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Good times bad times —
Unfavorable breeding conditions,
more than divorce, lead to
increased parental effort and
reduced physiological condition
of northern gannets
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Magella Guillemette!

!Department of Biology, Université du Québec a Rimouski, Rimouski, QC, Canada, 2Department of
Biology, Cégep de Rimouski, Rimouski, QC, Canada

Decreased productivity in long-lived bird species is linked to prey depletion in
marine ecosystems. Seabirds, however, exhibit behavioral flexibility at individual
level to prevent this outcome. One such strategy to alleviate any impact on fitness
would be to divorce from their partners. Although changing mates and increasing
foraging effort have been shown to increase or maintain reproductive success, how
the behavioral flexibility affects fundamental physiological parameters remains to
be elucidated. Here, we compared physiological components (nutritional status,
muscle damage and oxidative stress) of northern gannets (Morus bassanus)
in relation to their partnership status and foraging effort. Specifically, we used
a cross-sectional data set (at the population level) of three contrasted years
to compare retained and changed mates. We predicted that mate change is a
stressful event with impacts on health condition and those effects are higher
during unfavorable years with food depletion. Our study showed that gannets
changing mate increase parental effort only during years of low food abundance,
with consequences on health condition (increased body mass loss, higher protein
catabolism and higher oxidative damage during chick rearing period). Ultimately,
our study suggests that partnership decision is not likely to reduce the long-term
quality and the fitness of parents. Reproduction during harsh conditions would
however likely be one of the primary causes of individual quality loss and fitness
decline in this long-lived bird species.

parental effort, behavioral flexibility, oxidative stress, nutritional status, seabirds,
physical condition

Introduction

Seabirds exhibit considerable ecological, demographic, and behavioral adjustment capacity
(e.g., Garthe et al., 1996; Weimerskirch, 2002; Hamer et al., 2007; Guillemette et al., 2018) to
respond to both short—and long-term changes in ocean conditions (e.g., Aebischer et al., 1990;
Sydeman et al., 2009), via different strategies as behavioral flexibility (Williams et al., 2008). For
example, parents may modify their attendance and foraging behavior under conditions of low
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prey availability (Piatt et al., 2007). In optimal conditions, seabirds
mates share parental effort to protect and feed their chicks (Bried and
Jouventin, 2002) and foraging effort vary according to their breeding
stage (incubation, chick rearing) (Shaffer et al., 2003). During food
resources reduction, both parents must forage simultaneously (Regehr
and Montevecchi, 1997) and they can increase foraging distance
(Guillemette et al,, 2018). This behavioral adjustment may compromise
breeding success as they must leave their offspring unattended. Thus,
the usual benefit of breeding at high density as an anti-predator
strategy (Danchin and Wagner, 1997) may be reduced. Moreover, poor
breeding performance may negatively influence the occurrences of a
pair reunion the next year (but see Choudhury, 1995; Ens et al., 1996;
Taborsky and Taborsky, 1999; Bried and Jouventin, 2002; Dubois and
Cézilly, 2002).

Divorce has been recorded in 92% of socially monogamous
birds (Jeschke and Kokko, 2008), with divorce rates being highly
variable both among species and within species (Black, 1996). Many
hypotheses have been suggested concerning the costs and benefits
associated with mate retention versus divorce (Choudhury, 1995).
Because biparental care is essential in the majority of monogamous
bird species (Bennett and Owens, 2002), divorce has frequently
been suggested to represent a way to correct for suboptimal
partnerships, which may result from different types of constraints
on initial mate choice (Johnston and Ryder, 1987; Moller, 1992;
Sullivan, 1994; Choudhury, 1995; Botero and Rubenstein, 2012) or
to secure genetically more diverse offspring [see references in
Arnqvist and Kirkpatrick (2005)]. Divorce has been proposed to
be an adaptive strategy where at least one member of a pair
increases its breeding success (see review by Choudhury, 1995).
According to this hypothesis, partner change represents a form of
adaptive choice triggered either by low breeding success as a result
of poor conditions (Dubois and Cézilly, 2002) or by the potential to
improve breeding success with a new partner (Choudhury, 1995;
Black, 1996), or both. In northern gannets (Morus bassanus,
hereafter gannets), divorce rate is negatively correlated with
breeding success and prey biomass stocks (Pelletier and Guillemette,
2022). Gannets that change mates increase the probability of
breeding the following year. It has been suggested that divorce could
be an example of behavioral flexibility to counteract food depletion
and breeding failure (Pelletier and Guillemette, 2022). However,
this individual’s decision-mating process with short-term benefits
could also have disadvantages when re-mating with a new partner.

Beginning a partnership with a new mate is associated with
different kinds of costs. As described by Ens et al. (1996), at least four
different kinds of costs may be envisaged: costs for searching for a new
mate, for fighting rivals, for ending up with a poorer mate, and costs
related to an initial inefficiency in reproduction with a new mate. At
the individual level, these consequences may increase physiological
stress, particularly if an individual of an obligate biparental care
species must compensate for decreased parental effort by their partner
(Houston et al., 2005). In an experimental study, the nest visitation
rate as proxy of parental effort of starlings (Sturnus vulgaris) has been
decreased (by attaching small weights to the base of a bird’s tail
feathers), followed by an increase in the level of care by its partner
(Wright and Cuthill, 1989). Such parental compensation observed in
many species shows that parents respond to each other’s behavior
(Harrison et al., 2009), and, because parental care involves a high level
of energy expenditure, any augmentation in parental (or foraging)

Frontiers in Ecology and Evolution

10.3389/fevo.2023.1108293

effort might reduce the health condition of the parent at the end of the
breeding season.

Although reproduction is one of the most studied phases of the
avian life cycle, knowledge on the physiological underpinnings of
parental care and its key component (foraging behavior) brings varied
results (Williams, 2012; Williams and Fowler, 2015; Williams, 2018).
Some studies found evidence that adults with higher level of parental
investment result in higher level of oxidative stress (Norte et al., 2010;
Guindre-Parker and Rubenstein, 2018), while others found no such
relationship (Beaulieu et al., 2011; Wegmann et al., 2015). According
to Williams (2018), reproductive trade-offs should only be expected
under food stress (Stearns, 1992), but it is often unclear in studies if
parents are “food stressed” or not.

During the last decades, physiological condition attributed to
stress and related to parental effort has been measured in terms of
body mass (BM, decrease, Hillstrom, 1995; Merila and Wiggins,
1997; Gebhardt-Henrich et al., 1998), immune function (decrease,
Deerenberg et al., 1997; Nordling et al., 1998; Cichon et al., 2001;
Hasselquist et al., 2001), leukocyte counts (modification and decline,
Gustafsson et al., 1994; Dubiec et al., 2005), hematocrit (decrease,
Moreno et al., 2002), heterophil/lymphocyte ratio (increase, Ots and
Horak, 1996; Davis et al, 2008), plasma triglycerides (TRIG,
decrease, Masello and Quillfeldt, 2004), oxidative stress (increase,
Norte et al., 2010; Romero-Haro et al., 2016), antioxidant protection
(decrease, Alonso-Alvarez et al., 2004), and telomere dynamics
(telomere attrition, Monaghan, 2014). Nevertheless, few studies
combined biomarkers to evaluate the physiological condition
attributed to parental effort (but see Gonzalez-Medina et al., 2015;
Fowler et al., 2018), and to our knowledge, no study evaluated the
physiological condition associated with partnership status and
mate change.

To ascertain the relationship between partnership status, parental
effort, nutritional status, and oxidative stress in a free-living and long-
lived bird species, we measured and compared 15 behavioral and
physiological variables among individuals that retained their mates
and others that changed their mates (including lost mates and
divorced). We used cross-sectional tests (for interindividual
comparison) with data recorded in northern gannets during three
subsequent and highly contrasted years in terms of population
breeding success and food conditions. We evaluated partnership status
with a long-term monitoring program (breeding success, body mass
and body mass variation of ringed individuals). We used GPS tracking
to evaluate parental effort (as foraging behavior at sea). We sampled
blood to measure physiological biomarkers of health condition:
nutritional status (plasma glucose, triglycerides, beta-hydroxybutyrate,
total protein, albumin [A] and globulin [G], uric acid concentration,
A/G ratio), muscle damage (creatine kinase activity), and oxidative
(thiobarbituric total
antioxidant capacity).

stress acid reactive substances and

We tested two main hypotheses. First, behavioral flexibility
expressed as mate change increases parental investment and affects
the physiological status of adults compared to individuals that retain
their partner (H1). Second, the negative impact of mate change
occurs only during unfavorable years associated with low breeding
success and food stress (H2). According to life-history theory
(Stearns, 1992) and the literature cited above, we generated the
following predictions: changed mates compared to retained mates

(P1) increase foraging behavior at sea due to parental compensation
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and mate adjustment, (P2) increase their nutritional stress
(expressed as decrease in glucose, triglycerides, total protein,
albumin, and increase in beta-hydroxybutyrate and uric acid) mostly
during unfavorable years, (P3) increase their muscle damage
(expressed as increase in creatine kinase activity), (P4) increase their
oxidative damage, and (P5) decrease their plasma total

antioxidant capacity.

Methods
Study site

The fieldwork was conducted on Bonaventure Island (48°30’ N,
64°09’ W) located in the Parc national de I'Ile-Bonaventure-et-du-
Rocher-Percé in the Gulf of St. Lawrence (Québec, Canada) where a
long-term study started in 2008. This colony holds approximately
50,000 pairs of breeding gannets as well as several thousand
immatures. This is the largest gannet colony in Canada. Annually, this
colony is monitored, for partnership status and breeding success from
incubation to the chick rearing period (from May to August or
September) within 180 to 184 nests in four plots in the peripheral
section of the colony. Gannets in this population are known to have
a highly variable divorce rate between 2009 and 2019 (22 + 3%, range:
13-46%) that is influenced by the previous year’s breeding success.
During this same period, breeding success was low and variable
(32+5%, range: 3-60%) (Pelletier and Guillemette, 2022). Breeding
success of the colony is estimated as the number of fledged chicks
divided by the number of nests with eggs. Gannets were caught using
a noose-pole and all methods were approved by the Animal Care
Committee (ACC) of the Université du Québec a Rimouski and
complied with the guidelines of the Canadian Council on Animal
Care (CCAC). These birds were marked with a U.S. Fish and Wildlife
Service steel ring with an alphanumeric coded and colored plastic
band (permit numbers SC25, RE-27, 10,704) with approval by Société
des établissements de plein air du Québec (permit numbers PNIBRP-
2008-001 to PNIBRP-2019-001). Presence/absence of individually
banded gannets were established twice daily from the end of May
(before hatching) to the end of August (or September), from 2008 to
2019. We identified established partnerships in the set of monitored
nests and an intensive coverage of the study area and surrounding
sectors were done to ensure that we resighted all live breeding birds.
Because gannets have a strong breeding philopatry (Nelson, 2002),
absence of a partner was considered as a death or a skip of the current
reproduction year.

Fieldwork, GPS loggers and sex
determination

We captured individuals once or twice during the breeding season
(incubation and chick rearing periods) and body mass (BM) was
measured. When two BM measurements were made, the difference
between the two was calculated (body mass variation [BMvar],
averaging 27 + 7 days).

We collected breast feathers, and birds were fitted with a GPS
logger. Feathers were taken for sex determination analysis and blood
samples, for biomarkers analysis. A small amount of blood (less than
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5ml, approx. 0.16% volume/weight) was drawn from the medial
metatarsal vein of each bird using butterfly needles and BD
Vacutainer™ tubes with lithium heparin. In the field, blood samples
were centrifuged (5min; 3,900 rpm). Plasma and blood cells phases
were separated in cryotubes and were stored immediately in liquid
nitrogen, and subsequently in a—80°C freezer until
biomarkers analyses.

Birds were tagged with a GPS tracker iGotU GT-120 (Mobile
Action Technology, 34g) or CatLog Gen 2 (Perthold Engineering,
34¢g) set to record at 10 min intervals. Tags were attached to three to
four central tail feathers using two strips of a 50 mm wide waterproof
Tesa tape (no 4651). Total deployment weight was 1.0-1.2% of adult
body mass (mean+SEM: 2993 +23 g). The birds were immediately
released near their nesting site after blood sampling. Handling time
was kept to a maximum of 15min. All birds showed no signs of
immediate adverse effects.

For sex determination, four thoracic covert feathers were plucked
and stored in plastic bags at —20°C until subsequent DNA analysis as

described in Pelletier and Guillemette (2022).

Blood analysis

Nutritional status and muscle damage

We evaluated nutritional status (fasting/starvation levels) by
measuring glucose (GLU), triglycerides (TRIG), uric acid (URIC),
total protein (TP), albumin (ALB), globulins (GLOB) concentrations
in plasma and albumin/globulin ratio (A/G ratio) with an IDEXX
Catalyst Dx™. We evaluated muscle damage by measuring creatine
kinase (CK) activity in plasma with the same device. We followed the
manufacturer’s instructions (IDEXX, 2015) with a dilution of 2:3 (100
uL of plasma into 50 UL of phosphate buffered saline, pH 7,4). Birds
maintain higher plasma GLU concentrations than other vertebrates
of similar body mass and, contrary to mammals, these elevated
concentrations do not promote oxidative stress and tissue damage,
due to higher antioxidant capacity (Cohen and McGraw, 2009). GLU
levels are normally maintained high and seem to be independent of
breeding or molting stages (e.g., in mallards Anas platyrynchos,
Fairbrother et al., 1990) and of fasting duration during breeding (e.g.,
in penguins species, Groscolas, 1986; Vleck and Vleck, 2002). TRIG
is a marker of fatty acid anabolism and fat deposition. URIC is a
product of protein catabolism and fasting or rapid body mass loss can
elevate URIC levels. TP concentration comprises all the proteins
found in the plasma phase where ALB is the single major component.
The remaining proteins are the alpha, beta, and gamma GLOB that
increase in chronic infections or inflammatory diseases (Lumeij,
1987). A TP increase may indicate dehydration or inflammatory
disease. ALB plays important roles in the transport of endogenous
and exogenous compounds by binding with those compounds, in
osmoregulation and in antioxidant capacity (Harr, 2006; Harrison
et al., 2006; Hochleithner, 2013). Beta-hydroxybutyrate (BHB), a
ketone body, is a marker of fatty acid catabolism during fasting
(Vleck and Vleck, 2002) and it was measured (in triplicate) with a
commercial colorimetric assay kit (Beta-Hydroxybutyrate [Ketone
Body] Colorimetric Assay Kit, Cayman Chemical Assay, USA), with
a dilution of 1:10 (30 pL plasma and 270 pL assay buffer) and with an
EnVision Multimode Microplate Reader (reading at 450 nm). CK is
found at high activity only in the cytoplasm of cardiac and skeletal
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muscle. An increase in plasma CK identifies a muscle injury due to
muscle protein mobilization caused by trauma or vigorous exercise
(Knuth and Chaplin, 1994; Guglielmo et al., 2001).

Oxidative stress

We measured one biomarker commonly used of oxidative
damage (TBARS) and one biomarker of antioxidant protection
(TAC). Oxidative lipid damage, or lipid peroxidation, produces
different metabolites found in plasma. Malondialdehyde (MDA) is
one of them and is produced rapidly after a cellular burst of reactive
oxygen species (ROS). MDA is detected and monitored by the
measurement of TBARS as a general quantification of oxidative
damage molecules that occur in the plasma. This assay is based on
the formation of a MDA-TBA adducted by the reaction of MDA and
TBA under high temperature and acidic conditions, which generates
a color directly proportional to the concentration of oxidative damage
molecules (Uchiyama and Mihara, 1978). First, 17 uL of each plasma
sample (dilution factor: 2.94) or 50 pl of standard was added to 50 pL
of sodium dodecyl sulfate (8.1%), 375 puL of thiobarbituric acid (the
color reagent, 0.8%), 375 pL of acetic acid (20%), and distilled water
(183 pL for plasma or 150 uL for standard) into 2mL tubes, and
mixed. Tubes were capped and kept in a hotplate at 95-100°C for 1 h.
After 1h, the tubes were removed from the hotplate and immediately
put onto ice for 10 min to stop the reaction. Tubes were centrifuged
10 min at 1600xg at 4°C. Finally, 250 pL of each solution (in triplicate)
was randomly pipetted in well plates and readings were taken at
530 nm with an EnVision Multimode Microplate Reader. Standard
curves were obtained from serial dilutions of a standard of MDA
(from 0 to 12.5 uM). Considering that TBARS can be altered by the
lipid content of the sample, TBARS were corrected for TRIG
concentration in plasma with TBARS/TRIG=TBARSt. The
mean + standard deviation (SD) intraplate coefficient of variation was
3.4%2.7% and the interplates coefficient of variation was 3.4%.

We estimated non-enzymatic TAC by measuring the capacity of a
plasma sample to quench a standardized free radical challenge. Plasma
TAC includes macromolecules such as albumin, ceruloplasmin, and
ferritin, and small molecules including ascorbic acid, a-tocopherol,
f-carotene, uric acid and bilirubin. TAC was determined using a
colorimetric assay kit (Cayman Chemicals, USA) and EnVision
Multimode Microplate Reader (reading at 750nm). We used kit
instructions for measurement of TAC (in triplicate) with a dilution of
1:20 (10 pL of plasma into 190 pL of buffer). Plasma TAC values are
expressed as Trolox-equivalent antioxidant concentrations. Trolox is
a water-soluble tocopherol analog. In some avian species, as TAC is
influenced by the antioxidant effects of URIC (Cohen and McGraw,
2009) and by ALB (Cohen et al., 2007; Roche et al., 2008), we verified
predictive capacity of plasma URIC and ALB concentrations for
plasma TAC with linear mixed model with URIC and ALB as
covariates. The mean+SD intraplate coefficient of variation was
2.0+2.2%, and the interplates coefficient of variation was 2.4%.

Data analysis

Partnership status

Three categories were determined for partnership status: retained
mates, divorced, and lost mates. Mate retention occurred when
partners are together at year #—1 and ¢ . A divorce is said to have
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occurred when two birds that bred together in year -1 are alive and
present in the colony in year ¢, but not breeding together. Mate loss
occurred when one partner is absent in our study plot (Coulson, 1966;
Harris et al., 1987; Ens et al., 1993; Choudhury, 1995). We used the
same dataset of partnership status as Pelletier and Guillemette (2022)
in which they monitored a total of 809 birds from 2008 to 2019. In the
present study, we used only two categories: “retained mates” and
“changed mates” in which we grouped lost mates and divorced due to
the low number of lost mates and because we wanted to investigate
first the effect of parental effort after mating with a new partner.

GPS

We used GPS locations to describe foraging behavior and estimate
foraging trip range and distance. A complete foraging trip begins
when an individual goes outside Bonaventure Island, a polygon
delimited by these coordinates: 48.483N, 48.507N, 64.144 W,
64.178 W, during at least 30 min and ends when it comes back inside
the polygon. We excluded incomplete trips. Foraging trip range was
calculated with the maximal Euclidean distance on a spheroid between
the last GPS location at the colony before the foraging trip as reference
(GPS location with latitude 1 and longitude 1) and each GPS
location at sea with this formula: arccos(sin[latitudel]xsin[latitude
2]+cos|latitudel]xcos[latitude2]xcos|latitude2]-[latitude1]x6371.
Foraging trips were recorded as time series of the successive
continuous positions (with latitude and longitude) of the gannet at
time t. Distance between each position, the step length, was calculated
with the same Euclidean distance formula above. Foraging trip
distance was the total cumulative distance of each step length recorded
in a foraging trip (Grémillet et al., 2004; Pichegru et al., 2007).

Statistical analysis

All statistical analyses were conducted using the statistical
software R 4.0.3 (R Core Team, 2020). Plots were made with ‘ggplot2’
package (Wickham, 2016) and maps with ‘ggmap’ (Kahle and
Wickham, 2013) and ‘sf” (Pebesma, 2018) packages.

Because we could not follow the same individuals over 3 years for
each behavioral and physiological biomarker, we conducted cross-
sectional rather than longitudinal tests. Although longitudinal tests
and intraindividual comparison are more robust (Pelletier et al., in
prep.), cross-sectional tests and interindividual comparison have the
advantage of producing larger sample size.

Linear mixed models were used to analyze the influence of
partnership status (changed vs. retained mates), annual environmental
condition for breeding (represented by the explanatory variable
“year”), breeding stage (incubation, chick rearing or empty nest) and
sex on each different independent variable (biomarkers). The function
“lmer” (linear mixed models) in the package 1me4’ was used to run
mixed-effect models (Bates et al., 2015). Independent variables were
log-transformed and standardized to respect statistical test
assumptions and to improve comparability with other studies
(Verhulst, 2020). We systematically build a null model and different
models including partnership status, year, breeding stage, sex and
interactions  (partnership  status:year and/or  partnership
status:breeding stage) and bird ID as a random factor to
avoid pseudoreplication.

We investigated the potential relationship between BM, BMvar.,
julian date and each biomarker to extract and use residuals eventually,

when relationships were detected. Thus, we removed the effect of BM
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on TRIG, and the effect of julian date on BM, BMvar., A/G ratio and
CK activity. We added URIC as covariate in models for TAC, knowing
that they are perhaps correlated (Cohen et al., 2007; Costantini, 2011).

We derived all possible submodels from this set of predictors
with the function ‘dredge’ in the package ‘MuMIn’ (Barton, 2009) and
we calculated an Akaike information criterion value corrected for
small sample (AICc) (Burnham and Anderson, 2002). Based on
selection by the AICc, the most parsimonious model including
partnership status (first objective of the study) with the lowest AICc
among those falling within AICc <2 was retained for interpretation
of each independent variable. We also used a likelihood ratio test
(using the Chi square distribution) of the best model compared to a
null model to determine if a set of predictors retained in the best
model was significant factors in explaining variation of each
independent variable. With the ‘summ’ function (‘jtools’ package,
Long, 2020), models were fitted using the restricted maximum
likelihood (REML) approach, p values were derived using the
Satterthwaite approximations and variance explained by the linear
mixed model was evaluated using a pseudo r-squared (Nakagawa
et al, 2013). We also computed p values with ‘oint tests’ for
comparison, based on conditional F-tests with Kenward-Roger
approximation for the degrees of freedom. Normality of residuals and
homogeneity of variances was confirmed visually for all models.

When required, and because sample sizes differed between
predictor categories, we conducted post hoc tests with the Tukey method
for comparing groups of 3 estimates with estimated marginal means
(aka ‘Tleast-squares means’) using the function ‘emmeans’ (‘emmeans’
package, Lenth, 2020). We used the Kenward-Roger and Satterhwaite
approximations because they have been suggested as the best methods
for deriving p-values when mixed models are fitted with REML because
type 1 error rates are most optimal for different sample sizes (Lulke,
2017). We also presented effect size (Supplementary Table S1) by
calculating Cohen’d (Cohen, 1988) and using these categories: d=0.1
for very small effect size, d=0.2 for small effect size, d=0.5 for medium
effect size, d=0.8 for large effect size, d=1.2 for very large effect size, and
d=2.0 for huge effect size (Sawilowsky, 2009).

Considering that gannets’ breeding success is highly correlated
with the abundance of their preferential prey (Guillemette et al., 2018),
we used annual breeding success monitored in the colony as proxy of
environmental conditions. From this, we qualified 2018 as a ‘good or
favorable year” (breeding success: 60%), 2019 as ‘bad or unfavorable
year’ (breeding success: 13%), and 2017 as a ‘medium or intermediate
year’ (breeding success: 41%).

All values are reported as mean +standard error of the mean
(SEM) in the text and mean+95% confidence interval (CI) in
the figures.

Results

We tested the influence of partner change on parental effort
(foraging effort) and health condition (body mass, nutritional status,
muscle damage, oxidative stress) on a total of 68 northern gannets of
which 35 in 2017, 38 in 2018, and 46 in 2019 were replicated.
Partnership status recorded for these individuals varied between years:
7 birds changed their partner in 2017 (20%), 7 in 2018 (18%) and 16 in
2019 (35%). The breeding success of these individuals was similar to
that of the colony: 36% in 2017, 49% in 2018 and 0% in 2019. Means
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(+ SEM) of behavioral variables and physiological biomarkers are
shown in Table 1, and the summary of the most parsimonious linear
mixed models including partnership status and calculated for each
behavioral and physiological variable are presented in Table 2 (see
Supplementary Table S1 for details).

Foraging effort

We recorded 288,718 GPS locations during 1,008 complete foraging
trips across three breeding seasons. Mean foraging trip range + SEM was
139+ 11km with a mean distance traveled per trip of 445+ 35km. Trip
distance and trip range were highly contrasted according to years.
Mean+SEM in 2017, 2018 and 2019 was 576 +61 km, 186+ 17km and
530+ 51 km for trip distance, and 180+ 18km, 66 + 6km and 163 + 17km
for trip range, respectively. Foraging effort is best explained by
partnership status and year for trip distance (Figure 1, 1 = 6693,
df=4, p <0.0001) and for trip range ( %2 =40.20, df= 3,p <0.0001)
(Supplementary Table S1). Foraging distance varied with year
(F,5,=40.55, p < 0.0001) and with a significant partnership status:year
interaction (F,55=3.39, p =0.04). We obtained similar results for
foraging trip range with year (F,5,=32.30, p < 0.0001) and partnership
status:year interaction (F,5s=4.48, p = 0.02). During seasons of medium
and high breeding success, there was no difference in parental foraging
effort between partnership status. During the favorable year (2018),
parents foraged 84% nearer from the colony than the three-year average.
However, during the most unfavorable year (2019), parents that retained
their mate dispersed 83% less than parents that changed their mate
(Figure 1). Between the best and the worst year, birds that changed their
mate increased their foraging trip distance by 790% and those that
retained their mates increased by 248%. Similar results were obtained
for foraging trip range.

Body mass

Mean body mass (BM) + SEM of gannets was 2,971 +246g. BM
was best explained by a model with partnership status, breeding stage
and sex (Figure 2A, y* =12.20, df=1, p =0.0005, pseudo-R’
total =0.12; details in Supplementary Table S1). BM did not vary with
partnership status (F, ;5 =0.171, p =0.68), but varied with breeding
stage (F, 2, =11.97, p =0.0007) and sex (F, ¢, =5.31, p =0.02). BM was
43% higher during the incubation period, and 21% lower for males.
Body mass variation (BMvar) was best explained by partnership
status, breeding stage and year (Figure 2B, y* =18.84, df=2,
p <0.0001, details in Supplementary Table S1). BMvar varied with
partnership status (F,y; =4.95, p =0.03) and year (F,g =9.68,
p =0.0002). Gannets that have changed their partner had 25% higher
daily mass loss than individuals that have retained their partner.
Daily mass loss recorded during good year (2018) was 35% lower
than the medium year (2017) and 29% the bad year (2019).

Nutritional status and muscle damage
Of these nine biomarkers of nutritional status and muscle damage

(Figure 3), only plasma uric acid (URIC) concentration varied with an
interaction in partnership status and year (Figure 3H, F, o, =4.24,
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TABLE 1 Mean+SEM of 15 behavioral and physiological biomarkers compared between northern gannets that changed or retained their mates in 2017,

2018 and 2019.

Variables Changed mates Retained mates
Foraging trip distance km 550+86 N=17 405+34 N=45
Foraging trip range km 169+28 N=17 129+10 N =45
Body mass g 3,002+46 N=30 2,990 £26 N=88
Body mass variation g.day™ —47+29 N=27 -17+1.9 N=82
Plasma physiological biomarkers

Glucose concentration mmol.L™! 13.7+£0.3 N=29 13.5+0.2 N=83
Triglycerides concentration mmol.L™! 0.56£0.05 N=29 0.47+0.02 N=83
Beta-hydroxybutyrate concentration mmol.L™! 1.46+0.19 N=24 1.35+£0.10 N=71
Total protein concentration gL 40.5+0.9 N=29 38.6+0.5 N=83
Albumin concentration gL 15.9+0.3 N=29 15.2+0.2 N=83
Globulin concentration gL 24.6+0.8 N=29 23.4+0.4 N=83
Albumin/globulin ratio - 0.66+0.02 N=29 0.66+0.01 N=83
Uric acid concentration pmol.L™! 738+73 N=29 708+48 N=82
Creatine kinase activity UL 1,292+168 N=29 1,211+£76 N=83
Thiobarbituric acid reactive substances pmol.mmol 52+0.5 N=27 54%04 N=73
concentration / triglycerides concentration | triglycerides™

Total antioxidant capacity mmol.L™! Trolox 1.71+0.16 N=25 1.83+0.09 N=75

Results were recorded during the breeding season at Parc national de I'lle-Bonaventure-et-du-Rocher-Percé (Québec, Canada). The sample used to calculate these means is composed of 68

individuals with replicates. Thus, the N’s in the table imply repeated measurements on the same individuals and that an individual may be in the “changed mates” category 1year and in the

“retained mates” category another year.

p =0.02, Supplementary Table S1), varied with year (F,o =7.81,
p=0.0007), but did not vary with partnership status alone (F, ;oo =0.13,
p =0.72). In retained mates, URIC was higher in 2017 (+115%
and +84% higher than 2018 [p =0.007] and 2019 [p =0.046],
respectively). At the opposite, in changed mates, URIC was the lowest
in 2018, —70% lower than 2017 (p =0.04) and — 79% lower than 2019
(p =0.001). During 2019, changed mates exhibited a 101% higher
URIC concentration than retained mates.

The plasma concentration in glucose (GLU), triglycerides (TRIG),
beta-hydroxybutyrate (BHB), total protein (TP), albumin (ALB),
globulin (GLOB), the albumin/globulin (A/G) ratio, and the creatine
kinase (CK) activity did not vary with partnership status (Figures 3A-
G,J, p >0.05) but GLU, BHB, TP, ALB, GLOB, A/G, and CK varied
with year (p <0.01) with medium to very large effect size (Cohen’s
d>0.5, Supplementary Table S1). All of these biomarkers were lower
in the good year (2018) than in the bad year (2019) (except for BHB
and A/G ratio), ranging from —43 to —147%.

TP, GLOB and A/G ratio varied also with breeding stage and sex
(p <0.05), where TP and GLOB were higher during incubation period
than chick-rearing period and higher for females than males (with the
opposite result for A/G ratio).

Oxidative stress

Thiobarbituric acid reactive substances concentration (TBARS)
divided by triglycerides concentration (TBARSt) was best explained
by a model with partnership status, breeding stage and partnership
status:breeding stage interaction (Figure 4A, y* =11.05, df=2,
p =0.004, Supplementary Table S1). TBARSt did not vary with
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partnership status alone (F,,; =0.04, p =0.85), but varied with
breeding stage (F, ;o = 10.80, p =0.001). TBARSt between incubation
and chick rearing periods increased by 217% (p =0.008) for changed
mates (only a trend [p =0.06] for retained mates, it was 52% greater
during chick rearing period).

Total antioxidant capacity (TAC) in plasma varied positively with
uric acid (URIC, Pearson’s r =0.46, F, g5 =24.53, p <0.0001). TAC was
best explained by a model with partnership status and year (Figure 4B,
x* =34.02, df=2, p <0.0001, Supplementary Table S1). TAC did not
vary with partnership status (F, g =1.96, p =0.17), but varied with year
(Fia8 =19.19, p<0.0001). The highest TAC concentration measured
in 2017 was 245% higher than 2018 (p <0.0001) and 144% higher than
2019 (p <0.0001).

Discussion

Our study helps fill a knowledge gap on how behavioral
flexibility (expressed as mate change and foraging behavior)
affects key physiological traits of seabirds during the breeding
season. Our study shows that behavioral flexibility influences
short-term health status of northern gannets through a variety of
biomarkers including nutritional status, oxidative stress, and
muscle damage (summary of significant results in Table 2). This
study shows that individuals breeding with a new mate face a
short-term constraint during the chick rearing period, during
years with poor reproduction output. This is associated with
increased foraging effort following mate changes. Knowing that
the gannets are plunge-divers searching for food during flight
(Nelson, 2002), an increase in total flight cost may cause a
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TABLE 2 Summary of the most parsimonious linear mixed models including partnership status calculated for behavioral and physiological variables
(parental foraging effort, body mass, nutritional status, muscle damage, oxidative stress) with year, partnership status, breeding stage, sex, and
interactions as fixed factors, and bird ID as random parameters.

PARTNERSHIP
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2018 2019 H ﬁg STAGE

CHANGED RETAINED

YEAR
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MEDIUM

Foraging 2017 & 2018:
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%0 & 60660600

2019: N/A N/A
o0 @ ~ w
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g i
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(T
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= @ N/A N/A
o
Factors not included in the models were identified by N/A (not applicable) and included factors were characterized by symbols to illustrate the direction of variation. See and

for more details. BM, body mass; BMvar, body mass variation during the breeding season; GLU, plasma glucose concentration; TRIG, plasma triglycerides
concentration; BHB, plasma beta-hydroxybutyrate concentration; TP, plasma total protein concentration; ALB, plasma albumin concentration; GLOB, plasma globulin concentration; A/G,
albumin/globulin ratio in plasma; URIC, plasma uric acid concentration; CK, plasma creatine kinase activity; TBARSt, plasma thiobarbituric acid reactive substances divided by plasma
triglycerides concentration; TAC, total antioxidant capacity of plasma; INC, incubation period; CR, chick-rearing period; M, male; F, female.

short-term increase in oxidative stress and explain the  behavioral adjustment related to environmental foraging
concomitant decrease in body mass during the breeding season  conditions during reproduction, rather than by behavioral
and higher level of protein catabolism. Most importantly  adjustment resulting from re-pairing with a new partner. When
variation in physiological health status is influenced more by  gannets breed in a less favorable year, all individuals must
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FIGURE 1
Variation in foraging trip distance during breeding season by northern gannets that changed or retained their mates in 2017 (N=16), 2018 (N=20), and
2019 (N=28). Results at left (A) are estimated marginal means (+95% CI) by year obtained from a mixed linear model with year and partnership
status:year interaction as fixed parameters and bird ID as random parameter. Data were log-transformed and standardized (*p<0.05; ***p<0.001;
***%n<0.0001). Maps on the right side show the total foraging trips recorded each year with GPS devices: (B) 2017=medium year (breeding success in
the colony: 43%), (C) 2018=good year (breeding success: 60%), and (D) 2019=bad year (breeding success: 13%).

increase foraging effort, which is associated with higher levels of
glucose, ketone bodies, protein (albumin and globulins), uric
acid, and muscle damage.

Behavioral flexibility, partnership status and
parental effort

We previously shown that divorce can be considered as an
adaptive strategy to counteract the impact of food depletion and low
breeding success (Pelletier and Guillemette, 2022). The act of changing
mates in gannets after breeding failure in a context of food
stochasticity, and even food insecurity, may be interpreted as an ability
for individuals to change their partnership status for future
reproductive outcomes. In a review, Beever et al. (2017) showed that
behavioral flexibility allows animals to rapidly cope with changing
environmental conditions because behavior is an important
component of species’ adaptive capacity in the face of global changes.
Thus, behavioral flexibility can prevent, correct, or minimize the
negative consequences of adverse environmental changes (Williams,
2018) or of sudden reversals in the relative quality of mates (Botero
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and Rubenstein, 2012). However, it is likely affected by the variability
and predictability of local to global environmental attributes (Botero
and Rubenstein, 2012), and by intrinsic life history traits as age and
health status.

In addition, with mate adjustment or mate compensation,
mate changes are associated with different costs (see Ens et al.,
1996) that may contribute to an increase in physiological stress.
In our study, gannets increased parental investment during the
breeding season by enhancing foraging trip distance and range,
particularly during unfavorable years. In a new pair, this increase
in parental effort may occur in one or both partners, but our
sample is not sufficient to explore this variation in couples. In any
case, even though biparental care is widespread in birds (80% of
species, see Cockburn, 2006), the division of labor within the pair
can be highly variable. In a new pair, re-pairing mates may
cooperate and share equally and rapidly their parental investment
(Hinde, 2006; Hinde and Kilner, 2007), or one individual may
contribute less to the protection of young and provisioning at the
cost of its new partner (‘sexual conflict, Houston et al., 2005). In
both cases, parental care can be costly to a parent, in that it
reduces their reproductive success in other breeding attempts
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(A) Body mass (BM) and (B) body mass variation (BMvar) measured in breeding northern gannets that changed and retained their mates in 2017, 2018
and 2019. Results exposed are estimated marginal means (+ 95% Cl) by year obtained from a mixed linear model controlling for julian date (for body
mass and body mass variation) with bird ID as random parameter and these fixed parameters: partnership status, breeding stage and sex for (A), and
partnership status and year for (B). Data were log-transformed and standardized (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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(Clutton-Brock, 1991; Royle et al, 2012) and their survival
probability (Stearns, 1992; but see Cruz-Flores et al., 2021).
Any enhancement in parental effort implies an increment in
energy expenditure, especially when this investment is related to
foraging and flight behavior. In our study, foraging efforts increase
during detrimental years and particularly for changed mates
(consistent with our first prediction P1). Flight is the dominant
behavior of gannets during foraging, searching for prey and plunge-
diving (Lewis et al., 2002). As many other nesting birds, gannets adopt
a central-place foraging strategy during reproduction (Ashmole,
1963), i.e., they need to collect and return with food at the nest
regardless of the prey density and environmental conditions. Thus,
when the distribution of prey is changing or when prey biomass
decreases, seabirds must have the capacity to broaden their foraging
range. As observed between 2003 and 2012-2014, gannets nesting at
Bonaventure Island expanded substantially their time searching for
food (+ 57%) due to biomass decline of their preferred prey (Atlantic
mackerel, Guillemette et al, 2018). Trip distance and trip range
measured in our study are very contrasted according to the years:
lower distances during the favorable year (2018) than those found in
literature for the same species, but during less favorable years (2017
and 2019) distances are much higher or similar (e.g., mean trip
duration=232km in Hamer et al. (2000), data from 18 to 595km in
Pettex et al. (2012), 266 km for males or 519 km for females in Stauss
et al. (2012), means from 480 to 563km in Guillemette et al. (2018),
means from 369 to 601 km, Malvat et al. (2020)). Given the high rate
of energy expenditure associated with flight, an estimated cost of flight
during foraging (84 W, Pelletier et al., 2020) was in average 2,848 k] for
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a flight of 550km and 2097 kJ for a flight of 405km (Table 1). This high
level of energy expenditure, viewed as an augmentation in parental
effort, might potentially reduce the health condition of the parent at
the end of the breeding season, limiting survival probability and the
opportunity of breeding the following year (Stearns, 1992).

Physiological condition

Nutritional status and muscle damage

Results presented in our study did not highlight a clear increase
in nutritional stress related with partnership status (according to
carbohydrates, lipids, and protein metabolism). For instance, we found
no evidence to support our initial prediction (P2), where changed
mates, compared to retained mates, increase their nutritional stress
(except for uric acid).

Plasma GLU levels measured in our study (13.6 mM) are similar
to those obtained by Braun and Sweazea (2008) predicted by the
relationship between plasma GLU and log BM (15.3-
0.44*1ogBM = 13.8 mM where BM =3,000g) most likely to ensure the
bird’s central nervous system homeostasis (Totzke et al., 1999; Braun
and Sweazea, 2008).

Combination of results for TRIG, BHB and URIC plasma content
were suspected to reflect nutritional and physiological state of birds
(Jenni-Eiermann and Jenni, 1998), but the results did not reveal any
trend related to partnership status. Because levels of plasma TRIG
were found to reflect reproductive effort in breeding birds (Masello

and  Quillfeldt, 2004) and flying effort during migration
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FIGURE 3

Plasma biomarkers concentration of nutritional status [(A) glucose (GLU), (B) triglycerides (TRIG), (C) beta-hydroxybutyrate (BHB), (D) total protein
content (TP), (E) albumin (ALB), (F) globulins (GLOB), (G) albumin/globulins ratio (A/G), (H) uric acid (URIC)] and muscle damage [(I) creatine kinase
activity (CK)] in northern gannets that changed and retained their mates in 2017, 2018, and 2019. Results exposed are estimated marginal means (+95%
Cl) by year obtained from mixed linear models build with bird ID as random parameter and these fixed parameters: partnership status for (B),
partnership status and year for (A,C,E), partnership status, year and partnership status:year interaction for (H), partnership status, year, sex and breeding
stage for (D,F,G), and partnership status, year and sex for (I). Data were log-transformed and standardized (*p<0.05, **p<0.01, ***p<0.001,
****p<0.0001; green symbols represent significant differences for individuals that retained their mate and purple symbols represent significant
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involved in lipid transport and are the main energy source during
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Biomarkers of (A) oxidative damage in plasma (thiobarbituric acid reactive substance concentration corrected for triglycerides — TBARSt) and (B) total
antioxidant capacity of plasma (TAC) in northern gannets that changed and retained their mates in 2017, 2018 and 2019. Results exposed are estimated
marginal means (+95% CI) by year obtained from a mixed linear model with bird ID as random parameter and these fixed parameters: partnership
status, breeding stage and partnership status:breeding stage interaction for (A), and partnership status and year for (B). Data were log-transformed and
standardized. Because TAC varied positively with uric acid (URIC, Pearson's r=0.46, F1,98=24.53, p<0.0001), TAC was controlled for URIC by using
residuals of Imer (zITAC ~ (1]ID)+zIURIC) (**p<0.01, ***p<0.001, ****p<0.0001).

*k*
* k%%

H (] changed

(‘/ © retained

Total antioxidant capacity in plasma [residual z log] (+ 95% CI)

2017 2018 2019
Year

breeding stage, or annual environmental conditions. In addition, this
absence of association with TRIG is reflected by plasma levels of BHB,
a by-product of the breakdown of fatty acids. In other words, fasting
did not appear to be more severe in birds that changed mates.
Nevertheless, the inter-annual comparison suggests that fat catabolism
was intensely mobilized during the detrimental year, suggesting
fasting in the whole population when feeding conditions are critical.

We found no evidence of influence of partnership status on protein
metabolism via TP, ALB and GLOB, but we recorded highest rates of
these metabolites during unfavorable years. TP, ALB and GLOB ranges
were similar to those found in literature for similar species (Balasch
etal, 1974; Lumeij, 1987; Newman et al., 1997). Increase in TP and
ALB may also result from dehydration, and increase in TP, but not
ALB, may be due to acute or chronic inflammatory conditions implying
an elevation in «, f} or y globulin concentrations and frequently, a
decrease in ALB. The combined effect of these changes is a decrease in
A/G ratio. Chronic infectious diseases such as aspergillosis and
tuberculosis are some possible examples (Lumeij, 1987).

We found high variability in protein catabolism via plasma URIC
concentration between partnership status and year, but the highest
URIC values were measured in changed mates during 2019. URIC
results measured in our study (767 pmol.L" in average) are higher
than reported values for other avian species: 178-595umol.L™
(Campbell and Grant, 2010). Therefore, our study suggests that
gannets breeding during unfavorable years increased protein
catabolism. Studies of starvation in large birds (see Jenni-Eiermann
and Jenni, 1998) have shown that URIC increases dramatically with,
conversely, a rapid drop in TRIG and/or BHB levels, indicating that
mobilization of protein concord with diminution of the reserves of
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stored fat. The extrinsic conditions affect breeding gannets and
during unfavorable years, gannets of any partnership status are
probably at the threshold of starvation. Moreover, during unfavorable
years, birds that changed their mates are possibly in a more critical
health condition with higher levels of nutritional stress
and dehydration.

The plasma CK activity changes significantly between years and not
between partnership status, which did not support our initial prediction
(P3) where changed mates increase their muscle damage (expressed as
increase in CK activity). This result again demonstrates that increased
foraging effort related to unfavorable environmental conditions for
reproduction is a determinant of physiological condition, more than
increased effort associated with mate change. Indeed, the CK activity
increased the most during years when the foraging distances traveled by
gannets are greater. These results are consistent with the highest foraging
effort associated with flight (Guglielmo et al., 2001; Swanson and Thomas,
2007) and the highest protein catabolism in changed mates during
unfavorable years.

Oxidative stress

Oxidative stress regulation has been proposed as a key
physiological mechanism underlying life-history trade-offs in
vertebrates (Costantini, 2017). However, long-lived bird species are
known to produce less blood cell mitochondrial ROS than short-lived
birds (Delhaye et al., 2016) and to have normally low levels of reactive
oxygen species in circulation (Xia and Moller, 2018). Long-lived birds
should suffer less oxidative damage than short-lived birds and
therefore, inter-individual differences are probably difficult to
distinguish without considering intra-individual variability.
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In a meta-analysis (with 82 species), Costantini (2017) found no
differences between males and females in terms of oxidative damage
when both sexes contribute to parental care, suggesting that equivalent
workload (e.g., foraging flights, protection behavior, etc.) drives
equivalent oxidative balance. Sex has not been included in any model
calculated for TBARSt, but we found higher short-term plasma
oxidative damage (higher TBARSt) in changed mates between
incubation and chick-rearing periods. Thus, this increase is only greater
during the year when environmental conditions were most unfavorable
for gannet breeding (prediction P4 where changed mates increase their
oxidative damage more than retained mates). The short-term increase
in oxidative damage related to parental adjustment or parental
compensation could however be partly offset by mechanisms of
protection. Biomarkers that assess stress and oxidative stress in mid- or
long-term perspective (such as biomarkers of DNA damage or telomere
dynamics) should be used to investigate the long-term influence of
increased parental effort promoted by changes in partnership status.

Plasma TAC levels were not influenced by partnership status
(prediction P5 where changed mates decrease their antioxidant
capacity). However, as shown above, gannets that changed their mate,
increased their foraging effort during the worst unfavorable breeding
conditions and then, the increased workload due to this energetic
demand should have negatively affected the non-enzymatic
antioxidant capacity of plasma. As demonstrated in an experimental
study by Alonso-Alvarez et al. (2004), an augmentation in parental
effort in zebra finches (from no breeding to six chicks rearing)
contribute to decreasing plasma antioxidant capacity and thus, to
increase potential oxidative stress. However, long-lived bird species,
as gannets, have higher levels of antioxidants to cope and live longer
with many oxidative attacks caused through the life by aerobic
metabolism (Falnes et al., 2007; Galvan et al.,, 2012) (but see Cohen
et al.,, 2008). Antioxidants protect them against alteration of gene
expression that ultimately leads to cellular senescence and cell death
(Finkel and Holbrook, 2000). It has been shown that king penguins
are naturally equipped to resist stress with an up-regulation in
endogenous antioxidant defenses (glutathione antioxidant system)
and a decrease in mitochondrial efficiency (Stier et al., 2019).

Conclusion

The goal of this paper was to identify the potential physiological
consequences of behavioral flexibility (as divorce and foraging effort)
in relation to annual variation in breeding conditions (as food
stochasticity). Our study enabled us to provide insights into the
impacts of an individual’s decision-making process as change mates
on nutritional status and oxidative stress. At the breeding season
temporal scale, we found that birds that changed mate had to increase
parental effort (e.g., foraging effort). Individuals with a new partner
were affected by greater increases of lipid oxidative damage and
higher mass loss during chick rearing period, and higher protein
catabolism (supporting our first hypothesis). In addition, the negative
impact of mate change on physiological condition occurs mostly
during unfavorable years when environmental conditions lead to
food insecurity. The interannual variability in physiological
biomarker suggests that regulation of nutritional status and
antioxidant capacity may have a primary role to play in explaining
the impact of parental effort on physiological condition. Most
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importantly, using annual breeding success as a proxy, our results
show that the very high interannual environmental variability seems
to be a major factor in explaining the long-term physiological
condition of gannets.
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