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Conservation implications of a lack of relationship between baseline
glucocorticoids and fitness in a wild passerine
Christine L. Madliger1,3 and Oliver P. Love1,2
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Abstract. The application of physiological measures to conservation monitoring has been
gaining momentum and, while a suite of physiological traits are available to ascertain
disturbance and condition in wildlife populations, glucocorticoids (i.e., GCs; cortisol and
corticosterone) are the most heavily employed. The interpretation of GC levels as sensitive
indicators of population change necessitates that GCs and metrics of population persistence
are linked. However, the relationship between GCs and fitness may be highly context-
dependent, changing direction, or significance, depending on the GC measure, fitness metric,
life history stage, or other intrinsic and extrinsic contexts considered. We examined the
relationship between baseline plasma corticosterone (CORT) levels measured at two periods of
the breeding season and three metrics of fitness (offspring quality, reproductive output, and
adult survival) in female Tree Swallows (Tachycineta bicolor). Specifically, we investigated
whether (1) a relationship between baseline CORT metrics and fitness exists in our population,
(2) whether the inclusion of energetic contexts, such as food availability, reproductive
investment, or body mass, could alter or improve the strength of the relationship between
CORT and fitness, and (3) whether energetic contexts could better predict fitness compared to
CORT metrics. Importantly, we investigated these relationships in both natural conditions and
under an experimental manipulation of foraging profitability (feather clipping) to determine
the influence of an environmental constraint on GC–fitness relationships. We found a lack of
relationship between baseline CORT and both short-and long-term metrics of fitness in control
and clipped birds. In contrast, loss in body mass over reproduction positively predicted
reproductive output (number of chicks leaving the nest) in control birds; however, the
relationship was characterized by a low R2 (5%), limiting the predictive capacity, and therefore
the application potential, of such a measure in a conservation setting. Our results stress the
importance of ground-truthing GC–fitness relationships and indicate that baseline GCs will
likely not be easily employed as conservation biomarkers across some species and life history
stages. Given the accumulating evidence of temporally dynamic, inconsistent, and context-
dependent GC–fitness relationships, placing effort towards directly measuring fitness traits,
rather than plasma GC levels, will likely be more worthwhile for many conservation endeavours.
Key words:
baseline; biomarker; conservation physiology; CORT-fitness; corticosterone; fitness;
flexibility; glucocorticoid; reproductive success; survival; Tachycineta bicolor.

Introduction
Conservation biologists and managers are often tasked
with urgently and accurately determining how wildlife
populations respond to changing environmental conditions (Angelier and Wingfield 2013, Wingfield 2013).
Traditionally, demographics have been employed to
monitor changes in population persistence over time;
however, these approaches provide little guidance on
possible mitigation strategies and require large longitudinal datasets to ensure that changes in population
numbers represent significant trends (Carey 2005,
Wikelski and Cooke 2006, Ellis et al. 2011). Consequently,
the measurement of physiological metrics, such as
hormones, metabolites, immune factors, etc., forms the
Manuscript received 8 January 2016; revised 9 June 2016;
accepted 13 July 2016. Corresponding Editor: D. Brunton.
3 E-mail: madlige@uwindsor.ca

foundation of the growing field of conservation physiology, which seeks to provide proactive insight into population health and condition (Wikelski and Cooke 2006,
Cooke et al. 2013). One of the essential requirements of
employing any physiological metric as this type of biomarker is the presence of a predictable relationship with
fitness (Busch and Hayward 2009, Cooke and O’Connor
2010, Madliger and Love 2015). Without such a relationship, variation in physiology over time cannot be
interpreted as a sensitive indicator of future population
change; predictive capacity necessitates a linkage between
physiology and the metrics that drive population persistence (Fig. 1).
Although the physiological measures available to conservation managers (see Cooke et al. 2013 for an overview)
and used successfully for conservation goals (Madliger
et al. 2016) are diverse, the field is currently dominated by
measures of stress physiology (i.e., glucocorticoids, GCs;
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Fig. 1. Schematic displaying a hypothetical relationship
between a physiological variable and fitness. Such a relationship
is necessary to interpreting changes in physiology as predictive
indicators of population health or persistence. It should be
noted that negative, positive, and non-
linear relationships
would all be interpretable.

cortisol and corticosterone, CORT; Lennox and Cooke
2014). At baseline levels, GCs regulate feeding, promote
regular activity patterns, and maintain energy metabolism (Landys et al. 2006). Unexpected acute perturbations result in a transient increase in GCs that mobilize
energy reserves, temporarily suspend reproduction and
other non-essential activities, promote subsequent foraging, and regulate immune function (Wingfield et al.
1998, Wingfield and Kitaysky 2002, Wingfield and
Sapolsky 2003, Landys et al. 2006). If an organism is
unable to overcome a stressful event (i.e., restore homeostasis), GCs can remain elevated for a prolonged period
leading to allostatic overload with negative consequences
for reproductive activities, foraging, immunity, vigilence,
and/or survival (Korte et al. 2005, McEwen and Wingfield
2010). Overall, GC levels are expected to parallel energetic demand (i.e., allostatic load; Wingfield 2005), with
recent evidence suggesting a causal link between baseline
GCs and reproductive investment, likely mediated
through behavior or metabolism (Cook et al. 2011,
Ouyang et al. 2011, 2013a, Love et al. 2014).
Much of the application of GCs in the context of conservation has been based on the assumption of a negative
relationship between baseline levels and fitness (Bonier
et al. 2009a, Busch and Hayward 2009), with higher
baseline levels correlating with lower condition, reproductive success, and/or survival probability (Bonier et al.
2009a). Although this relationship, formally known as
the “CORT–fitness hypothesis” (Bonier et al. 2009a), has
been investigated relatively extensively by ecological and
evolutionary physiologists, results have been extremely
mixed (Bonier et al. 2009a, Angelier et al. 2010, Breuner
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2011, Crespi et al. 2013, Escribano-Avila et al. 2013,
Sopinka et al. 2015). For example, Bonier et al. (2009b)
found that the relationship between baseline GCs and
reproductive success in female Tree Swallows (Tachycineta
bicolor) switched from negative during the early breeding
(incubation) stage to positive during the offspring provisioning stage. This discrepancy is likely a reflection of the
role of GCs in promoting foraging; when the fitness value
of a reproductive attempt is high (e.g., late in a reproductive attempt), increases in GCs will promote allocation of resources towards the breeding attempt leading
to a positive relationship between GCs and fitness (Bonier
et al. 2009a, b, 2011, Breuner 2011). In contrast, when the
fitness value of a reproductive attempt is low (e.g., early
in reproduction), increases in GCs are more likely to
interfere with successful reproduction (Bonier et al.
2009a, b, 2011, Breuner 2011). While some support for
this idea exists (Love et al. 2004, Bókony et al. 2009,
Bonier et al. 2011, Escribano-Avila et al. 2013), it is not
yet clear how well it explains discrepancies across the
entire range of GC–fitness investigations.
It is also possible that context-dependent GC–fitness
relationships may be causing much of the ambiguity in
results (Breuner 2011, Crespi et al. 2013, Jaatinen et al.
2013, Madliger and Love 2014). For example, Ebensperger
et al. (2013) could not detect a relationship between fecal
GCs and survival in degus (Octodon degus), but levels did
predict whether females would produce a second litter,
illustrating the importance of investigating multiple
fitness metrics simultaneously. Other contexts, such as
sex and environmental quality, have also proven to be
important. For instance, Angelier et al. (2010) found a
negative relationship between baseline GCs and 5-
yr
reproductive output in male, but not female, Black-
browed Albatross (Thalassarche melanophris). Similarly,
D’Alba et al. (2011) found that a negative GC–fitness
relationship was only evident in Common Eiders
(Somateria mollissima) nesting in poorer, exposed sites as
compared to sheltered sites. Finally, the modulation of
GC levels across demanding time periods may better
predict fitness outcomes than static (single-
point)
measures (Love and Williams 2008, Williams 2008,
Ouyang et al. 2011, Love et al. 2014). For example, a
manipulation of brood size in Tree Swallows indicated
that the change in baseline plasma GCs over reproduction, but not static measures, could positively predict
maternal foraging rates and subsequent fledging success
(Bonier et al. 2011). In other words, initial physiological
state may influence the subsequent response to environmental constraint or reproductive demand (Ouyang et al.
2011, 2013b, Arlettaz et al. 2014, Love et al. 2014). This
possibility has important consequences for management
applications as it would necessitate the collection of two
or more measurements of GCs across time to infer population health or persistence. Overall, context-dependent
GC–fitness relationships have important implications for
employing GC levels in conservation, as levels will need
to be interpreted differently depending on intrinsic and
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extrinsic factors, and in relation to different fitness
metrics (e.g., current reproductive success vs. survival
probability; Madliger and Love 2014).
We used an explicit, context-dependent approach to
investigate the relationship between baseline (plasma)
GC levels and fitness in female Tree Swallows over three
years. We measured baseline CORT at two different
stages of reproduction (late incubation and mid-offspring
provisioning) and assessed the relationship of each
measure, as well as the change in CORT over the season,
with three distinct metrics of fitness: (1) reproductive
output, (2) offspring quality, and (3) survival probability.
Moreover, we determined whether the inclusion of additional contexts such as food availability, reproductive
investment, or body mass could alter the CORT–fitness
relationship, or whether any of these contexts were able
to better predict fitness than CORT measures. Finally, we
included an experimental manipulation of foraging profitability (feather clipping) to examine whether the
CORT–fitness relationship changes when individuals are
pushed outside of expected environmental conditions.
We predicted that the CORT–fitness relationship
would change from negative during incubation to positive during nestling provisioning in the control group
(i.e., under natural conditions), in line with the increase
in brood value over the reproductive period and the role
of GCs in promoting allocation of resources to reproduction (Bonier et al. 2011). In contrast, we predicted
that the CORT–fitness relationship would remain negative at the nestling provisioning stage in the clipped
group as we expected the individuals with the highest
CORT levels would be those most negatively impacted by
the decline in foraging profitability and also the least able
to successfully raise offspring or survive to the following
year. We also predicted that the change in baseline CORT
over the reproductive season would be positively related
to fitness in control birds. By examining contexts such as
reproductive stage, GC metric, fitness metric, energetic
contexts, and environmental quality, we can better assess
when, and how, GC levels may predict population-level
demographic consequences. Such an approach is essential
to determining the applicability of GC levels as conservation biomarkers and is currently considered one of the
highest priority questions in the field of conservation
physiology (Cooke 2014).
Methods
Study species
Tree Swallows are small, migratory passerines that
readily breed in artificial boxes. The species represents a
model organism that has been heavily studied in the
context of life-history tradeoffs, ecological requirements,
toxicology, and immune responses (Jones 2003). Tree
Swallows are aerial insectivores, a guild of birds which
feed on flying insects, that has shown precipitous declines
in North America (Nebel et al. 2010). Although they are
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an abundant, widespread member of this group, they
have nonetheless declined by 2.5% per annum over the
past 20 years (McCracken 2008), with some populations
declining more rapidly (Paquette et al. 2014). Our study
population is located in an area of southern Ontario,
Canada, that is characterized by agricultural expansion
and loss of wetland habitat similar to the alterations that
this species would be exposed to across a large proportion
of its range. As such, it is an ideal species to investigate
relationships between physiology and fitness and to draw
conclusions about how changes in environmental quality
on the breeding grounds may lead to demographic consequences for aerial insectivores.
Nest monitoring and sampling protocol
We monitored breeding attempts of pairs of Tree
Swallows in a nest box colony located in southern
Ontario, Canada, from 2010 to 2014. In total, our study
area consists of 175 nest boxes located across two conservation sites 4 km apart: Taquanyah Conservation Area
(42°57′ N, 79°54′ W) and Ruthven Park National Historic
Site (42°58′ N, 79°52′ W). Boxes are located adjacent to
and within a variety of landscapes including active agricultural fields, roadways, fallow fields, cattle pastures,
and riparian areas along the Grand River. We checked
boxes once daily and recorded date of the first egg laid,
clutch size, egg masses, hatching success, and the number
of offspring that successfully left the nest (fledging
success). We also recorded the mass of each nestling at 6
and 12 d of age. The summed nestling mass measurements taken at 12 d of age were used as our estimate of
brood mass. At this point in time, nestlings can have
masses equal or greater to adults (Quinney et al. 1986,
McCarty 2001). Overall, nestling growth can influence
post-fledging survival, with chicks with delayed or interrupted growth showing diminished long-term survival
(McCarty 2001).
We focused on females in our study because they are the
sole incubators and the most accessible sex throughout
reproduction. Females were captured at their nest box at
two time periods: (1) late incubation (10 d after clutch
completion) and (2) mid-nestling provisioning (12 d post-
hatch). Females were blood-sampled through puncture of
the brachial (wing) vein to obtain <150 μL of blood (i.e.,
<10% of total blood volume). Blood samples were obtained
between 08:00 and 12:00 to control for diel changes in
baseline CORT values and within 2 min of trapping a bird
in the nest box to ensure acquisition of baseline samples
(Romero and Reed 2005). We also recorded mass, wing
length, and age, and visually scored fat and muscle condition. Female Tree Swallows in their first year are characteristically brown in color, while females aged 2 yr or older
are iridescent blue-green (Hussell 1983). We also gave
unbanded birds a federal numbered band (Canadian
Wildlife Service Permit: 10,808). Finally, we determined
return rates for each female to serve as a proxy for survival
probability. Tree Swallows live an average of 2.7 yr and to
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a maximum of 12 yr (Winkler et al. 2011). Ninety-five
percent of birds that fledge at least one offspring will return
to the same breeding site in the subsequent year (many to
the exact same nest box), and even after complete nest
failure, females are still 72% likely to return to the same
breeding site (Winkler et al. 2004). As a result, we considered return rates to be valid proxies for female survival
in this species due to their extremely high level of philopatry (Winkler et al. 2004).
We also monitored food availability throughout the
reproductive period using four-
sided, commercially
available malaise traps. In total, we used five traps across
our study sites. Our sampling protocol has been described
and supported for use in Tree Swallows in detail elsewhere (Madliger et al. 2015). Briefly, we calculated the
average insect (dry) biomass (as per Hussell and Quinney
1987) that was available over the most demanding stage
of the nestling provisioning period (day 5–10; McCarty
2001) for each individual as our measure of food availability for subsequent analyses.
Manipulation of foraging profitability
In 2011, we used a feather clipping manipulation to
decrease foraging profitability (Winkler and Allen 1995)
and therefore simulate an unexpected decline in habitat
quality in the context of food availability (Madliger et al.
2015). We clipped four flight feathers at the base of the
feather on each wing (i.e., every other primary flight
feather) of 33 females (Winkler and Allen 1995, Ardia
and Clotfelter 2007; control, n = 38). This level of feather
clipping causes a handicap in this species by increasing
the energetic cost of flight (Winkler and Allen 1995,
Ardia and Clotfelter 2007), leading to decreased foraging
rate (Winkler and Allen 1995, Patterson et al. 2011,
Madliger et al. 2015) and lower body condition compared
to control birds (Ardia and Clotfelter 2007, Patterson
et al. 2011). In addition, this manipulation increased
baseline GCs over reproduction and led to the clipped
group having higher average levels of GCs compared to
control birds at the nestling provisioning stage in our
population (Madliger et al. 2015). We performed this
manipulation at the late incubation stage, immediately
following acquisition of the first blood sample. All other
birds were handled in the same way, but no flight feathers
were clipped. Only females aged 2 yr or older were
included in the clipping manipulation due to a considerably smaller number of 1-yr-old females across our
sites. Females faced this handicap for two weeks before
the nestling provisioning blood sample was obtained and
remained feather clipped until the natural moult that
follows breeding (prior to migration to wintering grounds;
Stutchbury and Rohwer 1990). We recorded no instances
of nest abandonment as a result of the manipulation. All
manipulation and monitoring protocols were approved
by the University of Windsor’s Animal Care Committee
(AUPP #10-
10) and the Canadian Wildlife Service
(Permit CA 0266).
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Corticosterone assay
We stored blood samples on ice for up to 5 h and then
centrifuged to separate plasma. Plasma was stored at
−80°C until assay. We measured non-extracted levels of
baseline CORT (the primary GC in avian species) in
plasma using a Corticosterone Enzyme-linked Immun
oabsorbent Assay (EIA; Assay Designs, Ann Arbor,
Michigan, USA, catalog #901-097) that has been validated in our lab (Love and Williams 2008) and used
extensively in passerines (e.g., Breuner et al. 2006, Wada
et al. 2007, Zhang et al. 2011, Rivers et al. 2012). Samples
were run in triplicate at a total volume of 100 μL with 1:40
dilution and 1.5% steroid displacement buffer (SDB). We
calculated the detection limit of the assay as 0.74 ng/mL
(as per the manufacturer’s method). Of 442 total plasma
samples analyzed, 24 fell below that value and were
assigned the value of the detection limit. Intra-assay variation was 7.7%, 8.0%, and 10.3% in 2010, 2011, and
2012, respectively. Inter-assay variation was 6.7%, 13.3%,
and 6.0% in 2010, 2011, and 2012, respectively (calculated from control samples of spiked laying hen plasma;
one control run in triplicate per assay plate). Raw CORT
values were: incubation, 0.74–9.47 ng/mL; nestling provisioning, 0.74–12.47 ng/mL.
Statistical analyses
We analyzed whether measures of baseline CORT
could predict fitness metrics in clipped and control birds
separately to allow for conclusions about how the relationship may be different when individuals are faced with
an unexpected change in environmental quality (i.e.,
feather clipping). Specifically, we used three metrics representing different components of fitness as dependent
variables, each analyzed separately. First, we calculated
offspring quality as the residual of brood mass (calculated
as the total mass, g, of all chicks in the nest at 12 d of age)
on number of chicks. Residual brood mass provides a
measure of offspring quality that is uncorrelated with the
number of offspring (output), where individuals with
heavier than average offspring for a given brood size can
be discerned from those with smaller than average offspring. Second, we used the total number of offspring that
successfully fledged from a nest as a measure reproductive
output. Third, adult survival probability was recorded as
0 for birds that were not subsequently recorded as
returning to the breeding site and as 1 for birds that
returned to the breeding site in a subsequent year.
We used three metrics of baseline CORT as independent variables: (1) late incubation CORT, (2) mid-
nestling provisioning CORT, and (3) percentage of
change in CORT over the reproductive season, calculated as the absolute difference in CORT levels divided
by the incubation CORT level. We used the percent
change in CORT, rather than the absolute difference, to
better take into account the overall degree of change. We
also included the percent change in body mass over the
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reproductive season as an energetic context. For within-
season fitness metrics (reproductive output and offspring
quality), we also included insect biomass over each
female’s peak offspring provisioning period as a measure
of food availability. For the survival analyses, we included
number of offspring fledged as an additional independent
variable to represent previous reproductive investment.
All analyses included site (random) and lay date (fixed)
as covariates. Since Tree Swallow reproductive performance declines over the season (Stutchbury and
Robertson 1988), including lay date allowed us to control
for the potential influences of timing on fitness outcomes.
Lay date was standardized to represent a relative lay date
within each year (by subtracting the average) to make the
timing of reproduction comparable across years. In
addition, in control analyses (n = 122), which included
three years of data, we included year and individual ID
as random effects. In contrast, analyses in the clipped
group included only one year of data (n = 33). Analyzing
control birds within only a single year (i.e., investigating
whether treatment specifically alters the CORT–fitness
relationship) provided similar results to the multi-year
analysis across all three CORT metrics. As such, we subsequently only provide results for the full analyses. We
checked for collinearity of independent variables by calculating variance inflation factors (VIFs). Due to a high
correlation between the change in CORT and the single
time-point CORT measures (R > 0.70), we did not construct any models with both variables included simultaneously. All other VIFs were below 1.40.
We used AIC (Akaike’s information criterion) to
perform model selection and determine which physiological or other contexts were best able to predict short-
and long-term fitness metrics. More specifically, we used
AICc (AIC corrected for small sample size) values to calculate ΔAICc, Akaike’s weights (ω), and cumulative
weights, allowing us to determine the best-
supported
models from our candidate sets. Each fitness metric was
analyzed separately in each treatment group (i.e., we performed a total of six analyses). Each candidate set
included 20 models; we used an all-subsets approach,
except (as outlined previously) the percent change in
CORT was never included in a model with either incubation CORT or nestling provisioning CORT due to
high collinearity. We used cumulative weights to
determine 95% confidence sets of models in each analysis.
A confidence set represents a list of models in which we
can be 95% certain the best model from our original candidate set is included (Symonds and Moussalli 2011).
Where model uncertainty was evident (i.e., when no
single model could be identified as the top model), we
performed multi-model inference using the 95% confidence set (Burnham and Anderson 2002). This allowed us
to obtain model-
averaged parameter estimates (β),
unconditional standard errors, and 95% confidence
intervals (Burnham and Anderson 2002, Johnson and
Omland 2004). Model-averaged β-values and unconditional standard errors were calculated by weighting them

by the Akaike weights of the models included in the confidence set (Burnham and Anderson 2002).
Analyses with offspring quality as the dependent variable were completed using linear mixed effects models
(LMMs); residuals were normally distributed in all cases.
Analyses with reproductive output (i.e., count data) and
survival probability (i.e., binary data) as dependent variables were completed using generalized linear mixed
effects models (GLMMs). In the case of survival probability, we used a binomial distribution and a logit-link
function. For reproductive output, we used a Poisson
distribution and a log-
link function. All continuous
covariates were mean-
centered (Bolker et al. 2009).
Analyses were completed in R (R Development Team
2015) using the lme4 package with the lmer and glmer
function (Bates et al. 2015). Marginal and conditional R2
of LMMs and GLMMs were calculated with the package
MuMIN with the function rsquared.glmm (Barton 2015).
Results
In the analyses investigating which CORT metrics and
other energetic contexts (food availability, reproductive
investment, mass loss) predicted fitness in control birds,
the null model was among the best supported models in
both the offspring quality and the survival analyses
(Table 1). There was considerable model uncertainty with
11 and 15 models included in the 95% confidence sets of
the offspring quality and survival analyses, respectively.
For all CORT and energetic variables, parameter estimates were very low and 95% confidence intervals crossed
zero, indicating a lack of association of the variables
investigated with both offspring quality and adult survival (Table 2). In contrast, the model composed of only
percent change in body mass represented the best supported model in the analysis of reproductive output
(Table 1). More specifically, greater losses of body mass
were associated with a greater number of successfully
fledged offspring (Fig. 2); however, the marginal R2 of the
relationship was only 0.05 indicating a large degree of
unexplained variance. The 95% confidence set included
14 models, and all other variables investigated showed no
association with reproductive output (Table 2).
In contrast to control birds, the top model for reproductive output in the clipped group was the null model
(Table 3). The 95% confidence set included 14 models,
and confidence intervals of all variables crossed zero,
indicating poor precision of parameter estimation and a
lack of association between energetic and CORT metrics
and the number of offspring produced (Table 4). In terms
of offspring quality in the clipped group, the models containing single or multiple CORT metrics represented the
best supported models (Table 3). However, there was
considerable model uncertainty and all variables included
in the 95% confidence set had confidence intervals that
crossed zero (Table 4). Similarly, in the survival analysis,
the best supported model contained only the percent
change in CORT and represented the only model in the
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Summary of confidence (95%) set of models predicting fitness metrics in female tree swallows in control birds (n = 122).

Model variables
(a) Offspring fledged (output)
massΔ
massΔ, CORT1
CORTΔ, massΔ
massΔ, CORT2
massΔ, food
Null (lay date, ID, site, year)
massΔ, CORT1, CORT2
massΔ, food, CORT1
CORTΔ, massΔ, food
massΔ, food, CORT2
CORTΔ
CORT2
food
CORT1
(b) Offspring quality
Null (lay date, ID, site, year)
CORTΔ
CORT2
CORT1
massΔ
CORT1, CORT2
CORTΔ, massΔ
massΔ, CORT2
food
massΔ, CORT1
CORTΔ, food
(c) Survival
Null (lay date, ID, site, year)
massΔ
fledged
CORT1
CORTΔ
CORT2
CORTΔ, massΔ
massΔ, CORT1
massΔ, fledged
massΔ, CORT2
fledged, CORT1
CORTΔ, fledged
fledged, CORT2
CORT1, CORT2
CORTΔ, massΔ, fledged

AICc

ΔAICc

ω

Cum. ω

R2

476.63
478.73
478.77
478.86
478.88
479.19
480.96
481.02
481.05
481.15
481.34
481.36
481.39
481.40

0.00
2.10
2.14
2.23
2.25
2.56
4.33
4.39
4.43
4.52
4.72
4.74
4.76
4.77

0.28
0.10
0.10
0.09
0.09
0.08
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03

0.28
0.37
0.47
0.56
0.65
0.73
0.76
0.79
0.82
0.85
0.88
0.90
0.93
0.95

0.05
0.05
0.05
0.05
0.05
0.01
0.05
0.05
0.05
0.05
0.01
0.01
0.01
0.01

874.82
876.13
876.53
876.89
877.62
878.57
879.01
879.40
879.50
879.71
880.93

0.00
1.31
1.71
2.07
2.80
3.75
4.19
4.58
4.68
4.89
6.11

0.30
0.16
0.13
0.11
0.07
0.05
0.04
0.03
0.03
0.03
0.01

0.30
0.46
0.58
0.69
0.76
0.81
0.85
0.88
0.91
0.93
0.95

0.25
0.25
0.22
0.24
0.28
0.22
0.28
0.25
0.31
0.27
0.31

174.54
175.83
176.53
176.56
176.62
176.68
177.95
177.95
177.98
178.00
178.59
178.64
178.70
178.72
180.14

0.00
1.29
1.99
2.02
2.08
2.14
3.41
3.42
3.44
3.46
4.05
4.10
4.17
4.19
5.61

0.22
0.12
0.08
0.08
0.08
0.08
0.04
0.04
0.04
0.04
0.03
0.03
0.03
0.03
0.01

0.22
0.34
0.42
0.50
0.58
0.66
0.70
0.74
0.78
0.82
0.85
0.88
0.90
0.93
0.95

0.01
0.02
0.01
0.01
0.01
0.01
0.02
0.02
0.02
0.02
0.01
0.01
0.01
0.01
0.02

Notes: The summary provides AIC values corrected for small sample size (AICc), ΔAICc, Akaike weight (ω), cumulative Akaike
weights (cum. ω), and conditional R2 for each model. Abbreviations are as follows: massΔ is percent loss in body mass from incubation to nestling provisioning, CORT1 is baseline CORT at the incubation stage, CORT2 is baseline CORT at the nestling provisioning stage, CORTΔ is percent change in CORT from incubation to nestling provisioning, food is average insect biomass (food
availability) during peak nestling provisioning, and fledged is the number of offspring fledged (see Methods for details). All models
included lay date as a fixed effect, and female ID, site, and year as random effects.

experimental manipulation of environmental quality, we
were able to assess whether GC measures may be useful
as broader conservation biomarkers. We found no relationships between baseline CORT metrics and any short-
or longer-term fitness component that we measured in
breeding female Tree Swallows. More specifically,
baseline CORT at the incubation and at the nestling
provisioning stage, and the change in CORT over the
Discussion
reproductive season, failed to predict key components of
We used an integrative and environmentally relevant, fitness, namely offspring quality, reproductive output,
context-dependent approach to examine the relationship and adult survival probability. Importantly, this was the
between baseline GC levels and multiple fitness metrics in case under both natural conditions and when females
a declining aerial insectivore. Coupling this context- were faced with an unexpected, experimentally induced
dependent approach with a multi-year dataset and an decrease in foraging profitability during the nestling
candidate set ranking higher than the null (Table 3).
Again, there was model uncertainty with 13 models constituting the 95% confidence set. Model-
averaged
parameter estimates and confidence intervals indicate
that all variables investigated show a lack of association
with survival probability (Table 4).
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Table 2. Model-averaged parameter estimates, unconditional standard errors, and 95% confidence intervals for models
predicting fitness of control female Tree Swallows (n = 122).

Variable

Estimate

(a) Offspring fledged (output)
CORT1
0.002
CORT2
0.0008
CORTΔ
0.002
food
0.00004
lay date
0.008
massΔ
0.02
(b) Offspring quality
CORT1
−0.003
CORT2
−0.08
CORTΔ
−0.04
food
−0.005
lay date
−0.02
massΔ
−0.04
(c) Survival
CORT1
0.007
CORT2
−0.0009
CORTΔ
0.006
fledged
−0.01
lay date
−0.02
massΔ
−0.01

Unconditional
SE

95% confidence
interval (lower,
upper)

0.01
0.01
0.02
0.001
0.006
0.01

−0.04, 0.06
−0.05, 0.04
−0.08, 0.06
−0.004, 0.005
−0.004, 0.02
0.002, 0.05

0.2
0.22
0.29
0.02
0.1
0.11

−0.89, 0.86
−1.05, 0.40
−1.39, 1.00
−0.14, 0.02
−0.21, 0.18
−0.56, 0.02

0.05
0.04
0.06
0.07
0.02
0.03

−0.18, 0.25
−0.18, 0.17
−0.33, 0.26
−0.29, 0.21
−0.07, 0.03
−0.13, 0.05

Notes: All values were calculated using models included in
the 95% confidence sets, weighting by Akaike weights. Abrreviations are as follow: massΔ is percent loss in body mass from
incubation to nestling provisioning, CORT1 is baseline CORT
at the incubation stage, CORT2 is baseline CORT at the nestling provisioning stage, CORTΔ is percent change in CORT
from incubation to nestling provisioning, food is average insect
biomass (food availability) during peak nestling provisioning,
and fledged is the number of offspring fledged (see Methods for
details).

provisioning stage. In contrast, control birds that lost a
greater percentage of body mass over the reproductive
season raised more offspring.
Lack of GC–fitness relationships
Variation in circulating GCs is often proposed as a
useful conservation biomarker of exposure to anthropogenically induced stressors (Bonier et al. 2009a, Busch
and Hayward 2009, Baker et al. 2013, Dantzer et al.
2014). However, the lack of GC–fitness relationships we
found adds to the already variable findings previously
reported across populations and species (Bonier et al.
2009a). It has been proposed that such a high level of
variability could, at least in part, be due to the presence
of underlying context-
dependency in GC–fitness relationships (Bonier et al. 2009a, Madliger and Love 2014).
In our investigation, the addition of energetic contexts
such as food availability, reproductive investment, and
somatic investment (i.e., decline in body mass) did not
improve the capacity of baseline CORT measures to
predict fitness outcomes. We were also rigorous in our
work by (1) limiting analyses by sex and broad age class,
(2) controlling for factors such as habitat (site) and reproductive timing, and (3) explicitly investigating the

Fig. 2. Reproductive output (number of offspring fledged)
in relation to percent loss in body mass over the reproductive
season (from the late incubation to the mid-nestling provisioning
stage) in female tree swallows (R2 = 0.05).

potential of varying CORT–fitness relationships across
breeding stages and fitness metrics. Despite this attention
to intrinsic and extrinsic context, both static measures
and the change in baseline CORT over the reproductive
season failed to be useful in predicting components of
fitness. In theory, it is possible that additional contexts
may be necessary to link baseline CORT levels and
fitness. For example, as individuals are expected to alter
their investment in their current brood based on their
future reproductive potential, with baseline GCs potentially reflecting anticipated risks and demands during
breeding, brood value may be particularly important in
understanding the relationship between baseline GCs
and fitness outcomes (Bókony et al. 2009). As would be
the case in many conservation situations, we lacked
knowledge on the specific age of each individual. We were
therefore only able to partition birds into two age categories: (1) less than or equal to one year old, or (2) equal
to/greater than two years, potentially encompassing ages
of 2–12 years (Winkler et al. 2011) and as such, a range
of potential brood values. While the possibility remains
that age-related changes in baseline GCs (Angelier et al.
2006, Mateo 2006, Riechert et al. 2012, Hämäläinen et al.
2015) could influence our ability to detect a GC–fitness
relationship, if fine-scale age metrics are necessary (i.e., if
pooling age categories will mask a relationship between
GCs and fitness), this will limit the application of the
technique in many species of concern that are not easily
aged in a field setting.
As is often the case regardless of whether a study is
evolutionary or applied in nature, the measurement of
lifetime reproductive success rather than fitness components is preferable (Newton 1989). This could therefore
also be the case for properly assessing GC–fitness relationships. For example, Angelier et al. (2010) was able to
predict five-
year reproductive success with breeding
baseline CORT levels in male Black-browed Albatross.
In addition, Boonstra and Singleton (1993) found that
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Table 3. Summary of confidence (95%) set of models predicting fitness metrics in female tree swallows in feather-clipped birds
(n = 33).
Model variables
(a) Offspring fledged (output)
Null (lay date + site)
massΔ
CORT1
CORTΔ
CORT2
food
massΔ, CORT2
massΔ, CORT1
massΔ, food
CORTΔ, massΔ
CORT1, CORT2
food, CORT1
CORTΔ, food
food, CORT2
(b) Offspring quality
CORT2
CORT1, CORT2
CORT1
CORTΔ
Null (lay date + site)
massΔ, CORT2
massΔ, CORT1, CORT2
massΔ, CORT1
massΔ
(c) Survival
CORTΔ
Null (lay date + site)
CORT1
CORTΔ, massΔ
CORTΔ, fledged
CORT2
massΔ
CORT1, CORT2
fledged
massΔ, CORT1
fledged, CORT1
CORTΔ, massΔ, fledged
massΔ, CORT2

AICc

ΔAICc

ω

Cum. ω

R2

140.76
141.52
142.89
143.24
143.24
143.30
143.57
144.02
144.15
144.27
145.66
145.67
146.00
146.00

0.00
0.76
2.13
2.49
2.49
2.55
2.81
3.26
3.39
3.52
4.90
4.92
5.24
5.24

0.24
0.16
0.08
0.07
0.07
0.07
0.06
0.05
0.04
0.04
0.02
0.02
0.02
0.02

0.24
0.40
0.48
0.55
0.62
0.68
0.74
0.79
0.83
0.87
0.89
0.91
0.93
0.94

0.003
0.06
0.02
0.01
0.01
0.01
0.08
0.07
0.07
0.06
0.02
0.02
0.01
0.01

259.62
260.18
261.21
261.63
261.68
262.02
262.75
263.32
263.67

0.00
0.56
1.59
2.02
2.06
2.41
3.13
3.70
4.05

0.25
0.19
0.11
0.09
0.09
0.07
0.05
0.04
0.03

0.25
0.44
0.55
0.64
0.73
0.81
0.86
0.90
0.93

0.25
0.28
0.29
0.25
0.22
0.25
0.27
0.29
0.22

47.34
48.83
49.80
49.91
50.10
51.06
51.25
51.41
51.43
52.49
52.52
52.92
53.80

0.00
1.49
2.46
2.57
2.76
3.71
3.91
4.07
4.08
5.15
5.18
5.58
6.46

0.31
0.15
0.09
0.08
0.08
0.05
0.04
0.04
0.04
0.02
0.02
0.02
0.01

0.31
0.45
0.54
0.62
0.70
0.75
0.79
0.83
0.87
0.90
0.92
0.94
0.95

0.19
0.0004
0.06
0.21
0.19
0.02
0.01
0.12
0.0006
0.07
0.07
0.21
0.02

Notes: All models included lay date as a fixed effect and site as a random effect. The summary provides AIC values corrected
for small sample size (AICc), ΔAICc, Akaike weight (ω), cumulative Akaike weights (cum. ω), and conditional R2 for each model.
Abbreviations are as follows: massΔ is percent loss in body mass from incubation to nestling provisioning, CORT1 is baseline CORT
at the incubation stage, CORT2 is baseline CORT at the nestling provisioning stage, CORTΔ is percent change in CORT from incubation to nestling provisioning, food is average insect biomass (food availability) during peak nestling provisioning, and fledged is
the number of offspring fledged (see Methods for details).

during years of population decline, showshoe hares
(Lepus americanus) experience higher CORT levels compared to hares in good condition with ample food availability, illustrating the capacity for GCs to reflect
longer-term population processes. Nonetheless, baseline
GCs have been useful in predicting similar shorter-term
fitness proxies to those that we measured across a variety
of species (Bonier et al. 2009b). Instead, given that circulating plasma baseline GC levels are a more instantaneous measure of current energetic demand or
environmental conditions, if CORT levels at the time
periods we measured are driven by social or environmental conditions that do not have downstream consequences on fitness, this could inhibit the ability to relate
baseline CORT to reproductive outcomes or survival.
For example, one of the important known drivers of variation in baseline GCs is food availability (Astheimer

et al. 1992, Kitaysky et al. 1999, 2010, Pravosudov et al.
2001, Corbel and Groscolas 2008, Jenni-Eiermann et al.
2008, Fokidis et al. 2012). As a result, short-lived nadirs
in food availability (e.g., due to temporary decreases in
temperature) could have large consequences for variability in baseline GCs (Astheimer et al. 1992) but may not
be detrimental enough on body condition, reproductive
behavior, or offspring growth to confer downstream
fitness effects.
In addition, baseline GCs are known to vary in
response to internal changes in state such as body condition and mass both within (Schoech et al. 1997, Romero
and Wikelski 2001, Love et al. 2005, Cabezas et al. 2007,
Williams et al. 2008) and across species (Hau et al. 2010).
When female passerine birds begin to drop body mass at
the end of incubation (most likely as an adaptive mechanism to decrease wing loading for the subsequent
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Table 4. Model-averaged parameter estimates, u
 nconditional
standard errors, and 95% confidence intervals for models
predicting fitness of feather-clipped female Tree Swallows
(n = 33).

Variable

Estimate

(a) Offspring fledged (output)
CORT1
−0.006
CORT2
−0.005
CORTΔ
0.001
food
0.0001
lay date
0.005
massΔ
0.01
(b) Offspring quality
CORT1
−0.35
CORT2
−0.99
CORTΔ
−0.06
lay date
0.43
massΔ
−0.03
(c) Survival
CORT1
0.06
CORT2
−0.02
CORTΔ
−0.31
fledged
0.007
lay date
0.01
massΔ
0.002

95% confidence
Unconditional interval (lower,
upper)
SE
0.02
0.02
0.02
0.001
0.02
0.02

−0.13, 0.07
−0.12, 0.07
−0.12, 0.14
−0.005, 0.07
−0.03, 0.04
−0.01, 0.07

0.89
1.17
0.6
0.39
0.01

−3.39, 1.66
−3.89, 0.51
−3.78, 2.88
−0.4, 1.23
−1.27, 1.04

0.15
0.1
0.41
0.1
0.07
0.05

−0.16, 0.72
−0.61, 0.28
−1.38, 0.09
−0.43, 0.5
−0.13, 0.16
−0.22, 0.24

Notes: All values were calculated using models included in
the 95% confidence sets, weighting by Akaike weights. Abbreviations are as follows: massΔ is percent loss in body mass from
incubation to nestling provisioning, CORT1 is baseline CORT
at the incubation stage, CORT2 is baseline CORT at the nestling provisioning stage, CORTΔ is percent change in CORT
from incubation to nestling provisioning, food is average insect
biomass (food availability) during peak nestling provisioning,
and fledged is the number of offspring fledged (see Methods for
details).

nestling provisioning period; Freed 1981, Norberg 1981,
Neto and Gosler 2009, Boyle et al. 2012), they may be
experiencing changes in metabolic costs or may be
adjusting food intake in preparation for chick hatching
(Portugal et al. 2007, Boyle et al. 2012). If baseline CORT
acts as a mediator of this change (e.g., through mobilization of fat stores), small differences in the timing of
when females initiate this adaptive reduction in mass
could lead to highly variable CORT levels across individuals at this sampling time. This potential involvement
of (or influence on) GCs highlights the importance of also
considering the metabolic role of GCs across fine temporal scales and illustrates that even small differences in
sampling times could lead to altered relationships
between GCs and fitness (Crespi et al. 2013).
Our results may differ from other findings in the same
species (e.g., Bonier et al. 2009b, 2011) for a number of
methodological reasons. Although we chose sampling
windows to coincide with expected demands within individual reproductive stages, our baseline CORT measures
were obtained at a later stage in both incubation and
nestling provisioning compared to previous work in this
species (Bonier et al. 2009b, 2011). It is possible that the
time periods we sampled are less sensitive to the environmental factors that may influence reproductive success or
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that females are highly committed to nesting attempts
very late in incubation (i.e., they may be more able to
buffer extrinsic environmental changes due to increased
body reserves; Boyle et al. 2012). It is also possible that
relationships may differ between years or sites; it has been
proposed that differences in the contribution of ecological factors and breeding effort to allostatic load may
alter the relationship between GCs and fitness
(Ebensperger et al. 2013). More specifically, when characteristics of the ecological or social environment are the
main drivers of GC levels, as opposed to reproductive
effort, a lack of relationship between GCs and fitness is
expected (Bonier et al. 2009a, Ebensperger et al. 2013).
For example, Ebensperger et al. (2011) only found an
association between fecal GCs and fitness (number and
survival of offspring) in degus during years of high food
availability. As a result, performing our feather-clipping
manipulation in a different year may have led to alternative results given that our manipulation year (2011)
was a reasonably stable one in terms of weather, as compared to others with harsher or unanticipated weather
events, or above-average food resources (e.g., May snowfalls; Christine Madliger, personal observation). Indeed,
weather conditions have been shown to alter responses to
GC manipulations (O’Connor et al. 2010, Thierry et al.
2013, Ouyang et al. 2015). For example, Ouyang et al.
(2015) found that CORT-implanted and control Tree
Swallows had similar nest failure rates when weather conditions were harsh (cold and rainy) but that CORT supplementation caused quicker brood failure during
favorable conditions. Additionally, it has been proposed
that GC–fitness relationships may be more readily found
when a portion of, but not all, individuals in a population
are constrained by their environment (Angelier 2010).
Overall, the females in our study may have been able to
cope with the constraints of the manipulation (Patterson
et al. 2011), potentially decreasing its total influence on
CORT–fitness relationships. Overall, it remains unclear
how environmental variability may influence GC–fitness
relationships.
A final explanation for a general lack of CORT–fitness
relationships, particularly at the nestling provisioning
stage when chicks begin to plateau in body mass (Quinney
et al. 1986, McCarty 2001), is the possibility that males
could compensate for reduced foraging ability in females
(Patterson et al. 2011), leading to unaltered nesting
success despite alteration in female CORT levels. This
would be a particularly important factor for manipulated
females, whose foraging rates decrease (Madliger et al.
2015), but whose breeding success was comparable to
controls (Madliger and Love 2016). Indeed, the total
number of foraging trips to manipulated and control
nests was equivalent (Madliger and Love 2016), indicating that males did compensate to ensure a certain
overall foraging rate for their brood (Patterson et al.
2011). In particular, this highlights the possibility that
GC levels fail to reflect fitness due to unmeasured
variables (e.g., mate quality) and has implications for
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always be indicative of population-
level persistence.
Additionally, examination of our results in comparison
to others in the same species within the same geographic
region (e.g., Bonier et al. 2009b, 2011) provides additional evidence that GC–fitness relationships can change
Loss of body mass as a predictor of reproductive success
based on the time frame in which a GC measure is
Our results indicate that the loss in body mass over obtained (potentially in as little time as one week) or
reproduction was a more sensitive predictor of within- that the relationship could vary substantially by site or
season reproductive success than multiple measures of year. Finally, our results draw attention to the potential
baseline CORT. It is possible that the change in body importance of measuring multiple time points per indimass is directly indicative of energetic investment, where vidual when investigating biomarkers of fitness. All of
individuals that invest the most in offspring are accruing these considerations have important implications for
the greatest fitness benefits but are suffering from greater the ease of use, costs, and time frames that may be neclosses in somatic body condition (Drent and Daan 1980, essary to monitor populations of conservation concern
Bryant 1988, Neto and Gosler 2009). Additionally, lower using physiological traits. Overall, our results demonbody masses are likely indicative of an adaptive change strate that GC measures, particularly those as labile as
in body mass to increase flight efficiency during plasma baseline GCs, will need to be validated within
demanding stages of reproduction (Freed 1981, Norberg specific populations prior to use as conservation moni1981, Neto and Gosler 2009), particularly in species that toring tools. Indeed, mounting evidence is indicating
forage solely on the wing (Boyle et al. 2012). It may that species-and context-specific studies are necessary
therefore be the ability of females to adjust their body before conservation managers can feel confident about
mass to foraging demands that may represent the most the interpretation of changing GC levels in their systems
reliable indicator of individual quality (Boyle et al. 2012). (Sopinka et al. 2015).
It should be noted that the functioning of the HPA
Overall, the greater utility of a body mass metric compared to GCs is of interest from a management per- axis in the acute stress response may be a more reliable
spective, given the monetary cost of analyzing GC levels, indicator of chronic stressors than baseline plasma GCs.
considerations for storage in field settings (Sheriff et al. For example, a meta-analysis by Dickens and Romero
2011), and invasiveness of blood sampling. However, (2013) indicated that the lack of ability to terminate a
while a change in body mass did predict reproductive stress response (in investigations employing dexamethoutput statistically, the fit (R2) of the relationship was asone) was relatively consistently related to chronic
weak and was only evident in control birds. As a result, stress (Dantzer et al. 2014). However, measurements
there is still a large amount of variation in reproductive related to stress responsiveness and attenuation necesoutput that is not well-captured with metrics of body sitate capture, restraint, repeated blood sampling, injecmass, limiting the application of such a measure in con- tions of adrenocorticotropic hormone or dexamethasone
servation field settings. Nonetheless, our findings do rein- and, in some cases anesthesia (Sheriff et al. 2011), which
force the idea that, at some stages, loss in body condition will mean that this approach will be extremely limited
can actually be an indication of a high quality individual and case-specific within the realm of conservation. As a
investing heavily in reproduction, with concomitant result, it is important to acknowledge that a diversity of
fitness benefits (Hillstrom 1995, Gillooly and Baylis 1999, media exist that require substantially less invasive samGolet and Irons 1999, Breuner 2011). This further draws pling than plasma metrics. Feces, feathers, hair, and
attention to the importance of considering expected ener- other integuments (baleen, claws, skin, etc.) provide
getic demands of the organism of interest at the stage of alternatives, some of which do not even require direct
sampling in conservation applications, and otherwise capture of the organism of interest (Millspaugh and
Washburn 2004, Sheriff et al. 2011, Berkvens et al. 2013,
(Madliger and Love 2014).
Baxter-Gilbert et al. 2014, Hunt et al. 2014). Because
these samples integrate GC activity over longer time
Implications for baseline GCs as conservation
periods, they may also provide a more realistic snapshot
biomarkers and recommendations for future study
of how an individual is responding to prevailing enviWe have illustrated that measures of baseline GCs ronmental conditions (Dantzer et al. 2014). Furthermore,
may fail to provide reliable biomarkers of reproductive in the case of integumentary GCs like hair and feathers,
success or survival probability in some populations and they may allow acquisition of information regarding
at certain time points, despite a robust experimental distant time periods (e.g., overwintering, migration)
design, the measurement of multiple within-individual when animals are inaccessible. A recent meta-analysis
metrics, and careful investigation of the intrinsic and indicated that fecal GCs show a consistent increase in
extrinsic contexts that may influence GC–fitness rela- response to anthropogenic disturbance, while baseline
tionships. Most importantly, these results indicate the plasma GCs do not; however, the fitness consequences
importance of validation prior to application of GCs in of these increases have been markedly under-investigated
conservation settings, since varying GC levels may not (Dantzer et al. 2014). Despite a less extensive literature
measuring GC levels during the breeding season in species
with bi-
parental care, particularly if environmental
conditions affect the sexes differentially.
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base (particularly for integumentary GCs) there is certainly still context-dependency and the presence of variable results, as in the case of plasma GCs. We suggest
that non-invasive measures warrant special attention,
given their compatibility with many conservation goals
of minimizing disturbance, and we urge researchers to
continue to carefully validate these techniques in terms
of repeatability (Madliger and Love 2015, Killen et al.
2016), links to fitness metrics (Bonier et al. 2009a), time
periods of integration (Millspaugh and Washburn 2004,
Bortolotti et al. 2008, Meyer and Novak 2012), stability
of GC levels (Bortolotti et al. 2009), hormone extraction
(e.g., small sample artifacts; Tempel and Gutiérrez
2004, Lattin et al. 2011), and relationship to environmental and/or chronic stressors (Baker et al. 2013,
Dickens and Romero 2013).
Future studies should also place emphasis on whether
static measures of GCs are sufficient to understand variation in disturbance, condition, or fitness. In addition, it
is becoming increasingly clear that a GC–fitness relationship observed using one metric of fitness should not
be expected to apply to other metrics (e.g., reproductive
output vs. survival probability). As a result, investigating
the GC-fitness metric that is most important to the population of interest will be of paramount importance to
properly interpreting changing GC levels over time. This
also has implications for seasonal changes in GC–fitness
relationships, indicating that it will be important to
determine when in the life cycle a predictive relationship
exists. Finally, manipulative studies that compare how
changes within normal baseline GC levels may change
behavior and fitness will further elucidate when GC–
fitness relationships may exist, and, more broadly, how
GC levels may mediate life history decisions (Crespi et al.
2013, Sopinka et al. 2015). In particular, habitat quality,
disturbance, or GC manipulations that influence both
sexes would likely be advantageous and relevant for
determining how GC–fitness relationships may directly
change in response to environmental alteration. Overall,
there is still a great deal of validation necessary before
GC levels can be reliably utilized as conservation biomarkers in many species and, in some cases, the effort
required for monitoring and sampling the contexts necessary for successful interpretation of baseline GC levels
may be better placed towards directly measuring fitness
metrics.
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