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Variation in albumin glycation rates in birds
suggests resistance to relative
hyperglycaemia rather than conformity to the
pace of life syndrome hypothesis



Abstract

The pace of life syndrome (POLS) hypothesis suggests that organisms’ life
history and physiological and behavioural traits should co-evolve. In this
framework, how glycaemia (i.e. blood glucose levels) and its reaction with
proteins and other compounds (i.e. glycation) covary with life history traits
remain relatively under-investigated, despite the well-documented consequences
of glucose and glycation on ageing, and therefore potentially on life history
evolution. Birds are particularly relevant in this context given that they have the
highest blood glucose levels within vertebrates and still higher mass-adjusted
longevity compared to organisms with similar physiology as mammals. We thus
performed a comparative analysis on glucose and albumin glycation rates of 88
bird species from 22 orders in relation to life history traits (body mass, clutch
mass, maximum lifespan, and developmental time) and diet. Glucose levels
correlated positively with albumin glycation rates in a non-linear fashion,
suggesting resistance to glycation in species with higher glucose levels. Plasma
glucose levels decreased with increasing body mass, but, contrary to what is
predicted in the POLS hypothesis, glucose levels increased with maximum
lifespan before reaching a plateau. Finally, terrestrial carnivores showed higher
albumin glycation compared to omnivores despite not showing higher glucose,
which we discuss may be related to additional factors as differential antioxidant
levels or dietary composition in terms of fibres or polyunsaturated fatty acids.
These results increase our knowledge about the diversity of glycaemia and
glycation patterns across birds, pointing towards the existence of glycation
resistance mechanisms within comparatively high glycaemic birds.
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Smaller animals often live shorter lives and use energy at a faster rate than their
larger, longer-lived counterparts. This is partly related to differences in their
resting metabolic rate, which is the energy expended to maintain basic bodily
functions over a given time. For example, mice have high metabolic rates and
short lifespans, whereas elephants live much longer and have lower metabolic
rates per gram of body mass. However, many birds — despite having high
metabolic rates — can live far longer than mammals of a similar size.

Birds also have the highest blood glucose levels of any vertebrate group.
Through a process known as glycation, glucose and other sugars can attach
themselves to molecules such as proteins. The resulting glycated proteins are
thought to have negative effects on the body, which can contribute to the ageing
process. Therefore, the amount of glycated protein in the blood is often used as
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a marker for harmful blood glucose levels in humans, which can be indicative of
diseases such as diabetes. However, it remained unclear how birds resist the
negative impacts of high blood glucose levels and glycation.

To investigate, Moreno-Borrallo et al. used measurements from 88 different bird
species to explore how glucose levels and glycation of a protein called albumin
are related to diet, lifespan and other variables. As expected, species with higher
blood glucose levels had higher levels of albumin glycation. However, species
with very high glucose levels showed relatively low glycation, suggesting these
birds can resist the negative effects of high blood glucose.

Surprisingly, the analysis showed that species with higher glucose levels also
tended to live longer, although this increase in lifespan eventually levelled off.
This is contrary to the idea that species with higher metabolic activity have
evolved shorter lifespans. Moreno-Borrallo et al. also showed that glucose levels
decrease with body mass but are not related to any other traits. Glycation, on the
other hand, is impacted by diet, with land (but not aquatic) carnivores showing
higher levels than omnivores.

These analyses systematically explore how glucose and glycation levels relate to
traits such as lifespan and diet across a wide range of bird species. The results
will be valuable to evolutionary biologists and may also have implications for
human health, particularly in understanding how glycation can be resisted during
ageing. Future research should also focus on identifying which diets may help
protect against glycation.

Introduction

The pace of life (POL) hypothesis (Wikelski and Ricklefs, 2001; Ricklefs and
Wikelski, 2002; Wikelski et al., 2003) postulates that organisms’
behavioural/physiological characteristics and life histories have co-evolved in
answer to specific ecological conditions forming pace of life syndromes (POLS)
along a fast-slow continuum (but see Stott et al., 2024 for the more recent
consideration of other axes). According to the classical approach from life
history theory, slower organisms would have, for example, large body mass, late
maturation, slow growth rate, small number of large offspring, and high longevity,
with faster ones representing the opposite trait values (see Stearns, 1989;
Gaillard et al., 1989; Stearns, 1992; Vasilieva, 2022) within this continuum. POL
hypothesis added physiology to this continuum, with studies testing its
predictions focusing often on metabolic rate (i.e. higher or lower metabolic rate
corresponding to faster or slower POL, respectively; see e.g. Trevelyan et al.,
1990; Austad and Fischer, 1991; Speakman, 2005; de Magalhaes et al., 2007).
However, key energy substrates related to metabolic performance, such as
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glucose concentrations in tissues, have been largely overlooked (but see Kjeld
and Olafsson, 2008; Tomasek et al., 2019; Tomasek et al., 2022; Vagasi et al.,
2024). Notably, glucose, a central energy source for many organisms, plays a
pivotal role in metabolism, and there are some indications that its circulating
blood or plasma levels correlate positively with metabolic rate per gram of mass
at the interspecific level (Kjeld and Olafsson, 2008; Umminger, 1977), and with
whole-body metabolism at the intraspecific level (Guo et al., 2023 for the case of
non-diabetic humans).

Research focusing on plasma glucose becomes highly relevant as high
glycaemia can entail costs that accelerate ageing. Along with other reducing
sugars, glucose can react non-enzymatically with free amino groups of proteins,
lipids, or nucleic acids, a reaction known as glycation (Maillard, 1912; Suji and
Sivakami, 2004). This reaction, after several molecular reorganizations, can lead
to the formation of a plethora of molecules called advanced glycation
end-products (AGEs) (Cerami et al., 1986). AGEs can form aggregates in tissues
that are well known to contribute to several age-related diseases, such as
diabetes (e.g. reviews by Poulsen et al., 2013; Chaudhuri et al., 2018; Khalid et al.,
2022; Twarda-Clapa et al., 2022). AGEs are also known to promote a
proinflammatory state through their action on specific receptors called RAGEs (
Hofmann et al., 1999; Schmidt et al., 2001).

Remarkably, birds show circulating glucose levels much higher than other
vertebrate groups, on average almost twice as high as mammals (Polakof et al.,
2011). These relatively high glucose levels might support the higher metabolic
rates (Lasiewski and Dawson, 1967; Speakman, 2005) and body temperatures
observed in birds compared to mammals (King and Farner, 1961; Dawson and
Hulbert, 1970). In addition, elevated glycaemia is thought to be an adaptation to
flight, providing birds with rapid access to an easily oxidizable fuel during intense
bursts of aerobic exercise (see Marsh et al., 2004; Weber, 2011), such as during
take-off and short-term flapping flights (Braun and Sweazea, 2008; Szwergold
and Miller, 2014a). However, the presence of high glycaemia in birds is also
paradoxical, given their remarkable longevity compared to their mammalian
counterparts—living up to three times longer than mammals of equivalent body
mass (Lindstedt and Calder, 1976; Speakman, 2005).

Several non-excluding hypotheses have been proposed to explain how birds
apparently resist the pernicious effects of a high glycaemic state. One possibility
is that birds might resist protein glycation through a lower exposure of lysine
residues at the surface of their proteins (Anthony-Regnitz et al., 2020). Another
hypothesis suggests that increased protein turnover may play a role (
Muramatsu, 1990; Makino and Kita, 2018). Additionally, birds might benefit from
more effective antioxidant defences (Schweigert et al., 1991; Ku and Sohal, 1993;



Hickey et al., 2012) (although within Passeriformes [Vagasi et al., 2024] shows
no coevolution between glycaemia and antioxidant defences) or even the
presence of ‘glycation scavengers’ (i. e. molecules that bind glucose avoiding it
to react with proteins) such as polyamines which circulate at a high
concentration (Szwergold and Miller, 2014a). Moreover, it is generally considered
that RAGEs are not present in avian tissues, suggesting possible adaptive
mechanisms that would allow birds to avoid the inflammatory consequences
associated with RAGE activation (Eythrib, 2013; Szwergold and Miller, 2014b).
However, a putative candidate for RAGE and a case of AGE-induced
inflammation in birds were identified by Wein et al., 2020, warranting further
investigation on the occurrence of RAGEs in birds.

To date, although protein glycation levels have been measured in birds in several
species, these results were mostly descriptive and concerned a small number of
species (Rendell et al., 1985; Miksik and Hodny, 1992; Andersson and
Gustafsson, 1995; Beuchat and Chong, 1998; Ardia, 2006; Récapet et al., 2016;
Ingram et al., 2017; Brun et al., 2022; Borger, 2024). Additionally, many of these
studies employ commercial kits that were not specifically designed for avian
species, making it challenging to interpret the results (Brun et al., 2022). These
limitations restrict our ability to draw general conclusions from these studies.
Here, we performed a comparative analysis on primary data (for glycation and
most of the glucose values, see ‘Materials and methods’ and Appendix 1) from
88 bird species belonging to 22 orders (see Appendix 1) and assessed whether
and how bird glycaemia and glycation rates are linked to ecological and life
history traits (including body mass). While doing this, we also checked whether
glycation levels are influenced by circulating plasma glucose concentrations.
Finally, as diet can influence glycaemia (see e.g. Tomasek et al., 2022; Kapsetaki
et al.,, 2023; Szarka and Lendvai, 2024 but Tomasek et al., 2019 found no
significant effects) and glycation, we included it in our analyses. We
hypothesized that carnivorous birds would exhibit higher glycaemia and
glycation levels than omnivorous or herbivorous species as diets with low
carbohydrates, high proteins, and high fat are associated with comparatively
high glycaemia and reduced insulin sensitivity in some vertebrates (e.g. Coulson
and Hernandez, 1983; Dobbs, 1985; Verbrugghe and Hesta, 2017). Accordingly, a
recent comparative study in birds showed higher blood glucose levels in
carnivorous species (Szarka and Lendvai, 2024). This may be attributed to high
levels of constitutive gluconeogenesis, which has been confirmed in certain
raptors (Migliorini et al., 1973; Myers and Klasing, 1999). Conversely, bird
species with a high sugar intake, such as frugivores or nectarivores, are
expected to exhibit high glycaemia, as observed in hummingbirds (Beuchat and
Chong, 1998) and Passeriformes with such diet (Tomasek et al., 2022) (although
the opposite was found in Szarka and Lendvai, 2024). In line with the POLS
hypothesis, we also hypothesized that species with a slower POL should exhibit



a lower glycaemia and higher glycation resistance (glycation levels for a given
glycaemia) compared to species with a faster POL. Hence, we included the
following four parameters in our analyses of glycaemia and glycation levels:
body mass, maximum lifespan, clutch mass, and developmental time. Body
mass is one of the main factors underlying life history, with higher body mass
associated with ‘slower’ strategies and vice versa (Stearns, 1983). Previous
studies have reported a negative relationship between body mass and glycaemia
(Umminger, 1975; Braun and Sweazea, 2008; Kjeld and Olafsson, 2008; Tomasek
et al., 2019; Szarka and Lendvai, 2024) (but see Beuchat and Chong, 1998;
Scanes, 2016 with non-significant trends in birds, and Tomasek et al., 2022 only
for temperate species within Passeriformes). Therefore, we predicted that bird
species that live longer, develop more slowly, and invest less per reproductive
event (see Appendix 1 for further justification of the chosen variables) should
show lower plasma glucose levels and albumin glycation rates (after controlling
for body mass, phylogeny, diet, and glucose in the case of glycation; see
‘Materials and methods’).

Materials and methods

Species and sample collection

A total of 484 individuals from 88 species measured were included in this study
(see Appendix 1—table 1). A detailed list with the provenance of the samples,
including zoos, a laboratory population, and both designated captures and
samples provided by collaborators from wild populations, is provided in
Supplementary file 3, with a textual description in Appendix 1.

Blood samples were collected from the brachial or tarsal vein, or from the feet in
the case of swifts, using heparin-lithium capillaries or Microvette (Sarstedt). As
samples were collected mostly by different collaborators, handling times were
not always recorded and could not be adjusted for, potentially rendering the
results more conservative (for a more detailed discussion on potential stress
effects on glucose, see Appendix 1), Samples were centrifuged at 4°C, 3500 x g
for 10 min and plasma was aliquoted when a large volume was available.
Subsequently, they were transported on dry ice to the Institut Pluridisciplinaire
Hubert Curien (IPHC) in Strasbourg and stored at —80°C until analysis.
Glycaemia was measured in the laboratory on the remaining plasma after taking
an aliquot for glycation assessment using a Contour Plus glucometer (Ascensia
Diabetes Solutions, Basel, Switzerland) and expressed in mg/dL. These of
point-of-care devices have previously been assessed for its usage in birds (
Mohsenzadeh et al., 2015; Morales et al., 2020), with several examples of its
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usage in recent literature related to the topic presented here (e.g. Tomasek et al.,
2019; Downs et al., 2010; Breuner et al., 2013; McGraw et al., 2020). We also
performed an assay with this particular brand on a subset of 46 samples from
this study, coming from nine species distributed across the whole range of
glucose values (three species with ‘low’ values, three with ‘medium’, and three
with ‘high’, from both captive and wild populations, with five individuals per
species, except one including six), confirming a positive linear correlation (R2
marginal = 0.66; R2conditional = 0.84, for a model including the species as
random factor) of this device with Randox GLUC-PAP colourimetry kits (p-value<
0.001, unpublished data). Due to technical issues related to the incapability of
the device to determine certain glucose values (not because of the glucose
concentration, but perhaps the particular composition of the plasma samples
from certain species), we could not determine glycaemia values of 95 individuals
of those that we sampled and in which glycation levels were assessed
(belonging to 40 species coming from different sources). For these species, if
not a single individual had a glucose measurement (which was the case in 13
species), we obtained mean plasma glucose values reported for the species
from the ZIMS database from Species360 (Species360 Zoological Information
Management System [ZIMS] 2023, zims.Species360.org). This database
provides plasma glucose data measured by colorimetric glucose kits on zoo
specimens not necessary corresponding to those in which we measured
glycation values. The sample sizes for both glucose and glycation
measurements, either from our measured individuals or from the ones from
ZIMs, are reported in the Supplementary file 5.

Glycation levels

Glycation levels for each individual were determined using liquid
chromatography coupled to mass spectrometry (LC-MS), which is considered
the gold standard for the assessment of protein glycation levels (see e.g.
Priego-Capote et al., 2014) and has previously been used for birds (Ingram et al.,
2017; Brun et al., 2022; Zuck et al., 2017). Given the relatively high time
intrinsically taken by the employed methodology for analysing all the samples,
linked to constraints in the access to the mass spectrometry devices, the whole
set of samples of this study were analysed across several instances within a
total timespan of less than 2 years (2021-2023). Only one sample from each
individual was measured, given logistic limitations on the total number of
samples that could be processed. Briefly, 3 uL of plasma were diluted with 22 pL
of distilled water containing 0.1% of formic acid, followed by injection of 5 pL
into the system. The glycation values used in the analyses represent the total
percentage of glycated albumin, obtained by adding the percentages of singly
and doubly glycated albumin. These percentages were calculated by dividing the



areas of the peaks corresponding to each glycated molecule form (albumin plus
one or two glucose) by the total albumin peak area (sum of the areas of glycated
plus non-glycated molecules) observed in the spectrograms obtained from the
mass spectrometry outcomes. These spectrograms represent the different
intensities of signal for the components differentiated in the sample by their time
of flight (TOF), which depends on the mass to charge ratio (m/z) of the ionized
molecules. More detailed information regarding functioning of the method and
data processing can be found in Brun et al., 2022. In cases where albumin
glycation values dropped below the limit of detection, resulting in missing data,
these individuals (10 individuals from four species) were excluded from the
statistical analyses, as outlined below.

Data on ecology and life history

Diets of individual species were extracted from the AVONET dataset (Tobias et
al., 2022, coming from Pigot et al., 2020, and those adapted from Wilman et al.,
2014) and life history traits from the Amniote Database (Myhrvold et al., 2015).
After determining that AVONET diet classifications did not align with our
research needs, minor changes were made after consulting the original Wilman
et al., 2014 database (see Appendix 1).

For missing data on life history traits after this stage, we extracted values, in
order of preference, from the AnAge database (Tacutu et al., 2018) or the Birds
of the World encyclopaedia (Billerman et al., 2022) by calculating mean values if
an interval was given, and then averaging if male and female intervals were
provided separately. For European species, maximum lifespan records have
always been checked against the most recent Euring database (Fransson et al.,
2023), and from Chionis minor and Eudyptes chrysolophus (not available from
the previous sources) they were extracted from the Centre d'Etudes Biologiques
de Chizé, Centre National de la Recherche Scientifique database. Several species
from the zoo had maximum lifespan values available on the ZIMs from Species
360 (Species360 ZIMS 2023, zims.Species360.org), so these were also
compared with the data we had from other sources.

In the case of variables (other than maximum lifespan) for which two different
sources provided different records, an average value was calculated. For the
maximum lifespan value, available sources were cross-checked and the highest
value was always used. In the absence of satisfactory support from another
source, values for maximum lifespan indicated as being anecdotal and of poor
quality have been excluded from the analyses. A table with the adequate
citations for each value is provided as part of the online available data (see ‘Data
availability’ section). When the source is AVONET (Tobias et al., 2022), this



database is cited, and when it is Amniote Database (Myhrvold et al., 2015), we
cite the sources provided by them, so the references can be checked in Myhrvold
et al., 2015. A list with all the additional references not coming from any of these
databases or not provided by their authors (and that are not already in the main
text) is given in Supplementary file 4.

Statistical analyses

All analyses were performed in Rv.4.3.2 (R Development Core Team, 2023).
Alpha (a)<0.05 was reported as significant, and 0.05<a<0.1 as trends. General
linear mixed models with a Bayesian approach (MCMCglmm function in R;
Hadfield, 2010) were performed. All models were run with 6 x 106 iterations, with
a thinning interval of 100 and a burn-in of 1000. The models were simplified by
eliminating quadratic terms where they were not significant and selecting
models with lower Akaike Information Criterion and Bayesian Information
Criterion. Gaussian distribution of the response variables was assumed (after log
10 conversion for glucose; see Appendix 1 for further discussions). The priors
were established assuming variance proportions of 0.2 for the G matrix and 0.8
for the R matrix, with v = 2. Less informative priors with equal variance
proportions for each partition (residual and random) gave similar results. Lower
v values (0.1, 0.2, 0.002) were also tested, without success (i.e. simulations
aborted before the established number of iterations). For the phylogenetically
controlled analyses, consensus trees (each with the species included in the
model) were obtained by using the consensus.edges function from the phytools
package from R [Revell, 2024] from a total of 10,000 trees downloaded from
Birdtree.org [Jetz et al., 2012] (option ‘Hackett All species’; Hackett et al., 2008).
For such purpose, a list of species with the names adapted to the synonyms
available in such website was used (see Supplementary file 5), including the
change of Leucocarbo verrucosus for Phalacrocorax campbelli, as the former
was not available and it was the only species from the order Suliformes in our
dataset, so that neither the position in the tree nor the branch length would be
affected by this change. The consensus trees were included as pedigree in the
models. We performed models with either glucose or glycation as dependent
variables and with the diet, body mass, and life history traits as predicting
variables (and glucose in the models with glycation as a response to assess
glycation resistance; see ‘Introduction’; another set of models without glucose
were performed to test if there was a covariation of glycation itself,
independently of glucose levels, covaried with life history; see Appendix 1).
Generalized variance inflation factors (GVIFs) were calculated for all the models
with more than one predictor variable to assess the collinearity of them as it may
be expected for life history traits (see results in Supplementary file 1),
considering values above 1.6 as slightly concerning, above 2.2 as moderately



concerning, and above 3.2 as severely concerning (i.e. indicating high
collinearity; following Nahhas, 2024). Models testing the effects of age and sex
on glucose and glycation levels and the number of exposed lysine residues on
glycation were also carried out. Finally, we performed models on glucose and
glycation values controlling for the taxonomic orders included in the dataset (see
Supplementary file 5). The effects of phylogeny on all models were determined
by calculating the ratio of the variance estimated for the ‘animal’ variable,
representing the pedigree (see Appendix 1) by the total variance (all random
factors plus units). A thorough description of all of the models, including
transformations of the variables and other details, is given in Appendix 1.

Request a detailed protocolRequest a detailed protocolRequest a detailed
protocolRequest a detailed protocol

Results

Plasma glucose and albumin glycation variability across
the birds’ tree

Plasma glucose and albumin glycation values varied considerably across
species (Figure 1). Considerable within-species repeatability (see Appendix 1)
was observed (glucose: R = 0.716, SE = 0.042, CI95 =[0.619, 0.785], p-value<
0.0001; glycation: R = 0.703, SE = 0.042, CI95 = [0.603, 0.768], p-value<0.0001).


#

'P‘Lu..-,l'l"l" il C'w""“"'hl'l EF

>h. )

WVariable
Glucose

— Glycabon
We found significant differences between some orders for both glucose and
albumin glycation. Supplementary file 1 shows the raw outcomes of the models,
showing such significant differences to the intercept and the credible intervals to
perform the pairwise comparisons across all groups. To explore some of the
details, we can see, for example, how Apodiformes showed the highest average
glucose values (species average model: estimated mean = 351.8 mg/dL, CI95
[238.9, 514.2]; model with individuals: estimated mean = 349.8 mg/dL, CI95
[251.8, 476.7], n = 39 individuals, one species), followed by Passeriformes
(species average model: estimated mean = 349.2 mg/dL, CI95[279.6, 438.6];
model with individuals: estimated mean = 337.6 mg/dL, Cl95[274.5, 414.5],n =
84 individuals, eight species), while the Suliformes (species average model:
estimated mean = 172 mg/dL, CI95[117.6, 252.9]; model with individuals:
estimated mean = 169.5 mg/dL, CI95[120.9, 239.7], n=5 individuals, one
species), Rheiformes (species average model: estimated mean = 173.7 mg/dL, CI



95[118, 254.7]; model with individuals: estimated mean = 172 mg/dL, CI95[123.7,
239.8], n=9 individuals, one species), and Phoenicopteriformes (species average
model: estimated mean = 176 mg/dL, CI95[130, 241.1]; model with individuals:
estimated mean = 141.2 mg/dL, CI95[100.4, 198.2], n = 5 individuals, one
species) show the lowest average values (for the species average models, the
pattern is Suliformes < Rheiformes < Phoenicopteriformes, while for the
individual models is Phoenicopteriformes < Suliformes < Rheiformes).

For glycation, Strigiformes (species average model: estimated mean = 25.6 %, Cl
95Suji and Sivakami, 2004; Dawson and Hulbert, 1970; model with individuals:
estimated mean = 25.3 %, C195[19.1, 31.5], n = 7 individuals, two species),
Apodiformes (species average model: estimated mean = 25.5 %, CI95[18.6, 32.4];
model with individuals: estimated mean = 24.8 %, CI95[17.9, 32], n = 40
individuals, one species), and Coraciiformes (species average model: estimated
mean = 24.5 %, Cl195[17.9, 31.6]; model with individuals: estimated mean = 23.9
%, C195[15.8, 32], n = 2 individuals, one species), all terrestrial carnivores as by
our sampled species (see ‘Discussion’), had the highest average.

On the other hand, Casuariiformes (species average model: estimated mean =
10.8 %, CI95[3.7, 18.1]; model with individuals: estimated mean = 11.4 %, CI95
[2.7,20.6], n=1 individuals, one species), Phoenicopteriformes (species average
model: estimated mean = 11.2 %, CI95[5.6, 16.7]; model with individuals:
estimated mean = 10.5 %, Cl95[4.6, 16.3], n = 22 individuals, two species), and
Suliformes (species average model: estimated mean = 13.8 %, CI95[7, 20.7];
model with individuals: estimated mean = 13.2 %, CI95[5.6, 20.5], n =5
individuals, one species) had the lowest average levels for the species average
models, the pattern is Casuariiformes < Phoenicopteriformes < Suliformes, while
for the individual models is Phoenicopteriformes < Casuariiformes < Suliformes.
Graphs with raw data on species average and individual glucose and glycation
values by order are shown in Supplementary file 2 (Supplementary file 2).
Estimates of phylogeny effects on the residuals of the models on glucose and
glycation values differ if we consider the models with intraspecific variability or
without it, but not so much between the models with and without life history
traits (within the previous categories). In the case of species averages, the effect
of the tree on residual glucose variation is lower and the estimation is less
precise than for residual glycation variation, while for the models considering
individual values, it is glycation residuals what shows lower levels of tree-related
variance than glucose residuals (see Supplementary file 1).

Bird glycaemia appears related to body mass and
maximum lifespan



After controlling for intraspecific variation in our analyses, we found that the
variations in glucose levels were significantly explained by the variations in body
mass and both the linear and quadratic components of residual maximum
lifespan (i.e. mass and phylogeny-adjusted maximum lifespan), but not by
variations in diet (see below), clutch mass, and developmental time (see Table 1
for the model including life history trait variables). Heavier species had lower
glucose levels (see Figure 2A, drawn with the estimates from the model without
life history traits, which includes more species). Glucose levels increase with
increasing mass-adjusted lifespan until reaching a plateau (Figure 2B). Models
that did not consider intraspecific variability show no significant effect of any of
the aforementioned variables on glucose levels (see Supplementary file 1). The
provenance of the samples (wild versus captive) only showed a trend to a higher
glucose levels in the samples from captive individuals in the model without life
history traits (estimate = 0.058; CI95[-0.008, 0.125]; p-value = 0.083).
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Bird albumin glycation is related to glycaemia and diet

After controlling for intraspecific variability, we found that diet, contrary to what
was observed for glucose (see Figure 3A, with predictions from the model
without life history traits and Supplementary file 2 with raw individual data from
the same dataset), was affecting variation in albumin glycation rates, with
terrestrial carnivorous species having higher glycation levels than omnivorous
species (Table 2 for complete model; see Figure 3B with predictions of the
model without life history traits, and Supplementary file 2 with raw individual



data from the same dataset). However, for the models for species averages,
there was only a trend on this pattern in the one including life history traits, and
no effect in the other (see Supplementary file 1). The relation between glycation
and glucose levels was positive and significant in all but the model that included
life history traits but not intraspecific variation (see Table 2 for the outcome of
the model with individual values and life history traits and Supplementary file 1
for the rest; see Figure 4 with estimates from the model including individual
variation but no life history traits, as it contains more species and the estimates
are similar). Given the logarithmic relationship between glycation and glucose
(see Appendix 1), the slope lower than one (see Table 2) implies that birds with
higher glucose levels have relatively lower albumin glycation rates for their
glucose, fact that we would be referring to as higher glycation resistance. The
glycation models excluding glucose levels, and therefore testing for covariates
of life history with glycation itself, without considering resistance, rendered
similar results, with only the abovementioned dietary effects being significant
(see Supplementary file 1).
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Additional analyses looking at the number of exposed lysines in the albumin
sequence of a species show no effect of this variable on albumin glycation rates
(a =10.39: CI95[-3.713, 24.993], B = 0.246: CI95[-0.144, 0.629], PMCMC =
0.196; Supplementary file 1).

We observed no significant effect of age relative to maximum lifespan nor sex
on either glycaemia or glycation (see Supplementary file 1). In some models,
GVIF for body mass and/or clutch mass were higher than 1.6, and in one case
body mass is slightly above 2.2 (2.26, see Supplementary file 1). This indicates
that there may be moderate collinearity for this variables, but the fact that we
used life history trait covariates that are excluding body mass associated



variation, this small effects remain mysterious, but nevertheless probably not
worrying.

Discussion

Plasma glucose level and albumin glycation rate
(co)variation patterns suggest resistance mechanisms

Our findings show that glucose levels vary widely among different bird groups.
Interspecific differences are partly explained by the allometric relationship of
glycaemia with body mass (Figure 2A), which has already been reported in
previous studies (Szarka and Lendvai, 2024; Umminger, 1975; Braun and
Sweazea, 2008; Kjeld and Olafsson, 2008; Tomasek et al., 201 9). Indeed,
Passeriformes, Apodiformes, and some Columbiformes (e.g. Nesoenas mayeri
holds the highest value in our dataset) are found at the higher end of the
glucose-level continuum, in accordance with their relatively small body mass and
powered flight, while groups of larger birds such as Phoenicopteriformes,
Anseriformes, Rheiformes, and Suliformes tend to show low glycaemia levels.
This pattern is similar for glycation, with some groups of large birds (such as
Phoenicopteriformes, Anseriformes, and Suliformes) showing the lowest levels
of glycated albumin, while small birds (such as Apodiformes) had the highest
values. Nevertheless, glycation remains high in some birds in relation to their
glucose levels, as in Rheiformes, or low as in Psittaciformes or Passeriformes.
The case of Procellariiformes, which are typically long-lived birds, is particularly
striking, with some species exhibiting some of the highest glycation levels (
Calonectris diomedea and Macronectes giganteus) and others some of the
lowest (Procellaria aequinoctialis). This suggests that, if birds are protected
against the deleterious effects of high glycaemia, certain species may have
evolved mechanisms to efficiently prevent proteins to be glycated at high rates
while others may have evolved mechanisms to resist the consequences of
protein glycation. We should also bear in mind that some taxonomic groups may
be under-represented in our study, or biases in species selection due to
availability contingencies (e.g. species common in zoos or present in European
countries) may exist, so further studies should target this under-represented
groups in order to confirm our predictions.

As expected for a non-enzymatic reaction, just by the law of mass action, bird
albumin glycation rates increase with plasma glucose concentration. However,
the logarithmic nature of the relationship, and the fact that the slope is lower
than one, suggests that species with higher plasma glucose levels exhibit
relatively greater resistance to glycation. This finding aligns with previous
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research indicating that in vitro glycation levels of chicken albumin increase at a
slower rate than those of human albumin when glucose concentration is
elevated (Hackett et al., 2008). Moreover, these levels are consistently lower
than those of bovine serum albumin regardless of glucose concentration and
exposition time (Anthony-Regnitz et al., 2020). As discussed in previous studies
comparing chicken to bovine serum albumin (Anthony-Regnitz et al., 2020), or
zebra finch to human haemoglobin (Brun et al., 2022), the lower glycation rates
observed in bird proteins may result from a lower number of glycatable amino
acids (e.qg. lysines) in their sequence and/or their lesser exposure at the protein
surface.

Our analyses do not succeed in indicating a significant positive relationship
between average glycation levels and the number of glycatable lysines in the
albumin sequence. This may be attributed to the limited number of species
employed or the weak variation in the number of glycatable lysine residues,
which are mostly ranging from 33 to 39. An interesting exception are the 18
glycatable lysine residues of flamingos (Phoenicopterus ruber), which also
shows very low glycation levels (mean = 10.1%). However, the exceptions of 44
in zebra finches and 20 in godwits (Limosa lapponica, used in place of Limosa
limosa) are nevertheless associated with very similar average glycation levels of
20.2% and 20.7% respectively.

Plasma glucose relates with longevity and may be
influenced by reproductive strategies

Our results were only in minor agreement with predictions from POLS theory: it
holds for body mass, but not for the other life history variables tested. The only
previous comparative study of glycaemia and life history traits to our knowledge (
Tomasek et al., 2019) shows no relationship with mass-adjusted maximum
lifespan in passerines. However, our study over 88 bird species on 22 orders
revealed an increase in glucose with mass-adjusted longevity up to a plateau
(see Figure 2B). Thus, the relationship between glucose and maximum lifespan
may depend on differences between bird orders or be tied to specific species
particularities not explored in our study. Such species particularities might
involve additional undetermined ecological factors that modify the relationship
of glycaemia with longevity. Further exploration of glucose metabolism in
relation with lifestyle will bring further light on species-specific life history
adaptations concerning glucose. For example, the species with the lower
mass-adjusted maximum lifespan here was a cormorant (L. verrucosus), which
have quite low glucose values for birds.



Regarding reproductive investment (i.e. clutch mass), our results show no
relationship with glycation (see Table 2), while previous studies reported positive
relationships with glycaemia in passerines (Tomasek et al., 2019; Hackett et al.,
2008). Interestingly, most of the species with high clutch mass included in our
study belong to the Anseriformes (Supplementary file 2, Figure ESM2.1). While
these species exhibit very low glycaemia and albumin glycation rates, they are
also characterized by a particular reproductive strategy compared to passerines,
for whom clutch mass does not imply the same in terms of parental investment.
For instance, Anseriformes, unlike Passeriformes, are precocial and their
offspring are not very dependent on parental care. Furthermore, they are capital
breeders, accumulating the energetic resources required for reproduction in
advance rather than collecting them during reproduction. These species typically
have large clutch sizes and incubation is usually carried out by females, who
store internal fat resources to support this main part of the parental investment.
In addition, ducklings are born highly developed, reducing the amount of care
required post-hatching (see e.g. Moreno, 1989; Winkler, 2016). Consequently,
their dependence on glucose as a rapid energy source for reproduction may be
lower, with investment in this activity likely more closely linked to lipid
accumulation. This could explain why we did not detect previously reported
effects of clutch mass on glucose levels.

Terrestrial carnivores show a paradoxically increased
albumin glycation rate without increased plasma
glucose levels

Contrary to our expectation of finding differences across dietary groups, plasma
glucose did not significantly vary with species diet. This aligns with results
previously reported by Tomasek et al., 2019 for Passeriformes or by Kapsetaki et
al., 2023 for 160 species of vertebrates among which 48 were birds, but not with
Tomasek et al., 2022, which showed glycaemia to be increased with the
proportion of fruits/seeds in the diet, or with Szarka and Lendvai, 2024, which
showed higher (mass-adjusted) glucose levels for terrestrial carnivores and
insectivores (those included in our terrestrial carnivores’ category) and lower for
frugivorous/nectarivorous. On the other hand, intraspecific data indicates that
changes in diet composition hardly affect glycaemia in birds (Basile et al., 2022).
These studies suggest that glycaemia is tightly regulated independently of
dietary composition within species, while it probably varies across species
depending on the diet they are adapted to, although depending on the bird
groups included in the analyses and the way of assessing it.



Although terrestrial carnivore species did not have significantly higher glycaemia
levels in our study, they nonetheless demonstrated significantly higher albumin
glycation rates, suggesting a potential susceptibility to protein glycation. Besides
unique structural features, this phenomenon could be due to lower albumin
turnover rates in terrestrial carnivores. Studies in humans have linked higher
oxidative damage to albumin with lower turnover rates (reviewed in Wada et al.,
2018), which may extend to other species and post-translational modifications
of albumin, such as bird’s albumin glycation. However, the contrary outcome
would be anticipated if protein intake were high as seen in carnivorous species (
Wada et al., 2018; Honma et al., 2017).

Interestingly, the contrast between terrestrial and aquatic predators, which did
not show such high glycation rates, suggests the beneficial influence of a
substantial difference in food composition or the pre-eminence of another
ecological factor, yet to be determined, which may explain lower glycation levels
in aquatic predators. In terms of food composition, the proportion of essential
n-3 PUFA (polyunsaturated fatty acids), particularly long-chain ones such as DHA
and EPA compared with n-6 PUFA and short-chain n-3 PUFA, is different in
aquatic and terrestrial environments (Colombo et al., 2017) and therefore in the
diet of predators in each environment (e.g. Koussoroplis et al., 2008). For
instance, low n-6 PUFA/n3-PUFA ratio have been shown to decrease insulin
levels and improve insulin resistance in humans (Li et al., 2019). On the other
hand, while some studies report that an increase in dietary n3-PUFA reduces the
levels of glycated haemoglobin (HbA1c) in humans, this effect was not detected
in many other studies and therefore remains inconclusive (reviewed in
Telle-Hansen et al., 2019). The detailed study of the fat composition of the diets
of terrestrial and aquatic predators, in particular the ratio between different types
of PUFA, merits more attention. In addition, micronutrient content, such as
circulating antioxidant defences, should also be taken into consideration. Indeed,
a positive relationship between oxidative stress and glycated levels of bovine
serum albumin has been reported (Bavkar et al., 2019). One hypothesis is that
terrestrial predators have higher systemic oxidative stress levels compared to
other species, which may be explained by defects in their antioxidant defences.
Uric acid is one of the main non-enzymatic antioxidants in birds (Klandorf et al.,
1999; Machin et al., 2004, Stinefelt et al., 2005), and uric acid levels are
especially high in carnivore species that have a rich protein diet (Machin et al.,
2004; Harr, 2002; Smith et al., 2007; Cohen et al., 2009; Alan and McWilliams,
2013). We should therefore take into account other important antioxidants such
as vitamin E, vitamin A, and carotenoids, which may be less abundant in the diets
of terrestrial carnivores (e.g. Schneeberger et al., 2014, but see Ingram et al.,
2017). The question of whether the diet of aquatic carnivores provides a better
intake of antioxidants would therefore requires a more detailed description of
dietary habits. The herbivorous diet, meanwhile, despite the expected possibility



contributing to lower glycaemia and glycation levels due to higher levels of PUFA
compared to saturated fatty acids (SFA) (effects reviewed in Telle-Hansen et al.,
2019 for humans) and higher fibre content (see Goff et al., 2018), did not lead to
significantly lower levels of either of these two parameters. However, the
relatively low sample size in that group or the presence of outliers as N. mayeri,
with the highest glucose levels of this dataset, makes the interpretation of the
obtained results somehow limited. Therefore, further research should be carried
out on these species to determine if the expected pattern would emerge with a
better sampling.

Finally, differences between captive and wild populations could be considered as
a source of variation in glucose or glycation levels due to a more sedentary
lifestyle in captivity, with lower activity levels and a higher food intake likely to
lead to increased circulating glucose levels in captive individuals. Additionally,
differences in nutrient intake, such as antioxidants, specific fatty acids, or amino
acids, between captive and wild populations could contribute to variations in
glycation levels, as we saw above. Nevertheless, we think that this factor is
unlikely to significantly affect our findings regarding diet categories because our
study encompasses species from both captive and wild populations across
various diet groups, particularly those exhibiting significant differences (e.g.
omnivores versus terrestrial carnivores).

Conclusion and perspectives

In conclusion, the avian plasma glucose levels measured here are generally
higher or in the high range of values recorded for mammalian species (Polakof
et al.,, 2011). Our study also concludes that there is considerable variation in
plasma glucose levels and albumin glycation rates among bird species, with
those with the highest glucose levels showing greater resistance to glycation.
The correlation between plasma glucose and life history traits are primarily
influenced by its inverse association with body mass, along with non-linear,
mass-independent effects of longevity. Finally, although diet does not explain
plasma glucose levels in our study, terrestrial carnivores have higher albumin
glycation rates than omnivores. Whether these intriguing results are explained by
specific effects of certain dietary components, such as PUFAs and/or
antioxidants, remains to be determined. Differences in plasma glucose levels,
albumin glycation rates, and glycation resistance (as glycation levels adjusting
for plasma glucose concentration) across bird species do not seem consistent
with predictions according to the POL hypothesis, except for body mass. Further
investigation is needed to elucidate the correlation between these traits and
specific life conditions, such as reproductive strategy, migration patterns, flight
mode, or more detailed diet composition. In addition, more in-depth exploration



of glycation levels within high glycaemic groups such as the Passeriformes and
other small birds, which make up a significant proportion of avian species, could
provide valuable new insights. Similarly, investigating groups such as the
Phoenicopteriformes or Anseriformes, which are at the other end of the
glycaemic-glycation spectrum, could shed light on the origin of differences
between avian orders. Furthermore, notable variations were observed between
species within orders, as in the Procellariiformes, which with their high
mass-adjusted longevity, and particularly given that some of the age-known
individuals in our dataset (indeed, two specimens of snow petrels, Pagodroma
nivea, showed ages higher than the maximum lifespan reported in the sources
we explored, determining a new record) have still relatively low levels of
glycation, may suggest that some species (the ones that do show higher
glycation levels) are not intrinsically resistant to glycation, but rather to its
adverse consequences for health. As the main limitations from this study, the
usage of individuals from both wild and captive populations, sampled at different
periods of the year, and the low sample size for some species, due to logistic
constraints, may have introduced noise in the values reported that should be
addressed in future studies by implementing a stricter sampling protocol. Also, a
more thorough and accurate report and compilation of life history traits from
multiple species would allow to increase the number of species included in this
kind of analyses. Future research should also focus on specific species to
unravel the physiological mechanisms mediating the effects of blood glucose
and protein glycation on life history trade-offs, in particular mechanisms that
may vary between taxa and contribute to characteristic adaptations in birds to
mitigate the potentially negative effects of comparatively high glycaemia.

Appendix 1

Study species

Of all the species on the study, 65 came from captive populations of the
Mulhouse zoo (Mulhouse, France) and the Parc des Oiseaux (Villars-les-Dombes,
France). These samples were collected during annual vaccination campaigns in
October 2018 and 2021. Zebra finch (Taeniopygia guttata) samples were taken in
August—September 2022 from individuals kept in captivity in the animal facilities
of the Department of Ecology, Physiology and Ethology, Institut Pluridisciplinaire
Hubert Curien, Strasbourg, France. Alpine swift (Tachymarptis melba) samples
were collected in May and August 2023 from wild individuals breeding in
colonies in Switzerland (see e.g. Bize et al., 2006; Bize et al., 2008; Bize et al.,
2014). Adult black-tailed godwits (Limosa limosa) were sampled in February
2022 in Extremadaura rice fields, southwestern Spain. Adult gull-billed terns (
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Gelochelidon nilotica) were sampled in May—June 2022 from a breeding colony
located at Villalba de los Barros reservoir in Extremadura, southwestern Spain.
All passerine samples, excluding zebra finches and Bali myna (Leucopsar
rothschildii), were obtained from wild individuals captured using mist nets during
a migration monitoring project in a wetland at Sainte-Soline (France) in August
2022. Scopoli's shearwater (C. diomedea) samples were collected in 2011 in the
Chafarinas Islands, Spain. The remaining samples from Procellariiformes
species, penguins (Sphenisciformes), cormorants (Suliformes), and all marine
Charadriiformes were collected from wild populations in the French Southern
Territories of Crozet and Kerguelen during 2022. Sample sizes for each species
measured by our team went from 1 to 60 for glucose (mean = 5.32; 6 = 7.07,
median = 4.5; mode = 5) and from 1 to 55 for glycation (mean = 5.19; 6 =7.9;
median = 4; mode = 5). Excepting zebra finches (Taeniopygia guttata) (60 for
glucose, 55 for glycation) and Alpine swifts (Tachymarptis melba) (39 for
glucose, 40 for glycation) whose sample sizes are bigger because these
measurements were originally collected on untreated animals for separate
analyses (unpublished data), the values are lower and vary much less in number
(1-16 for both glucose and glycation), and are limited in size by logistical
reasons, mainly related to mass spectrometry operation. The values reported
here for glycation are counting the individuals included in the statistical analyses,
not the ones sampled, as some individuals had glycation values under the limit
of detection, that were eliminated from the analyses, as stated in the main text.
However, when considering glucose values coming from the species from ZIMs
database, the sample sizes were bigger 17 387 individuals (mean = 90.46; ¢ =
26.31; median = 55; see main text). The validity of the glucose and glycation
values from our dataset to represent the species (as sample size per species
was often low) was assessed by performing general linear mixed models
(GLMM; Imer() function from Ime4 package in R; Bates et al., 2015) with either
glucose or glycation as dependent variables and ‘species’ as a random factor for
the intercept only, and then obtaining the repeatability score with rptGaussian()
from rptR package (Nakagawa and Schielzeth, 20710) in order to determine if the
variability between species is higher than within species.

Possible effects of stress

Although glucose levels are known to be affected by the stress response, and
thus by handling time (see e.g. Remage-Healey and Romero, 2000; Viblanc et al.,
2018; Ryan et al., 2023 for birds), and time between bird capture and blood
sampling (‘handling time’) is not measured here, there are some reasons to
consider that our results are still robust. First, most individuals were sampled
shortly after captured, so that the stress response could not play a big role on
glucose variation. Second, we considered that this change in glucose levels with



stress, at least in certain species, may be driven more by an increase in variation
than by an increase in average values, which means that our study would remain
conservative, so that the probability of finding significant results is lower, but the
patterns of variation that we did find are more robust. We base this idea on an
analysis we did on publicly available data from 160 species of Passeriformes
from Tomasek et al., 2022, in which we performed a LMM on glucose with
sampling time in min (0, 15, and 30) as fixed factor (see Supplementary file 1),
and individual nested within species as random factor, showing a clear
heteroskedasticity across sampling times, and a model without the fixed factor.
This way, we also compared the percentages of variance explained by the
species and individual when considering all reported glucose values (i.e. at all
sample times) together with the variance when the time effect was accounted
for (see Supplementary file 1), showing a lower species repeatability when
sampling time is not considered. Moreover, their species-explained variance
when sampling time is not considered is lower than in our study, probably in
relation to our higher taxonomic cover. Given the mentioned heteroskedasticity
of the data, a Kruskal-Wallis test (non-parametric) was performed to explore the
differences in glucose values across sampling times, reporting a significant
result (see Supplementary file 1), which indicates differences across the times,
that are nevertheless not necessarily associated with different means. Third,
preliminary analyses performed by our team on data from Alpine swifts and
zebra finches (unpublished results), in which many individuals were sampled
during the same session, and therefore differences in stress levels across
individuals may be present, show no significant effect of time on glucose
variation, particularly when the individuals were overnight fasted, as it is the case
for zebra finches

Diet data clarifications

In many cases, adjustments were necessary because the criteria used by Pigot
et al., 2020 to classify species (subsequently used in AVONET) were based on
the ecological niche and its relationship with morphology rather than considering
the potential association of dietary composition with physiological variables. To
address this limitation, we used the ‘Trophic.Niche’ variable from AVONET and
merged some categories: ‘Vertivore', ‘Invertivore’, and ‘Scavenger’ into ‘Carnivore
terrestrial’, ‘Frugivore’, and ‘Granivore’ into ‘Frugivore/granivore’ and ‘Herbivore
terrestrial’ and ‘Herbivore aquatic’ into ‘Herbivore’, due to lack of sufficient
species on each separate category (as in ‘Herbivore terrestrial’ and ‘Herbivore
aquatic’) and sometimes on difficulties to tease apart the diet categories for our
species (as in ‘Frugivore’ and ‘Granivore’, as most of our species classified within
these groups had a 50%-50% or similar distribution in their food source between
both categories, zebra finches being the only exception being exclusively



granivorous). Furthermore, some considered in AVONET as ‘omnivores’ were
reclassified, and only considered ‘omnivores’ if diet was widely distributed
between animal and plant sources, and not only within animal or plant categories
(e.g. a species that eats invertebrates, vertebrates, and carrion was not
considered by us as an ‘omnivore’, but as either an aaquatic predator” or a
‘carnivore terrestrial’, depending on its main feeding source).

Statistics

Life history traits

Given that all the three life history parameters (maximum lifespan, clutch mass,
and developmental time) used in our analyses are widely recognized to be
strongly correlated with body mass, and interpretations of the variation in life
history traits can change if body mass is not adjusted for (Jeschke and Kokko,
2009). we chose to adjust the life history traits by body mass prior to run our
analyses, as done by Tomasek et al., 2019, the most similar study on glucose
levels in birds in function of life history, so that our results are easily comparable.
This was done by log10 transforming all variables and performing a
phylogenetically controlled generalized least-squares model (pGLS, gls function
in R; Pinheiro and Bates, 2000) including a correction for phylogeny (assuming a
Brownian model and the same tree as described in the main text for the MCMC
GLMMs), from which the residuals were extracted. These residuals were the
variables used in the main models when referring to ‘life history traits’, and they
are also the same thing as when referring to mass-adjusted variables across the
text. Maximum lifespan was used here as a proxy for longevity. Despite concerns
about its use (e.g. Krementz et al., 1989; Ronget and Gaillard, 2020), it remains
the most widely available longevity-related data in many databases for a large
number of species. Clutch mass, calculated by multiplying clutch size by egg
mass (as in Tomasek et al., 2019), it was used as an indicator of reproductive
investment. Finally, developmental time (incubation time plus number of days to
fledging) was used as a proxy for growth, given that growth rate was difficult to
calculate due to lack of information on fledging mass. These variables were also
chosen as they were among the ones available for a greater number of species
from the sources we used, and for comparative purposes with Tomasek et al.,
2019. Including more variables as, for example, number of clutches per year (one
of the other available variables for a considerable number of species) would
have further reduced the sample size without, in our opinion, adding much more
information, as reproductive effort is already accounted for in the clutch mass
variable.



Main models

Models were performed in the following way (see Appendix 1—table 1): first, in
order to account for all the species in the dataset (as individual values were not
available for all the species, with no individual at all in some cases; see ‘Species
and sample collection’ section from main text) with average glucose and then
with average glycation as dependent variables, and later with the individual
values in another set of models. Body mass and diet were always included as
independent variables. All of this was repeated also including life history traits
but with the 66 species for which data were available (only species for which we
had all the selected life history variables were kept). Glycaemia and body mass
were log10 transformed and centred in all the models (centring of glucose only
occurred when it was a covariable) in order to better interpret the intercepts (
Schielzeth, 2010). In models predicting glycation, plasma glucose was also
added as a covariate. For these particular models, linear (glycation — centred
glucose) and logarithmic (log10Glycation — log10(centred glucose) relationships
were assessed, comparing the deviance information criteria) of the different
models, log—log relationship showing much lower DIC than the linear
relationship. Semilogarithmic relationships (both glycation — log10(centred
glucose) and log10 glycation — centred glucose) were also assessed, but DICs
were similar between these and either the linear or the log—log model, with much
lower DIC for the ones using log10glycation as dependent variable. Also, all
these models showed similar results regarding the significant effects found, and
if glucose and glycation were standardized, the estimates of the slopes were
very similar for all of them. Therefore, the log—log model was chosen. Identical
models without including glucose as a covariate were also performed (for the
glycation models including life history traits) to determine if glycation itself (not
glycation resistance, as defined in the main text), showed a covariation with life
history. Quadratic component of maximum longevity was also included in
glucose and glycation models including life history data, after data exploration
suggested such pattern. The potential effects of captivity were also tested by a
factor with two levels indicating the provenance of the samples (captive or wild),
in preliminary analyses with a lower number of samplings (104 iterations,
burnin=1000). As no effects were found for this variable in the glycation models,
it was only maintained in the glucose models thereafter. Besides, in glucose
models, the methodology used for determining it (glucometer or kit) was
included as a random factor, in order to control for a potential bias in the results.
The species was added as a random factor (given a tree provided within the
pedigree argument of the MCMCglmm function).



Since glucose values were not available for all individuals, our models
addressing intraspecific variability were limited to 379 individuals from 75
species when considering only diet and body mass predictors (and glucose
when modelling glycation). Similarly, only 316 individuals from 58 species were
incorporated into the models when life history traits were introduced. The
species identity was always included as a random factor twice: one to control for
the phylogeny and the other to avoid the pseudo-replication effect of having
repeated measures within species. The method used to determine plasma
glucose levels was not included in this case since here the glucometer was used
in all cases.

Gaussian distribution was always assumed for the models, as even if glycation
values are, strictly speaking, proportions, not only they follow a continuous
distribution (as their calculation come from the division of area values that vary
in a continuous way; see main text), but they vary within a limited range
(8.57-38.65%, mean = 18.8 %, 0 = 5.3) never sufficiently close to 0 or 1 and also
do not represent probabilities given by observations of cases as to be treated as
binomial with log link function. Furthermore, we believe that there are some
reasons why logit transformation, as previously also recommended for
proportional data (Warton and Hui, 2011), is not the best option in this case: first,
logit calculations are suitable for exploring how probabilities of certain
outcomes differ between groups, which is not the case in our analyses; second,
exploration of the data suggested this transformation did not markedly alter the
variance structure of the variable, which was close to a Gaussian curve, while
making more difficult the interpretation of the outcomes of the models.

Model convergence and lack of autocorrelation was checked by visual
inspection of trace of the model MCMC simulations (see trace and density plots
of posteriors in Supplementary file 1).

Models on age and sex, on lysine residues, and on orders

We performed supplementary analyses only with relative age (when it was
known, in most cases for birds born in captivity, or belonging to wild populations
with demographic monitoring), including a quadratic term, and sex of the
individuals (as provided by the caregivers at the zoos or the person in charge of
organizing the sample collection and known by direct phenotypic observation
when existent sexual dimorphism allows it or by molecular sexing with PCR
when not), as predictive variables of glucose and glycation levels. Relative age
was defined as its proportion to maximum lifespan of the species (i.e. divided by
it), and logit transformation was performed for this ratio to avoid the particular
distribution characteristics of proportion data, as Gaussian distribution was



assumed in the models. We included glucose as a covariate for the glycation
models, and body mass in every case, when it was available for the individuals.
These models included a total of 239 individuals from 49 species (see Appendix
1—table 1).

We performed a model (MCMCglmm with species as a random factor)
comparing the number of lysines exposed in the albumin of each species with
the glycation levels measured in our study. This analysis aimed to assess
whether this factor could represent a meaningful mechanism of resistance to
glycation, as outlined in Anthony-Regnitz et al., 2020. When the albumin amino
acids sequence for a species we measured was not available on NCBI or
UniprotKB (the sources used to determine the number of lysines of each species’
albumin; see below for additional details), we selected a closely related species,
typically from the same genus (see Appendix 1—table 2 for a list of the species
selected and their correspondence to ours). In total, 19 species were included in
this analysis. Finally, the models on glucose and glycation values controlling for
the bird orders included in the dataset (see Supplementary file 5) were also
performed as MCMCglmm, with two models considering the species averages
(one for glucose and one for glycation) and two including the intraspecific values
and therefore the species as a random factor to control for pseudo-replication
due to multiple sampling of the same species. The species were allocated to the
same orders employed on the classification given by the most updated version
of Birds of the World (Billerman et al., 2022). The orders were organized in the
model by alphabetic order, Accipitriformes constituting thus the intercept of all
of them.

Quantification of exposed lysine residues

The aminoacidic sequences of albumins were searched in UniprotKB and the
NCBI database. For 20 species, the sequences were submitted to the PHYRE2
server to generate a PDB structure. Then, using DEPTH, the accessible surface
area (ASA) was calculated for each residue in the sequences. We used a custom
Python script to determine whether each lysine residue is exposed or not. To
achieve this, the ASA of the lysine side chain was divided by 205 angstroms (the
maximum observed accessible surface area for a lysine; Jia et al., 2016; Xie et
al., 2020). If it exceeded 0.25, the residue was considered exposed. This
methodology allowed us to determine the count of exposed lysine residues in
our avian albumin sequences.



PHYREZ2: http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index

DEPTH: https://bio.tools/depth ; http://mspc.bii.a-star.edu.sg/depth (Depth web
server is actually dead).

Data availability

All data used, including references for the values taken from bibliography or
databases, are available as Electronic Supplementary Material (Supplementary
file 5) and on figshare at https://doi.org/10.6084/m9.figshare.28669523.v1 .
Code is made available as Electronic Supplementary Material (Supplementary
file 6).

The following data sets were generated

The following previously published data sets were used
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