar trends for individuals in this study, as many pairs experienced 
nest failure throughout the handicap treatment, suggesting the use of the 
fixed reproductive investment strategy with individuals redirecting en-
ergy intake toward self-maintenance. 

Furthermore, these results suggest that, of the metabolites tested, 
glucose and triglycerides are the most reliable indicators of nutritional 
state, as they consistently reflected significant differences between 
treatments. AIC model selection showed that the best-fit model for the 
relationship between treatment (fed or control, as proxies for nutritional 
status) and measures of individual condition was the model including 
glucose, triglycerides, and SCM as fixed factors (Table 3). This model 
contains 48% of the predictive power of all models assessed (Table 3), 
clearly demonstrating that assessments of nutritional state are improved 
by the addition of metabolite panels over SCM alone. Additionally, SCM 
improved model fit more than mass alone, despite contrasting evidence 
in previous studies suggesting that the inclusion of structural size in 
models does not improve measures of nutritional state (Jacobs et al., 
2012). 

Previous studies have found similar supporting evidence for the use 
of plasma glucose and triglycerides in nutritional assessments, including 
Morales et al. (2020), which found that food supplemented kittiwakes 
had significantly higher levels of glucose. Alonso-Alvarez and Ferrer 
(2001) found that both glucose and triglyceride concentrations 
decreased overall during a fasting period in yellow-legged gulls (Larus 
michahellis), but later increased during refeeding and recovery. Simi-
larly, in garden warblers (Sylvia borin), triglycerides decreased during 
fasting but increased during supplemental feeding (Jenni-Eiermann and 
Jenni, 1994). 

Although measurements of triglycerides proved to be important in 
evaluating individual nutritional state, this study was limited to the use 
of laboratory assays, rather than POC devices, for triglyceride analyses. 
Though POC devices for measurement of triglycerides are available, 
previous studies have found that triglyceride samples from pre-laying 
female kittiwakes on Middleton frequently tested above the limit of 
detection for the Cardiochek device used in our study (Morales et al., 
2020). Elevated triglyceride concentrations may be attributed to 
nutrient acquisition for oogenesis, as high levels of triglycerides have 
been associated with egg formation in female birds (Navarro et al., 
2007). For instance, Giudici et al. (2010) found that breeding female 
Cory’s shearwaters (Calonectris diomedea) had significantly elevated 
levels of triglycerides during pre-laying compared to breeding males. 
Although other POC devices for measurement of triglyceride concen-
trations are available (Alere Cholestech LDX™, Accutrend® Plus), most 
have similar ranges of detection to the CardioChek device. A device with 
higher limits of detection would be necessary to accurately quantify 
triglyceride levels for kittiwakes. Thus, dilution of blood plasma samples 
is often necessary to extract actual triglyceride values. The use of 
methods for dilution of blood and plasma samples in situ may improve 
the feasibility of using POC devices for measurements of triglycerides in 
the field. 

Cholesterol concentrations may be characterized by factors including 
long-term feeding success, individual diet content, and building of 
nutritional reserves (Alonso-Alvarez and Ferrer, 2001; Morales et al., 
2020; Whiteman et al., 2013). For example, Alonso-Alvarez and Ferrer 
(2001) reported that plasma cholesterol concentrations were strongly 
related to total body mass loss in yellow-legged gulls undergoing food 
restriction, and that cholesterol levels decreased over the duration of a 
fasting period. However, Morales et al. (2020) found that higher 
cholesterol levels were associated with nutritional stress in kittiwakes. 
Overall, it seems that trends in plasma cholesterol concentrations tend to 
vary based on individual species physiology and behavior. 

BUTY concentrations were found to be largely similar between all Ta
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treatment groups (Figs. 2C, 4C). Previous studies have suggested that 
increasing BUTY levels represent the mobilization of fat reserves and are 
negatively correlated with triglyceride levels and body mass (Alonso- 
Alvarez and Ferrer, 2001; Castellini and Rea, 1992; Morales et al., 
2020). Indeed, ketones are considered reliable predictors of fasting 
status and body-mass loss in passerines, and B-hydroxybutyrate has been 

identified as a tool to assess the condition and feeding habits of foraging 
birds (Jenni-Eiermann and Jenni, 1992, 1994). However, we failed to 
observe this trend for BUTY in this study, and it is possible that clear 
differences in BUTY may be more pronounced in food-poor years. 
Additional years of data would be beneficial to determine the role of 
BUTY as a nutritional indicator in the study population. 

Fig. 4. Measures for fed, control, and handicapped birds during the chick-rearing stage. Plasma metabolite concentrations include glucose (A), cholesterol (B), 
natural log transformed BUTY (C), and natural log transformed triglycerides (D). Other measures of body condition include size-corrected mass using headbill length 
(E), and pectoral muscle depth (F). Significance of interactions for sexes are averaged over treatment group. 
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Experimental treatments also had observable effects on SCM 
(Figs. 3A, 4E), as supplementally fed individuals were significantly 
heavier than control and handicapped individuals. Similar findings were 
summarized by Boutin (1990), who concluded that access to additional 
food leads to increased adult body weight of many terrestrial verte-
brates, including species of birds, mammals, amphibians, and reptiles. In 
birds, this could be a result of higher lipid stores due to feeding or 
growth of muscle due to exercise (Marsh, 1984; Pennycuick, 1975). It 
has been found that flight muscles hypertrophy in response to increased 
weight load, and the supplemental food provided to fed kittiwakes here 
likely allowed them to mediate the tradeoffs between gaining body mass 
and increasing costs of flight (Marsh, 1984; Pennycuick, 1975). Addi-
tionally, Kahane-Rapport et al. (2022) found that food supplemented 
kittiwakes spent less time engaged in costly flight behavior, overall 
reducing energy expenditure and further mediating effects of increased 
mass. Fed birds could have gained mass due to increased storage of fat 
reserves (as supported by significantly higher plasma triglyceride con-
centrations in this group). Handicapped individuals had similar SCM 
compared to control birds (Fig. 4E), again highlighting the possibility 
that handicapped birds were operating at their physiological limit, with 
little flexibility to further decrease body mass (Chastel et al., 1995; Drent 
and Daan, 1980; Wikelski and Cooke, 2006). However, previous findings 
by Leclaire et al. (2011) highlighted mass losses in male kittiwakes that 
were given a flight handicap, as individuals reduced their body mass to 
compensate for the increased flight costs sustained from the feather 
clipping procedure (Pennycuick, 1975). 

Pectoral muscle depth was significantly different between fed and 
control birds, reflecting variation in exercise levels between experi-
mental treatments. Control birds had significantly higher muscle depth 
than fed birds, indicating that control individuals experienced muscular 
hypertrophy from relatively higher activity and exercise levels, likely 
due to higher foraging requirements and overall time spent in flight 
compared to fed birds (Kahane-Rapport et al., 2022; Marsh, 1984; 
Tremblay et al., 2022). Fed individuals spend more time at the colony 
and reduce their natural foraging activity, therefore lowering their ex-
ercise and activity requirements (Kahane-Rapport et al., 2022; Tremblay 
et al., 2022). Pectoral muscle depth of handicapped individuals was not 
significantly different from any other treatment. Flight was more costly 

for handicapped individuals due to reductions in wing area, and birds in 
this group likely reduced their time spent flying to further mediate the 
effects of the feather clipping treatment (Pennycuick, 1975). Thus, 
pectoral muscle depth was similar to that of fed birds that also reduced 
flight and foraging activity. Overall, measurements of pectoral muscle 
depth do not reflect nutritional state, but rather exercise level. 

4.2. Breeding stage 

Plasma metabolite concentrations varied according to breeding stage 
as hypothesized, with significant changes in glucose, cholesterol, and 
BUTY levels (Figs. 2A–C). We predicted that nutritional state would 
negatively correlate with energetic demands previously established for 
kittiwakes, in which energetic demands are lowest during the pre-laying 
stage and increase during incubation and chick-rearing. Despite evi-
dence of decreased energetic demands during pre-laying, as kittiwakes 
can invest energy in self-maintenance instead of reproductive invest-
ment (Tremblay et al., 2022), individuals were most nutritionally 
stressed during the pre-laying stage (low glucose, elevated cholesterol 
and BUTY concentrations), suggesting that there is a mismatch between 
energetic demand and nutrition. In fact, Tremblay et al. (2022) found 
that kittiwakes spend a higher proportion of time at the colony during 
pre-laying compared to subsequent stages. Colonial species like kitti-
wakes must engage in intense agonistic behavior to acquire and main-
tain nesting sites during early pre-laying, and individuals engaged in 
site-defense spend more time and energy at the colony defending terri-
tory (Bennett et al., 2022; Tremblay et al., 2022). During this period, 
kittiwakes also spend time interacting with their mate, engaging in 
courtship behaviors, and building their nests. Such behaviors reduce the 
amount of time individuals spend foraging (Tremblay et al., 2022) and 
influence the timing of feeding, resulting in longer feed-fast intervals 
and overall increased nutritional stress during pre-laying (Fig. 1b). 

Additionally, kittiwakes are income breeders that allocate available 
resources to reproduction directly, relying on both environmental and 
internal cues to signal the beginning of the breeding cycle (Whelan et al., 
2021). Individuals in this study population are generally short distance 
or partial migrants that spend an extended period of time at the colony 
prior to the onset of reproduction (Whelan et al., 2020). Nutritional state 

Table 3 
AIC table of generalized linear models with different fixed effect terms to investigate the relationship between nutritional status (supplementally fed or control 
treatments, as proxies for nutritional status) and different measures of individual condition (plasma metabolites, SCM, breeding stage, sex). Only models with AIC < 4.0 
are shown, along with the model for SCM alone and the null model.  

Model AIC ΔAIC Weight 

Nutritional Status ~ Stage þ SCM þ Glucose þ Triglycerides 136.81 0.00 0.48 
Nutritional Status ~ Stage + SCM + Glucose + Triglycerides + Cholesterol 137.83 1.02 0.29 
Nutritional Status ~ Stage + SCM + Glucose + Triglycerides + Cholesterol + BUTY 139.46 2.65 0.13 
Nutritional Status ~ Stage + SCM + Sex + Glucose + Triglycerides + Cholesterol + BUTY 140.70 3.89 0.07 
Nutritional Status ~ SCM 159.62 22.81 0.00 
Null model 190.45 53.64 0.00 

Note: the most supported model is shown in bold. 

Table 4 
AIC table of generalized linear models with different fixed effect terms to investigate the relationship between nutritional status (handicapped or control treatments, as 
proxies for nutritional status) and different measures of individual condition (plasma metabolites, SCM, breeding stage, sex). Only models with AIC < 4.0 are shown, 
along with the model for SCM alone and the null model.  

Model AIC ΔAIC Weight 

Nutritional Status ~ SCM þ Glucose þ Triglycerides þ Cholesterol þ BUTY 39.38 0.00 0.33 
Nutritional Status ~ Sex + SCM + Glucose + Triglycerides + Cholesterol + BUTY 40.13 0.75 0.23 
Nutritional Status ~ SCM + Glucose 41.54 2.16 0.11 
Nutritional Status ~ BUTY 41.58 2.20 0.11 
Nutritional Status ~ SCM + Glucose + Triglycerides + Cholesterol 43.15 3.76 0.05 
Nutritional Status ~ SCM 43.87 4.49 0.03 
Null model 46.22 6.83 0.01 

Note: the most supported model is shown in bold. 
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may also remain poor until environmental conditions are appropriate 
for breeding, at which point individuals are prompted to increase energy 
intake in preparation for egg-laying. Environmental conditions influ-
ence the timing of reproduction for income breeders, as demonstrated in 
the Middleton population of kittiwakes in which increased access to food 
supply directly advanced reproductive timing (Whelan et al., 2021). 
Internal physiology linked to reproduction also influences the measured 
plasma metabolite concentrations of kittiwakes during the breeding 
season. The significantly higher concentrations of cholesterol observed 
during pre-laying (Fig. 2B) may be partially attributed to the role of 
cholesterol as a precursor for steroid hormones important for repro-
duction. Those hormones include progesterone, estradiol, and testos-
terone, all of which play key roles in the courtship and mating behaviors 
of individuals during pre-laying (Ottinger and Bakst, 1995). 

Although energetic demands increase during the incubation and 
chick-rearing stages due to reproductive requirements (Tremblay et al., 
2022), we found that individuals showed signs of better nutritional state 
during these periods, including significantly elevated glucose (Fig. 2A) 
and lower cholesterol (Fig. 2B) concentrations compared to pre-laying. 
For example, the incubation stage is characterized by significantly 
higher levels of glucose (Fig. 2A), which likely reflects increased 
foraging behavior. The higher tendency to forage may also be prompted 
by rising levels of prolactin, a hormone that stimulates breeding activity 
and promotes brooding behavior in birds (Angelier et al., 2016). Kitti-
wakes forage more frequently later in the breeding season, particularly 
during chick-rearing, to ensure that chicks are fed regularly. Mated birds 
alternate short shifts at the nest and increase time spent foraging, which 
produces shorter feed-fast intervals and better nutritional status. 
(Fig. 1a). 

Finally, we found that SCM was highly similar between pre-laying 
and incubation, but significantly lower in chick-rearing (Fig. 3A). 
Mass loss during chick-rearing is advantageous for reducing cost of flight 
associated with increased foraging trips (Golet et al., 1998; Pennycuick, 
1975). However, pectoral muscle depth increased during chick-rearing, 
(Fig. 3B), suggesting that the lower body mass observed during the 
chick-rearing stage reflected losses from reserves other than pectoral 
muscle. Increases in muscle depth during chick-rearing likely reflect the 
muscular hypertrophy that occurs due to increased flight time, as par-
ents must make more frequent foraging trips to provision their chicks at 
the nest (Kahane-Rapport et al., 2022; Marsh, 1984; Tremblay et al., 
2022). Thus, pectoral muscle depth may not be a good indicator of 
nutritional state or body condition, but rather a metric of exercise and 
overall activity level. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.cbpa.2023.111504. 

Funding 

This work was supported by the Natural Sciences & Engineering 
Research Council of Canada; The Quebec Centre for Biodiversity Science 
Discovery Award; and the French Polar Institute IPEV, through the 
ADACLIM program IPEV 388, led by David Grémillet and Jérôme Fort. 
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acquisition. Don-Jean Léandri-Breton: Conceptualization, Methodol-
ogy, Investigation, Writing – review & editing. Shannon Whelan: 
Conceptualization, Methodology, Investigation, Writing – review & 
editing. Alexandre Turmaine: Conceptualization, Methodology, 
Investigation. Scott A. Hatch: Conceptualization, Methodology, Writing 
– review & editing. David Grémillet: Conceptualization, Resources, 
Writing – review & editing, Funding acquisition. Kyle H. Elliott: 
Conceptualization, Methodology, Investigation, Writing – review & 
editing, Project administration, Funding acquisition. 

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. 

Data availability 

Data will be made available on request. 

Acknowledgements 

We thank the many people who helped with fieldwork and logistics, 
particularly the 2022 Middleton Island field crew and Martha Hatch. 
This work was approved by a McGill University Animal Care Committee 
and permitted by the United States Fish and Wildlife Service and the 
Alaska Department of Fish and Game. 

References 

Aldrich, T.W., Raveling, D.G., 1983. Effects of experience and body weight on incubation 
behavior of Canada geese. Auk 100 (3), 670–679. 

Alonso-Alvarez, C., Ferrer, M., 2001. A biochemical study of fasting, subfeeding, and 
recovery processes in yellow-legged gulls. Physiol. Biochem. Zool. 74 (5), 703–713. 

Angelier, F., Wingfield, J.C., Tartu, S., Chastel, O., 2016. Does prolactin mediate parental 
and life-history decisions in response to environmental conditions in birds? A 
review. Horm. Behav. 77, 18–29. 

Bennett, S., Harris, M.P., Wanless, S., Green, J.A., Newell, M.A., Searle, K.R., Daunt, F., 
2022. Earlier and more frequent occupation of breeding sites during the non- 
breeding season increases breeding success in a colonial seabird. Ecol. Evol. 12 (9), 
e9213. 

Boutin, S., 1990. Food supplementation experiments with terrestrial vertebrates: 
patterns, problems, and the future. Can. J. Zool. 68 (2), 203–220. 

Braun, E.J., Sweazea, K.L., 2008. Glucose regulation in birds. Comp. Biochem. Physiol. B: 
Biochem. Mol. Biol. 151 (1), 1–9. 

Brown, J.H., Gillooly, J.F., Allen, A.P., Savage, V.M., West, G.B., 2004. Toward a 
metabolic theory of ecology. Ecology 85 (7), 1771–1789. 

Brown, J.H., Sibly, R.M., Kodric-Brown, A., 2012. Introduction: Metabolism as the Basis 
for a Theoretical Unification of Ecology. Metabolic Ecology: A Scaling Approach, 
pp. 1–6. 

Buyse, J., Decuypere, E., 2015. Adipose tissue and lipid metabolism. In: Sturkie’s Avian 
Physiology. Elsevier, pp. 443–453. 

Castellini, M., Rea, L., 1992. The biochemistry of natural fasting at its limits. Experientia 
48, 575–582. 

Cerasale, D.J., Guglielmo, C.G., 2006. Dietary effects on prediction of body mass changes 
in birds by plasma metabolites. Auk 123 (3), 836–846. 

Chastel, O., Weimerskirch, H., Jouventin, P., 1995. Body condition and seabird 
reproductive performance: a study of three petrel species. Ecology 76 (7), 
2240–2246. 

Chaurand, T., Weimerskirch, H., 1994. Incubation routine, body mass regulation and egg 
neglect in the blue petrel Halobaena caerulea. Ibis 136 (3), 285–290. 

Costa, D.P., Sinervo, B., 2004. Field physiology: physiological insights from animals in 
nature. Annu. Rev. Physiol. 66 (1), 209–238. 

Drent, R., Daan, S., 1980. The prudent parent: energetic adjustments in avian breeding 1. 
Ardea 55 (1–2), 225–252. 

Elliott, K.H., 2016. Measurement of flying and diving metabolic rate in wild animals: 
review and recommendations. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 202, 
63–77. 

Erikstad, K.E., Bustnes, J.O., Moum, T., 1993. Clutch-size determination in precocial 
birds: a study of the common eider. Auk 110 (3), 623–628. 

Erikstad, K.E., Fauchald, P., Tveraa, T., Steen, H., 1998. On the cost of reproduction in 
long-lived birds: the influence of environmental variability. Ecology 79 (5), 
1781–1788. 

Gill, V.A., Hatch, S.A., 2002. Components of productivity in black-legged kittiwakes 
Rissa tridactyla: response to supplemental feeding. J. Avian Biol. 33 (2), 113–126. 

Giudici, A., Navarro, J., Juste, C., González-Solís, J., 2010. Physiological ecology of 
breeders and sabbaticals in a pelagic seabird. J. Exp. Mar. Biol. Ecol. 389 (1–2), 
13–17. 

Golet, G.H., Irons, D.B., Estes, J.A., 1998. Survival costs of chick rearing in black-legged 
kittiwakes. J. Anim. Ecol. 67 (5), 827–841. 

Halsey, L.G., Shepard, E.L., Wilson, R.P., 2011. Assessing the development and 
application of the accelerometry technique for estimating energy expenditure. 
Comp. Biochem. Physiol. A Mol. Integr. Physiol. 158 (3), 305–314. 

Jacobs, S.R., Edwards, D.B., Ringrose, J., Elliott, K.H., Weber, J.-M., Gaston, A.J., 2011. 
Changes in body composition during breeding: reproductive strategies of three 
species of seabirds under poor environmental conditions. Comp. Biochem. Physiol. 
B: Biochem. Mol. Biol. 158 (1), 77–82. 

Jacobs, S.R., Elliott, K., Guigueno, M.F., Gaston, A.J., Redman, P., Speakman, J.R., 
Weber, J.-M., 2012. Determining seabird body condition using nonlethal measures. 
Physiol. Biochem. Zool. 85 (1), 85–95. 

L.M. Jackson et al.                                                                                                                                                                                                                             

https://doi.org/10.1016/j.cbpa.2023.111504
https://doi.org/10.1016/j.cbpa.2023.111504
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0005
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0005
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0010
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0010
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0015
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0015
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0015
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0025
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0025
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0025
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0025
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0030
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0030
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0035
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0035
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0040
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0040
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0045
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0045
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0045
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0050
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0050
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0055
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0055
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0060
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0060
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0065
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0065
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0065
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0070
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0070
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0075
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0075
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0080
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0080
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0085
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0085
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0085
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0090
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0090
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0095
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0095
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0095
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0100
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0100
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0105
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0105
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0105
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0110
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0110
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0115
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0115
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0115
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0120
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0120
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0120
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0120
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0125
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0125
http://refhub.elsevier.com/S1095-6433(23)00137-X/rf0125


Comparative Biochemistry and Physiology, Part A 285 (2023) 111504

11

Jakob, E.M., Marshall, S.D., Uetz, G.W., 1996. Estimating fitness: a comparison of body 
condition indices. Oikos 61–67. 

Jenni-Eiermann, S., Jenni, L., 1992. High plasma triglyceride levels in small birds during 
migratory flight: a new pathway for fuel supply during endurance locomotion at very 
high mass-specific metabolic rates? Physiol. Zool. 65 (1), 112–123. 

Jenni-Eiermann, S., Jenni, L., 1994. Plasma metabolite levels predict individual body- 
mass changes in a small long-distance migrant, the Garden Warbsler. Auk 111 (4), 
888–899. 

Kahane-Rapport, S.R., Whelan, S., Ammendolia, J., Hatch, S.A., Elliott, K.H., Jacobs, S., 
2022. Food supply and individual quality influence seabird energy expenditure and 
reproductive success. Oecologia 199 (2), 367–376. 
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