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yolk fatty acid composition of free-living great tits Parus major in relation to fluctua-
tions in beech Fagus sylvatica fructification — their preferred food — across two years
differing strongly in seed abundance. We hypothesized that differences in beech seed
availability would alter yolk fatty acid composition between years of high and low fruc-
tification, with corresponding correlations to the fatty acid profiles of available seeds.
Hence, we analyzed fatty acids from seeds of beech and two conifers (Picea abies and
Pinus sylvestris), which account for most of the tree cover in the study area, and from
112 eggs collected from 107 nests over two years. Beech seeds contained higher pro-
portions of saturated (SFA), monounsaturated (MUFA), and -3 PUFAs, and lower
proportions of @-6 PUFAs than conifer seeds. Correspondingly, egg yolks had more
SFA, MUFA, and ®-3 PUFAs in the year of high beech abundance, and more ®-6
PUFAs in the year of low abundance. Notably, the proportion of the conifer-associated
®-6 PUFA pinolenic acid was 64.25 times higher in years of low compared to high
beech fructification, suggesting marked interannual variation in yolk fatty acid com-
position, likely reflecting shifts in maternal diet. Future experiments need to establish
causal links between diet and yolk composition and assess the fitness consequences of
different seed resources for breeding females and their offspring.
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Introduction

Bird embryos develop inside an enclosed package of mater-
nal substances in the egg yolk, including hormones, antioxi-
dants, immune components, nutrients, and small molecule
compounds (Saino et al. 2002, Tilgar et al. 2005, Bonisoli-
Alquati et al. 2010, Mentesana et al. 2019, Valcu et al. 2019,
Ding et al. 2023). Variation in maternal deposition of these
substances into the yolk has been shown to affect offspring
phenotype and fitness (Saino et al. 2002, Parolini et al. 2017,
Watson et al. 2018, Mentesana et al. 2021, 2025a). Among
the nutrients, fatty acids are essential energy sources for
embryos (Noble and Cocchi 1990), and certain omega-6 (-
6) and ®-3 polyunsaturated fatty acids (PUFAs) are crucial
for proper development and function of specific tissues and
organs (reviewed by Hulbert and Abbott 2012). One example
is the @-6 PUFA arachidonic acid (20:4n-6), which is impor-
tant for brain function and the contractions of heart mus-
cle cells (Hohl and Résen 1987, Katsuki and Okuda 1995,
Pavoine et al. 1999), in addition to its role in innate immune
responses, where it is converted into pro-inflammatory eico-
sanoids. A high intake of ®-6 PUFAs relative to m-3 PUFAs
may exacerbate inflammatory responses, whereas a low -
6/®-3 ratio can have anti-inflammatory effects (Hall et al.
2007, Cherian et al. 2009). Furthermore, the excitable mem-
branes of the retina, brain, and skeletal muscle require a high
proportion of the ®-3 PUFA docosahexaenoic acid (DHA;
22:6n-3) for proper functioning (Neuringer et al. 1988,
Anderson et al. 1989, Speake et al. 1996, Mitchell et al.
1998, Salem et al. 2001, Speake and Wood 2005).

Maternal deposition of substances into the egg yolk is influ-
enced not only by female age and genetics (Ruuskanen et al.
2016, Valcu et al. 2019) but also by external factors such as
ambient temperature and female nutrition intake (Stadelman
and Pratt 1989, Noble and Cocchi 1990, Noble et al. 1996,
Leskanich and Noble 1997, Surai et al. 2001, Twining et al.
2018). In particular, saturated (SFAs) and monounsatu-
rated fatty acids (MUFAs) can be synthesized de novo by
birds, whereas longer-chain -6 and -3 PUFAs can only
be produced from strictly dietary precursors — linoleic-
and o-linolenic acid, respectively (Twining et al. 2016).
Consequently, the composition of these fatty acids in the egg
yolk is expected to be strongly influenced by the mother’s
diet (Maldjian et al. 1996, Noble et al. 1996, Speake et al.
1999a, 1999b, Surai et al. 2001, Surai and Speake 2008).
Supporting this, robust data from poultry studies demon-
strate a strong correlation between the fatty acid content of
female ingested food and that found in egg yolk (Lin et al.
1991, Poureslami et al. 2012, Kralik et al. 2021).

In free-living bird species, diet can vary substantially
across both temporal and spatial scales, affecting the fatty
acid composition of their tissues (Conway et al. 1994,
Egeler and Williams 2000, Pierce and McWilliams 2005,
Andersson et al. 2015a, Isaksson et al. 2017). For example,
the plasma fatty acid composition of great tits Parus major
from northern Europe changes markedly between win-
ter and the breeding season, reflecting a dietary shift from
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granivory in winter to insectivory in the warmer months
(Andersson et al. 2015b). Furthermore, differences in fatty
acid composition of both adult birds and egg yolks have been
observed among populations of several passerine species,
including great tits and the closely related blue tit, Cyanistes
caerulens (Bourgault et al. 2007, Andersson et al. 2015b,
Toledo et al. 2016, Isaksson et al. 2017). Diet availability
or dietary preferences during a given season may also vary
between years, influencing the fatty acid intake during peri-
ods such as the breeding season. In granivorous birds, annual
variation in tree fructification can have substantial effects
on fatty acid intake, as different seeds have distinct fatty
acid profiles (Beare-Rogers et al. 2001). This, in turn, may
affect the fatty acids available for deposition in the egg yolk,
potentially influencing yolk composition and, consequently,
embryo development and growth. To our knowledge, the
effects of yearly variation in diet availability on egg yolk fatty
acid composition have not yet been investigated in a wild
bird population.

Here, we investigated interannual variation in the fatty acid
composition of great tit egg yolks in relation to fluctuations
in the fructification of beech (Fagus sp.) trees. Beech seeds are
a preferred food source for adult great tits during autumn and
winter and strongly influence their survival (Perdeck et al.
2000). However, seed production varies greatly between years,
with some years yielding abundant seeds and others produc-
ing few or none. The tit population under study inhabits an
area where both beech trees and conifers (e.g. Pinus and Picea
spp.) are abundant, and the birds have been observed con-
suming conifer seeds when beech seeds are scarce or unavail-
able (Sjoberg et al. 2007). We therefore hypothesized that
differences in beech seed abundance would affect yolk fatty
acid composition between years of high and low beech fruc-
tification, with corresponding correlations to the fatty acid
profiles of the ingested seeds. Based on previously reported
fatty acid compositions of different seeds (Prasad and Giilz
1989, Wolff and Bayard 1995, Vanhanen et al. 2017), we
predicted that SFAs, MUFAs, and -3 PUFAs would be
present in higher relative amounts in yolk during years when
beech seeds were abundant. In contrast, conifer seeds con-
tain higher levels of @-6 PUFAs than beech seeds, including
conifer-specific fatty acids such as pinolenic, taxoleic, and
sciadonic acids (Xie et al. 2016, Vanhanen et al. 2017). Thus,
in years with low beech seed availability, we predicted that a
diet shift toward conifer seeds would result in higher relative
yolk levels of ®-6 PUFAs, including the characteristic conifer
seed fatty acids.

Material and methods

Field site

We carried out this study in a nest-box population of great
tits in the Dellinger Buchet, in southern Germany (Bavaria;
48°03'N, 11°13'E, 620 m a.s.l.) during 2015-2016 in April—
May. The Dellinger Buchet is a mixed forest with a mosaic of
deciduous and coniferous trees, dominated by spruce Picea



sp., beech Fagus sp., ash Fraxinus excelsior, and European
larch Larix decidua, which make up 28.31, 28.08, 14.89,
and 12.97% of the forest, respectively (pers. comm. with
the forester). This forest contains 125 nest boxes distributed
over ~ 1.30 km?, placed on tree trunks at 1.5-2.0 m height
and spaced ~ 40 m apart. We collected data on ambient
temperature (°C) every hour from 12 i-buttons (DS9093A+
Thermochron iButton) placed at different locations within
the forest. We measured this parameter because ambient tem-
perature can alter the proportion of individual fatty acids in
bird tissues (Balnave 1973, Ben-Hamo et al. 2013) and has
been positively related to polyunsaturated fatty acid deposi-
tion in eggs (Mentesana et al. 2019).

Beech tree fructification

We obtained information on the annual percentage of
beech Fagus sp. mast fructification from the Bavarian State
Minister for Food, Agriculture and Forestry (Bayerisches
Staatsministerium fiir Erndhrung, Landwirtschaft und
Forsten 2018), and extracted the values using the R package
‘metaDigitise” (ver. 1.0.1; Pick et al. 2019).

Seed collection

We obtained tree seeds from the Bavarian Office for Forest
Genetics (formerly the Bavarian Office for Forest Seeding
and Planting), including from Norway spruce Picea abies and
beech Fagus sylvatica, which together account for 56.39% of
the total tree coverage in our study population, as well as Scots
pine Pinus sylvestris. Scots pine seeds were included because
great tits have been recorded feeding on its seeds (Gibb and
Betts 1963), and although it is not present in the forest with
our nest boxes, it is the second most abundant tree species
in the surrounding area (Bayerisches Staatsministerium fiir
Ernihrung, Landwirtschaft und Forsten, 2018). Therefore,
great tits might still utilize Scots pine seeds from nearby
forests. All seeds used in our study were collected by the
Bavarian Office for Forest Genetics between 2014 and 2017
following standardized protocols. After collection, seeds were
stored under controlled conditions in rooms maintained at
—20°C. Upon receipt, we stored them at room temperature
in dark conditions until laboratory analysis.

Egg collection

Female great tits generally lay one egg per day. In our popula-
tion, the mean clutch size is (mean + SD) 8.45 + 1.13 eggs.
During the 2015 and 2016 breeding seasons, we checked
each nest box every other day from the start of the breeding
season. Once egg laying started, we marked each egg with a
pencil to identify its position in the laying order. Great tit
females vary substantially in both the mean allocation of yolk
components and in the plasticity of this allocation along the
laying sequence (Lessells et al. 2016, Mentesana et al. 2019).
However, in our population, variation in yolk facty acid
deposition along the laying sequence is more similar among
eggs laid by the same female than among eggs laid by differ-
ent females. That is, fatty acid deposition is highly repeatable
within females (R > 0.5 for SFAs and MUFAs and R > 0.9 for

PUFAs; Mentesana et al. 2019). These repeatability estimates
suggest that the middle egg of each clutch represents the aver-
age yolk content for a given clutch. We therefore collected the
fourth egg from first and second clutches. We collected eggs
between 08:00 and 13:00 h on the day they were laid and
replaced them with a dummy egg. In total, we collected 112
eggs (n,,s=45, 37 from first and eight from second clutches;
n,y,,=67, 53 from first and 14 from second clutches) from
107 nests (n,,; =44, n,;,;=063) over the two years.

On the day of collection, we weighed and opened each
freshly laid egg in the laboratory and separated the yolk
from the albumen by rolling it on a piece of paper. We then
homogenized the yolk by mixing it with an equal amount
of distilled water (1 pl mg™ of yolk) and stored it at —80°C
until further analysis.

Seeds analysis

We analyzed fatty acid of seeds from three tree species (£
sylvatica, n=4; P abies, n=3; P sylvestris, n=3). For P abies
and P sylvestris, which have comparatively small seeds, we
used whole seeds (approximately 8-10 and 6-7 mg, respec-
tively) for fatty acid extractions. For the larger beech seeds,
we removed the seed coat, cut the seeds into smaller pieces,
and combined several random pieces from each seed (totaling
17-25 mg) for each extraction. We carried out acid metha-
nolysis using 1 ml of 2% H,SO, in methanol. We kept the
samples at 90°C and crushed the seed material using a glass
rod after 20 min. The reaction then proceeded for another
40 min, after which we added 1 ml deionized water and 1
ml heptane. We thoroughly vortexed the samples, transferred
the heptane layer containing the extracted fatty acid methyl
esters (FAMEs) to a new vial, and washed it twice with 1 ml
of H,0. We removed residual water using anhydrous sodium
sulfate.

We analyzed all fatty acids extracts using an Agilent 5975
mass spectrometer (MS) coupled to an Agilent 6890 gas
chromatograph (GC) with an HP-INNOWax PEG column
(30 m X 0.25 mm i.d., 0.25 mm film thickness; Agilent),
using scan mode (mass range 30-400 m/z). The GC inlet
was set to 250°C and the oven program to 80°C for 1 min,
then increased by 10°C min™' to 230°C, which was held for
20 min. The transfer line and MS source temperature were
280 and 230°C, respectively. Helium was used as carrier gas.
We performed analyses and quantification of chromatograms
using ChemStation software (Agilent). Finally, we identified
FAMESs by comparing mass spectra and retention times with
those of synthetic standards (Supelco 37-Component FAME
Mix, Sigma-Aldrich). For the rare fatty acids including pin-
olenic acid, sciadonic acid, and taxoleic acid, we based the
identification on NIST Research Library (2025) search and
mass spectrum interpretation.

Egg yolk analysis

We also extracted fatty acids from 112 egg yolks following
a methodology successfully used in great tits (Toledo et al.
2016, Mentesana et al. 2019, 2021). We extracted total lipids
from approximately 5 mg of yolk using 50 pl chloroform and
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methanol (2:1 v/v) mixed with 16.65 pg of the internal stan-
dard methyl cis-10-heptadecenoate (> 99%; Aldrich). Then,
we dried the samples under N, and carried out base methano-
lysis (using 100 ml 0.5 M KOH/Me; reaction proceeded for
1 h at 40°C and terminated using 100 ml 0.5 M HCl/Me)
to transform the fatty acids into the corresponding fatty acid
methyl esters (FAMEs). Next, we extracted the FAMEs with
heptane (> 99%; VWR Prolabo), washed the extracts with
deionized H,O, and removed residual water using anhydrous
sodium sulfate. The GC-MS analysis and FAME identifica-

tion were performed as described above for the seeds.

Data handling and statistical analysis

To statistically analyze the fatty acids in seeds and egg yolks,
we first calculated the proportion of each fatty acid by divid-
ing its peak area of each by the sum of the peak areas of all facry
acids in each individual sample (following Andersson et al.
2015a, 2015b, Isaksson et al. 2017). We then combined
the proportions of all individual fatty acids within a certain
chemical class of fatty acid to obtain relative levels of total
SFA, MUFA, ®-6 and w-3 PUFAs (Andersson et al. 2015b,
Isaksson et al. 2017).

Second, to study differences in seed fatty acid proportions,
we ran five univariate linear models, each with the logit-trans-
formed proportion (Warton and Hui 2011) of a specific fatty
acid or the omega-6 to omega-3 ratio as the response variable,
and ‘tree species’ as a fixed factor (levels: beech, spruce, pine).

Third, to study the differences in yolk fatty acid propor-
tions between years, we ran five univariate linear mixed-
effects models. We fitted the logit-transformed proportion
of each fatty acid and the total omega-6 to total omega-3
PUFA ratio as response variables in separate models, each
including ‘year’ (levels: 2015, 2016) as a fixed factor. We also
fitted ‘date’ when each egg was collected and ‘mean ambi-
ent temperature’ for the three days prior to the lay date of
each egg as covariates. Both covariates were mean-centered
(i.e. mean value=0, standard) because they differed in their
scales of magnitude. We also included ‘nest ID” and ‘female
ID’ as random factors in the model testing differences in SFA
between years. For the remaining four models, we included
only ‘nest ID’ because ‘female ID’ explained no variance.

We performed all our analyses using the R-packages
‘Ime4’ (ver. 1.1.37, Bates et al. 2015) and ‘arm’ (ver. 1.14.4;
Gelman and Su 2024) in R ver. 3.3.3 (www.r-project.org)
in a Bayesian framework with non-informative priors. We
assumed a Gaussian error distribution, which was confirmed
for all response variables after visual inspection of model
residuals. We based model structure on the study question
and the biology of the species rather than on model selection
(Korner-Nievergelt et al. 2015). We used the sim function
to simulate posterior distributions of the model parameters.
From 10 000 simulations, we extracted the 95% Bayesian
credible interval (Crl) around the mean (Gelman and Hill
2007) and assessed statistical support by obtaining the poste-
rior distribution of each parameter. We considered an effect
to be ‘statistically meaningful’ when the estimated Crl did
not include zero (Korner-Nievergelt et al. 2015).

Page 4 of 11

Results

Beech tree fructification

Beech tree fructification was considerably higher in 2015
(23.31%) than in 2016 (1.01%; mean fructification over 21
years + SD=11.26 + 2.79; Bayerisches Staatsministerium
fiir Erndhrung, Landwirtschaft und Forsten 2018).

Fatty acids in tree seeds
The proportion of all four fatty acid groups — SFA, MUFA,
-6 and ®-3 PUFAs — differed among the three tree spe-
cies (Fig. 1A-D, Supporting information). Beech £ sylvatica
seeds, the preferred food source of great tits, contained higher
proportions of SFA, MUFA, and ®-3 PUFAs, and a lower
proportion of ®-6 PUFAs compared to the spruce P abies and
pine P sylvestris seeds. The overall fatty acid composition was
similar in seeds from the two conifer species. The ratio of total
®-6 to total ®-3 PUFAs was lower in beech seeds compared
to spruce and pine seeds (Fig. 1E, Supporting information).
Differences in the mean percentages of the four fatty acid
groups were driven both by variations in individual fatty
acids and by the presence of certain fatty acids unique to
certain tree species. Specifically, one SFA (behenic acid) and
one MUFA (erucic acid) were detected only in beech seeds,
whereas four PUFAs (pinolenic-, sciadonic-, taxoleic-, and
eicosadienoic acids) were detected exclusively in the conifer
seeds (Table 1). Taxoleic acid and one of the detected eicosa-
dienoic acids are ©-9 PUFAs, biosynthesized along the same
pathway as the ®-6 PUFAs pinolenic and sciadonic acid.

Fatty acids in egg yolks

In great tit egg yolks, the proportion of all four fatty acid groups
— SFA, MUFA, -6 and ®-3 PUFAs — differed between the two
years of study (Fig. 2A-D, Supporting information). The yolks
collected in the year with high beech seed abundance (2015)
had higher proportions of SFA, MUFA, and ©-3 PUFAs, and a
lower proportion of ®-6 PUFAs compared to yolks collected in
the year with low beech seed availability (2016). Accordingly,
the ratio between ®-6 and ®-3 yolk PUFAs was lower in 2015
than in 2016 (Fig. 2E, Supporting information).

The difference in fatty acid group proportions observed
between years was generally driven by small differences in the
proportion of individual fatty acids. However, certain fatty
acids showed dramatic year-to-year differences; in particu-
lar, the proportions of the conifer seed-associated ®-6 PUFA
pinolenic acid was 64.25X higher in 2016, when beech fruc-
tification was low, compared to 2015 (Table 2, Supporting
information). The proportion two other conifer seed-associ-
ated PUFAs, sciadonic and taxoleic acid, also displayed large
increases (9.0 and 8.67X, respectively) from 2015 to 2016.
Yet, it should be noted that the relative proportions of these
latter PUFAs are still small.

Finally, the proportion of SFA, MUFA, and -3 PUFAs
increased, while the proportion of ®-6 PUFAs decreased over
the breeding season (Supporting information). In addition,
-3 PUFA proportions increased with rising temperature
(Supporting information).
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Figure 1. Proportion of total (A) saturated (SFA), (B) monounsaturated (MUFA), (C) ®-6 polyunsaturated (PUFA), (D) ®-3 PUFA fatty
acids, and (E) the ratio between the two PUFA classes in seeds of beech Fagus sylvatica, spruce Picea abies, and pine Pinus sylvestris trees.
Yellow, light blue, and grey open circles show the raw data for each of the seed tree species, respectively. Model mean estimates as shown as
yellow, light blue, and grey filled circles, with 95% credible intervals indicated by black vertical bars. A statistically significant difference
between groups can be inferred if the credible interval of one group does not overlap with the mean estimate of the other group.

Discussion local beech seed abundance, females probably consume more

of this preferred food item, whereas in years of beech scar-
Our results show significant interannual variation in the  city, a greater intake of conifer seeds is suggested by the pres-
relative abundances of yolk SFA, MUFA, and -3 and ©-6  ence of 'conifer-diagnostic' fatty acids in the yolk (primarily
PUFAs, as well as in the w-6/w-3 PUFA ratio. This variation  pinolenic acid, but also sciadonic and taxoleic acid; Xie et al.
likely reflects yearly differences in maternal diet: in years of ~ 2016). These findings suggest that the maternal diet of wild
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Table 1. Overall relative abundance (% of total fatty acid content) of fatty acids present in the seeds of three tree species (beech: Fagus syl-
vatica, spruce: Picea abies, and pine: Pinus sylvestris). For fatty acids lacking a trivial name, we provide their systematic names. Number of
carbon atoms:number of double bonds and position are written between brackets. Highlighted in bold are those fatty acids present in the

seeds of only beech or only the conifer (i.e. spruce and pine) species.

Mean (%) + SD

Beech Spruce Pine
(Fagus sylvatica; (Picea abies; (Pinus sylvestris;
Yolk groups Fatty acids n=4) n=3) n=3)
Saturated fatty acids (SFA) Myristic acid (14:0) 0.12 £ 0.01 0.04 + 0.01 0.05 + 0.01
Palmitic acid (16:0) 7.97 +0.98 2.93 +0.31 3.58 £0.29
Margaric acid (17:0) 0.05 = 0.01 0.03 +0.01 0.06 + 0.00
Stearic acid (18:0) 2.89 +0.39 1.59+0.18 2.13 +0.61
Arachidic acid (20:0) 0.42 + 0.05 0.30 + 0.03 0.28 +£0.07
Behenic acid (22:0) 0.32 + 0.02 0 0
Monounsaturated Hypogeic acid (16:1n-9) 0.09 + 0.04 0.04 + 0.00 0.05 +0.01
fatty acids Palmitoleic acid (16:1n-7) 0.17 £ 0.07 0.04 +0.03 0.08 + 0.04
(MUFA) Oleic acid (18:1n-9) 3531 +£4.26 13.52 + 0.81 15.79 £ 0.71
cis-Vaccenic acid (18:1n-7) 0.92 +0.19 1.30+0.53 0.82 +0.21
Gondoic acid (20:1n-9) 6.12 £0.14 0.30 £ 0.01 0.99 £0.16
Erucic acid (22:1n-9) 0.75 + 0.16 0 0
®-3 Polyunsaturated fatty acids a-Linolenic acid (18:3n-3) 441 +1.22 0.24 +0.03 0.37 +0.04
(0-3 PUFA)
®-6 Polyunsaturated fatty acids Linoleic acid (18:2n-6) 40.31 +£3.03 49.65 + 0.36 44.98 + 0.85
(w-6 PUFA) Pinolenic acid (18:3n-6) 0 25.17 + 0.42 22.47 + 0.66
Eicosadienoic acid 0.15+0.05 0.43 +£0.05 0.72 +£0.13
(20:2n-6)
Sciadonic acid (20:3n-6) 0 0.89 + 0.07 4.44 + 0.51
®-9 Polyunsaturated fatty acids Taxoleic acid (18:2n-9) 0 3.49 + 0.28 2.73 + 0.19
(w-9 PUFA) Eicosadienoic acid 0 0.04 + 0.01 0.46 + 0.07

(20:2n-9)

birds shapes the fatty acid composition of egg yolks, which
may, in turn, influence offspring growth, phenotype, and fit-
ness across years (Mentesana et al. 2021).

Compared to the long-term mean beech seed fructification
(11%), 2015 showed high fructification (23%), followed by
very low fructification in 2016 (1%). This sharp reduction
likely forced female great tits to switch from beech to conifer
seeds. Seed analyses confirmed that beech contains higher pro-
portions of SFA, MUFA, and ®-3 PUFA, and less w-6 PUFA
than conifers, consistent with previous studies (Prasad and
Giilz 1989, Wolff and Bayard 1995, Vanhanen et al. 2017).
Correspondingly, yolks contained more SFA, MUFA, and
®-3 PUFA in 2015, but more ®-6 PUFA in 2016, strongly
altering the w-6/w-3 ratio. Since a-linolenic and linoleic acid
are strictly dietary (Williams and Buck 2010) and maternal
fatty acid plasma composition closely tracks yolk deposition
(Lin et al. 1991, Poureslami et al. 2012, Kralik et al. 2021),
the observed yolk profiles likely reflect this dietary shift. In line
with the idea that changes in female diet influence yolk com-
position, independent of the year, females laying eggs later in
the breeding season had higher yolk ®-3 PUFA relative to »-6
PUFA proportions (Supporting information). This pattern
may reflect increasing caterpillar availability during the breed-
ing season and a decreasing reliance on seeds, with caterpillars
being rich in the ®-3 PUFA a-linolenic acid (Isaksson and
Andersson 2007, Andersson et al. 2015a, Isaksson et al. 2015).

Great tits may prefer beech seeds because of their high
nutritional value. In particular, the difference in ®-3 PUFA
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content between beech and conifer seeds is striking: our
analyses showed that beech seeds contained about 4.5% ®-3
PUFAs, compared to only 0.3% in conifer seeds. Since -3
PUFAs are scarce in terrestrial food chains (Twining et al.
2016, Indykiewicz etal. 2023), the 4.5% found in beech seeds
represents a substantial source of these essential nutrients,
which are critical for the proper functioning of the retina,
brain, and skeletal muscle membranes (Neuringer et al. 1988,
Anderson etal. 1989, Maldjian et al. 1996, Speake etal. 1996,
Mitchell et al. 1998, Salem et al. 2001, Speake and Wood
2005). In contrast, conifer seeds contained an extremely high
proportion of ®-6 PUFAs (70-80%), compared to around
40% in beech seeds. This is mainly due to the conifer-specific
fatty acid pinolenic acid (Wolff and Bayard 1995) and, to a
lesser extent, linoleic acid.

An increased allocation of ®-3 PUFAs into the yolk during
beech seed-rich years might have led to a higher reproductive
success. A yolk composition of relatively more -3 to ®-6
has many advantages for the developing chicks, including
enhanced neurodevelopment, visual acuity, immune balance,
physiological resilience, muscle coordination, and growth
(Sujatha and Narahari 2011, Thanabalan and Kiarie 2021).
Indeed, our previous study showed that great tit nests with
eggs containing higher proportions of ®-3 PUFAs, as well as
SFA and MUFAs (which also are abundant in beech seeds),
were positively associated with higher numbers of hatchlings
and fledglings than nests with eggs containing lower propor-
tions of these fatty acids (Mentesana et al. 2021). In contrast,
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Figure 2. Proportion of total (A) saturated (SFA), (B) monounsaturated (MUFA), (C) -6 polyunsaturated (PUFA), (D) -3 PUFA fatty
acids, and (E) the ratio between the two PUFA classes in great tit egg yolk during two years with either high (2015) or low (2016) avail-
ability of beech seeds. Green and orange open circles show the raw data for eggs collected in 2015 and 2016, respectively. Model mean
estimates as shown as green and orange filled circles, with 95% credible intervals indicated by black vertical bars. A statistically significant
difference between groups can be inferred if the credible interval of one group does not overlap with the mean estimate of the other group.

a diet composition that raises the yolk w-6/®0-3 PUFA ratio,
such as high intake of conifer seeds, may be less beneficial for
the chicks since such a diet is expected to stimulate proin-
flammatory responses increasing the severity of an infection,
and it also enhances the production of reactive oxygen species
(ROS), which may cause oxidative damage (Romieu et al.
2007, Isaksson 2015, Mentesana et al. 2021). In our study
system, however, the increased proportion of w-6 PUFA

in yolk during the year with low beech fructification was
partly driven by pinolenic acid, which has been suggested
to promote health in broiler chickens via anti-inflammatory
responses (Chen et al. 2015, Xie et al. 2016, Vienola et al.
2018). However, it remains unknown whether the high pro-
portion of linolenic acid (the precursor of the pro-inflamma-
tory arachidonic acid) in conifer seeds and the yolks from
2016 (Table 1-2) outweighs the potential anti-inflammatory
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Table 2. Overall relative abundance (% of total fatty acid content) of fatty acids present in great tit egg yolks. For fatty acids without a trivial
name, we provide the systematic names. Number of carbon atoms:number of double bonds and position are written within brackets. Note
that the proportion of most fatty acids changed between years, with some showing large differences (e.g. pinoleic acid).

Relative abundance

Yolk (mean (%) + SD; n,, = T12)
Fatty acid class fatty acid 2015 (n=45) 2016 (n=67)
Saturated fatty acids (SFA) Lauric acid (12:0) 0.02 +0.02 0.02 + 0.02
Myristic acid (14:0) 0.55 +0.36 0.44 +0.25
Pentadecanoic acid (15:0) 0.09 + 0.02 0.10 + 0.05
Palmitic acid (16:0) 20.15 + 2.67 18.95 + 3.45
Margaric acid (17:0) 0.57 +0.13 0.57 +£0.13
Stearic acid (18:0) 8.09 + 0.61 8.28 £ 0.72
Monounsaturated fatty acids (MUFA) Hypogeic acid (16:1n-9) 1.35+0.24 1.08 + 0.24
Palmitoleic acid (16:1n-7) 1.83 +1.38 1.29 + 0.61
Oleic acid (18:1n-9) 37.61 +2.32 28.75 +5.35
cis-vaccenic acid (18:1n-7) 1.62 +0.51 1.96 + 0.33
Gondoic acid (20:1n-9) 0.06 + 0.02 0.06 + 0.02
Paullinic acid (20:1n-7) 1.36 + 0.66 0.36 + 0.09
-6 Polyunsaturated fatty acids (w-6 PUFA) Hexadecadienoic acid (16:2n-6) 0.05 + 0.02 0.14 + 0.07
y-linolenic acid (18:3n-6) 0.11 + 0.02 0.15 + 0.04
Linoleic acid (18:2n-6) 18.46 + 3.59 26.77 +£7.42
Pinolenic acid (18:3n-6) 0.04 +0.11 2.57 +1.42
Eicosadienoic acid (20:2n-6) 0.32 +0.08 0.58 +£0.21
dihomo-y-linolenic acid (20:3n-6) 0.32 + 0.06 0.72 +0.29
Sciadonic acid (20:3n-6) 0.03 + 0.06 0.27 £0.12
Arachidonic acid (20:4n-6) 1.96 + 0.28 2.19 £ 0.53
Adrenic acid (22:4n-6) 0.23 +0.08 0.31 +0.09
®-3 Polyunsaturated fatty acids (o-3 PUFA) o-linolenic acid (18:3n-3) 2.89+1.79 2.01 +1.69
Eicosapentaenoic acid (20:5n-3) 0.33 £0.10 0.32+0.23
Docosapentaenoic acid (22:5n-3) 1.63 +0.37 1.37 £ 0.49
Docosahexaenoic acid (22:6n-3) 0.28 + 0.06 0.22 +0.13
®-9 Polyunsaturated fatty acids (®-9 PUFA) Taxoleic acid (18:2n-9) 0.06 + 0.02 0.52 +0.28

effects of pinolenic acid (Xie et al. 2016). Future research is
needed to determine the fitness consequences of beech and
conifer seed components on breeding wild birds, as well as
the specific effects of compounds such as pinolenic acid on

avian physiology, health, and offspring development.

Conclusions

In summary, our results show that yolk fatty acid composi-
tion varies markedly between years, reflecting differences in
food availability. Because beech seeds are nutritionally rich
(i.e. they contain high proportions of @-3 PUFAs, which are
scarce for terrestrial birds), female great tits likely consume
them preferentially whenever available, potentially enhancing
their fitness. However, experimental studies are needed to test
these hypotheses. For example, one could manipulate beech
seed availability with artificial feeders across years in nearby
forests. Female yolk deposition in these experimental forests
could then be compared with that in control forests, where
birds are exposed to natural seed fluctuations. Linking both
control and experimental sites to reproductive success would
provide a direct test of how diet availability influences yolk
fatty acid composition and the potential fitness benefits of
beech seed consumption.

Page 8 of 11

Acknowledgements — 'This paper is dedicated to the memory of
Michaela (Ela) Hau, who passed away in September 2025. Ela
contributed to this work in many important ways and approved
the original version of the manuscript for submission. Thank you,
Ela, for inspiring us and for the lasting impact you have had on
us. You will be deeply missed. We are grateful to Nico Adreani,
Sabine Jorg, and Natalia Pérez-Ruiz for their invaluable help in the
field. We also thank Martin Laufler for providing us information
on the tree composition of the Dellinger Buchet forest, and Dr
Darius Kavaliauskas from the Bavarian Office for Forest Seeding
and Planting (ASP) for giving us the seeds used in this study and
information on beech fructification in Bavaria (Germany). We are
also grateful to Prof. Dr Mark van Kleunen and Dr Veit Martin
Dérken for their help and botanical advice. Open Access funding
enabled and organized by Projekt DEAL.

Funding — This work was funded by the Max Planck Society.
Conflict of interest — The authors declare no conflict of interest.
Permits — All field procedures were conducted in compliance with
the legal requirements of Germany and the EU and were approved
by the regional governmental authority, the Regierungsprisidium
von Oberbayern, Germany (license no. 55.2-1-54-2532-25-2015).

Author contributions

Lucia Mentesana: Conceptualization (equal); Data cura-
tion (equal); Formal analysis (lead); Investigation (equal);
Methodology (equal); Project administration (equal);



Software (lead); Supervision (equal); Validation (equal);
Visualization (lead); Writing — original draft (equal); Writing
— review and editing (equal). Hong-Lei Wang: Investigation
(equal); Methodology (equal); Validation (equal); Writing
— review and editing (equal). Michaela Hau: Funding
acquisition (lead); Methodology (equal); Project admin-
istration (equal); Resources (equal); Supervision (equal);
Writing — review and editing (equal). Caroline Isaksson:
Investigation (equal); Methodology (equal); Project admin-
istration (equal); Resources (equal); Writing — original
draft (equal); Writing — review and editing (equal). Martin
N. Andersson: Conceptualization (equal); Data curation
(equal); Investigation (equal); Methodology (equal); Project
administration (equal); Validation (equal); Writing — original
draft (equal); Writing — review and editing (equal).

Transparent peer review

The peer review history for this article is available at https
o/ Iwww.webofscience.com/api/gateway/wos/peer-review/ 10.
1111/jav.03585.

Data availability statement
Data are available from Zenodo: https://doi.org/10.5281/z
enodo.18107552 (Mentesana et al. 2025b).

Supporting information
The Supporting information associated with this article is
available with the online version.

References

Anderson, G. J., Connor, W. E., Corliss, J. D. and Lin, D. S. 1989.
Rapid modulation of the n-3 docosahexaenoic acid levels in the
brain and retina of the newly hatched chick. — J. Lipid Res. 30:
433-441.

Andersson, M. N., Wang, H.-L., Nord, A., Salmén, P. and Isaksson,
C. 2015a. Composition of physiologically important fatty acids
in great tits differs between urban and rural populations on a
seasonal basis. — Front. Ecol. Evol. 3: 93.

Andersson, M. N., Wang, H.-L., Nord, A., Salmén, P, and Isaks-
son, C. 2015b. Composition of physiologically important fatty
acids in great tits differs between urban and rural populations
on a seasonal basis. — Front. Ecol. Evol. 3: 93.

Balnave, D. 1973. The influence of environmental temperature on
the fatty acid composition of liver and carcase lipids in the
young male chick fed on equalized and ad lib. intakes. — Comp.
Biochem. Physiol. A 44: 1075-1083.

Bates, D., Maechler, M., Bolker, B. and Walker, S. 2015. Fitting
linear mixed-effects models using Ime4. — J. Stat. Softw. 67: 1-48.

Bayerisches Staatsministerium fir Ernidhrung, Landwirtschaft und
Forsten 2018. — Waldbericht 2017: 1-84

Beare-Rogers, J. L., Dieffenbacher, A. and Holm, J. V. 2001. Lexi-
con of lipid nutrition (IUPAC technical report). — Pure Appl.
Chem. 73: 685-744.

Ben-Hamo, M., McCue, M. D., Khozin-Goldberg, 1., McWil-
liams, S. R. and Pinshow, B. 2013. Ambient temperature and
nutritional stress influence fatty acid composition of structural
and fuel lipids in Japanese quail (Corurnix japonica) tissues. —
Comp. Biochem. Physiol. A Mol. Integr. Physiol. 166: 244-250.

Bonisoli-Alquati, A., Rubolini, D., Romano, M., Cucco, M.,
Fasola, M., Caprioli, M. and Saino, N. 2010. Egg antimicrobi-
als, embryo sex and chick phenotype in the yellow-legged gull.
— Behav. Ecol. Sociobiol. 64: 845-855.

Bourgault, P, Thomas, D. W., Blondel, ]., Perret, P and Lambre-
chts, M. M. 2007. Between-population differences in egg com-
position in blue tits (Cyanistes caeruleus). — Can. J. Zool. 85:
71-80.

Chen, S.-J., Chuang, L.-T., Liao, J.-S., Huang, W.-C. and Lin,
H.-H. 2015. Phospholipid incorporation of non-methylene-
interrupted fatty acids (NMIFA) in murine microglial BV-2
cells reduces pro-inflammatory mediator production. — Inflam-
mation 38: 2133-2145.

Cherian, G., Bautista-Ortega, J. and Goeger, D. E. 2009. Maternal
dietary n-3 fatty acids alter cardiac ventricle fatty acid composi-
tion, prostaglandin and thromboxane production in growing
chicks. — Prostaglandins Leukot. Essent. Fatty Acids 80:
297-303.

Conway, C. J., Eddleman, W. R. and Simpson, K. L. 1994. Sea-
sonal changes in fatty acid composition of the wood thrush. —
Condor 96: 791-794.

Ding, S., Zhu, N. and Zhang, S. 2023. Variaiton in the composi-
tion of small molecule compounds in the egg yolks of Asian
short-toed larks between early and late broods. — Avian Res. 14:
100136.

Egeler, O. and Williams, T. D. 2000. Seasonal, age, and sex-related
variation in fatty-acid composition of depot fat in relation to
migration in western sandpipers. — Auk 117: 110-119.

Gelman, A. and Hill, J. 2007. Data analysis using regression and
multilevel/hierarchical models. — Cambridge Univ. Press.

Gelman, A. and Su, Y. 2024. arm: data analysis using regression
and multilevel/hierarchical models. — R package ver. 1.14-4,
hetps://CRAN.R-project.org/package=arm.

Gibb, J. A. and Betts, M. M. 1963. Food and food supply of nest-
ling tits (Paridae) in Breckland pine. — J. Anim. Ecol. 32:
489-533.

Hall, J. A, Jha, S., Skinner, M. M. and Cherian, G. 2007. Mater-
nal dietary n-3 fatty acids alter immune cell fatty acid compo-
sition and leukotriene production in growing chicks. — Prosta-
glandins Leukot. Essent. Fatty Acids 76: 19-28.

Hohl, C. M. and Résen, P. 1987. The role of arachidonic acid in
rat heart cell metabolism. — Biochim. Biophys. Acta 921:
356-363.

Hulbert, A. J. and Abbott, S. K. 2012. Nutritional ecology of essen-
tial fatty acids: an evolutionary perspective. — Aust. J. Zool. 59:
369-379.

Indykiewicz, P, Jakubas, D., Kowalczyk-Pecka, D., Kitowski, I. and
Szady-Grad, M. 2023. Variability in fatty acids composition in
eggs of an omnivorous waterbird, the black-headed gull Chroi-
cocephalus ridibundus, foraging in different habitats. — Eur.
Zool. J. 90: 677-690.

Isaksson, C. 2015. Urbanization, oxidative stress and inflammation:
a question of evolving, acclimatizing or coping with urban envi-
ronmental stress. — Funct. Ecol. 29: 913-923.

Isaksson, C. and Andersson, S. 2007. Carotenoid diet and nestling
provisioning in urban and rural great tits Parus major. — J. Avian
Biol. 38: 564-572.

Isaksson, C., Hanson, M. A. and Burdge, G. C. 2015. The effects
of spatial and temporal ecological variation on fatty acid com-
positions of wild great tits Parus major. — J. Avian Biol. 46:
245-253.

Isaksson, C., Andersson, M. N., Nord, A., von Post, M. and Wang,
H.-L. 2017. Species-dependent effects of the urban environ-

Page 9 of 11


https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/jav.03585
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/jav.03585
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/jav.03585
https://doi.org/10.5281/zenodo.18107552
https://doi.org/10.5281/zenodo.18107552
https://CRAN.R-project.org/package=arm

ment on fatty acid composition and oxidative stress in birds.
— Front. Ecol. Evol. 5: 44.

Katsuki, H. and Okuda, S. 1995. Arachidonic acid as a neurotoxic
and neurotrophic substance. — Prog. Neurobiol. 46: 607-636.

Korner-Nievergelt, E, Roth, T., von Felten, S., Guélat, J., Almasi,
B. and Korner-Nievergelt, P 2015. Bayesian data analysis in
ecology using linear models with R, BUGS, and Stan. — Aca-
demic Press.

Kralik, G., Kralik, Z., Gréevié, M., Galovié, O., Hanzek, D. and
Biazik, E. 2021. Fatty acid profile of eggs produced by laying
hens fed diets containing different shares of fish oil. — Poult.
Sci. 100: 101379.

Leskanich, C. O. and Noble, R. C. 1997. Manipulation of the n-3
polyunsaturated fatty acid composition of avian eggs and meat.
— Worlds Poult. Sci. J. 53: 155-183.

Lessells, C. M., Ruuskanen, S. and Schwabl, H. 2016. Yolk steroids
in great tit Parus major eggs: variation and covariation between
hormones and with environmental and parental factors. —
Behav. Ecol. Sociobiol. 70: 843-856.

Lin, D. S., Connor, W. E. and Anderson, G. J. 1991. The incor-
poration of n-3 and n-6 essential fatty acids into the chick
embryo from egg yolks having vastly different fatty acid com-
positions. — Pediatr. Res. 29: 601-605.

Maldjian, A., Cristofori, C., Noble, R. C. and Speake, B. K. 1996.
The fatty acid composition of brain phospholipids from chicken
and duck embryos. — Comp. Biochem. Physiol. B Biochem.
Mol. Biol. 115: 153-158.

Mentesana, L., Isaksson, C., Goymann, W., Andersson, M. N.,
Trappschuh, M. and Hau, M. 2019. Female variation in alloca-
tion of steroid hormones, antioxidants and fatty acids: a multi-
level analysis in a wild passerine bird. — J. Avian Biol. 50: 1-16.

Mentesana, L., Andersson, M. N., Casagrande, S., Goymann, W.,
Isaksson, C. and Hau, M. 2021. Natural variation in yolk fatty
acids, but not androgens, predicts offspring fitness in a wild
bird. — Front. Zool. 18: 1-12.

Mentesana, L., Hau, M., D’Amelio, P. B., Adreani, N. M. and
Sénchez-Téjar, A. 2025a. Do egg hormones have fitness conse-
quences in wild birds? A systematic review and meta-analysis.
— Ecol. Lett. 28: ¢70100.

Mentesana, L., Wang, H.-L., Hau, M., Isaksson, C. and Andersson,
M. N. 2025b. Data from: Variation in seed abundance predicts
yolk fatty acid composition in a wild population of birds. —
Zenodo, https://doi.org/10.5281/zenodo.18107552.

Mitchell, D. C., Gawrisch, K., Litman, B. J. and Salem Jr, N. 1998.
Why is docosahexaenoic acid essential for nervous system func-
tion? — Biochem. Soc. Trans. 26: 365-370.

Neuringer, M., Anderson, G. J. and Connor, W. E. 1988. The
essentiality of n-3 fatty acids for the development and function
of the retina and brain. — Annu. Rev. Nutr. 8: 517-541.

NIST Research Library (National Institute of Standards and Tech-
nology) 2025. — NIST Research Library, www.nist.gov/nist-re
search-library.

Noble, R. C. and Cocchi, M. 1990. Lipid metabolism and the
neonatal chicken. — Prog. Lipid Res. 29: 107-140.

Noble, R. C., Speake, B. K., McCartney, R., Foggin, C. M. and
Deeming, D. C. 1996. Yolk lipids and their fatty acids in the
wild and captive ostrich (Struthio camelus). — Comp. Biochem.
Physiol. B Biochem. Mol. Biol. 113: 753-756.

Parolini, M., Khoriauli, L., Possenti, C. D., Colombo, G., Caprioli,
M., Santagostino, M., Nergadze, S. G., Milzani, A., Giulotto,
E. and Saino, N. 2017. Yolk vitamin E prevents oxidative dam-
age in gull hatchlings. — R. Soc. Open Sci. 4: 170098.

Page 10 of 11

Pavoine, C., Magne, S., Sauvadet, A. and Pecker, E 1999. Evidence
for a f2-adrenergic/arachidonic acid pathway in ventricular car-
diomyocytes: regulation by the pl-adrenergic/cAMP pathway.
—J. Biol. Chem. 274: 628-637.

Perdeck, A. C., Visser, M. E. and Van Balen, J. H. 2000. Great tit
Parus major survival and the beech-crop. — Ardea 88: 99-106.

Pick, J. L., Nakagawa, S. and Noble, D. W. A. 2019. Reproducible,
flexible and high-throughput data extraction from primary lit-
erature: the metaDigitise R package. — Methods Ecol. Evol. 10:
426-431.

Pierce, B. J. and McWilliams, S. R. 2005. Seasonal changes in
composition of lipid stores in migratory birds: causes and con-
sequences. — Condor 107: 269-279.

Poureslami, R., Raes, K., Huyghebaert, G., Batal, A. B. and De
Smet, S. 2012. Egg yolk fatty acid profile in relation to dietary
fatty acid concentrations. — J. Sci. Food Agric. 92: 366-372.

Prasad, R. B. N. and Giilz, P2-G. 1989. Composition of lipids of
beech (Fagus sylvatica L.) seed oil. — Z. Naturforsch. C 44:
735-738.

Romieu, I., Castro-Giner, E, Kunzli, N. and Sunyer, J. 2007. Air
pollution, oxidative stress and dietary supplementation: a
review. — Eur. Respir. J. 31: 179-197.

Ruuskanen, S., Gienapp, P, Groothuis, T. G. G., Schaper, S. V.,
Darras, V. M., Pereira, C., de Vries, B. and Visser, M. E. 2016.
Heritable variation in maternally derived yolk androgens, thy-
roid hormones and immune factors. — Heredity 117: 184-190.

Saino, N., Dall’ara, P, Martinelli, R. and Meller, A. P. 2002. Early
maternal effects and antibacterial immune factors in the eggs,
nestlings and adults of the barn swallow. — J. Evol. Biol. 15:
735-743.

Salem Jr, N., Litman, B., Kim, H. and Gawrisch, K. 2001. Mech-
anisms of action of docosahexaenoic acid in the nervous system.
— Lipids 36: 945-959.

Sjoberg, K., Pettersson, R. B., Ball, J. P. and Sundstrom, T. 2007.
Seed crops of Norway spruce and winter habitat quality for
boreal birds: old-growth compared with managed forests. —
Ann. Zool. Fenn. 44: 486-495.

Speake, B. K. and Wood, N. A. R. 2005. Timing of incorporation
of docosahexaenoic acid into brain and muscle phospholipids
during precocial and altricial modes of avian development. —
Comp. Biochem. Physiol. B Biochem. Mol. Biol. 141:
147-158.

Speake, B. K., Ciristofori, C., McCartney, R. J. and Noble, R. C.
1996. The relationship between the fatty acid composition of
the lipids of the the yolk and the brain of the duck embryo. —
Biochem. Soc. Trans. 24: 181S.

Speake, B. K., Surai, P F, Noble, R. C., Beer, J. V. and Wood, N.
A. R. 1999a. Differences in egg lipid and antioxidant composi-
tion between wild and captive pheasants and geese. — Comp.
Biochem. Physiol. B Biochem. Mol. Biol. 124: 101-107.

Speake, B. K., Decrock, E, Surai, . E and Groscolas, R. 1999b.
Fatty acid composition of the adipose tissue and yolk lipids of
a bird with a marine-based diet, the emperor penguin (Apteno-
dytes forsteri). — Lipids 34: 283-290.

Stadelman, W. J. and Pratt, D. E. 1989. Factors influencing com-
position of the hen’s egg. — Poultry Sci. 39: 560-565.

Sujatha, T. and Narahari, D. 2011. Effect of designer diets on egg
yolk composition of ‘white Leghorn’ hens. — J. Food Sci. Tech-
nol. 48: 494-497.

Surai, P. E and Speake, B. K. 2008. The natural fatty acid compo-
sitions of eggs of wild birds and the consequences of domestica-
tion. — In: De Meester, E and Watson, R. R. (eds), Wild-type


https://doi.org/10.5281/zenodo.18107552
http://www.nist.gov/nist-research-library
http://www.nist.gov/nist-research-library

food in health promotion and disease prevention. — Humana
Press, pp. 121-137.

Surai, P E, Speake, B. K. and Sparks, N. H. C. 2001. Carotenoids
in avian nutrition and embryonic development. 1. Absorption,
availability and levels in plasma and egg yolk. — Jpn. Poult. Sci.
38: 1-27.

Thanabalan, A. and Kiarie, E. G. 2021. Influence of feeding
omega-3 polyunsaturated fatty acids to broiler breeders on indi-
ces of immunocompetence, gastrointestinal, and skeletal devel-
opment in broiler chickens. — Front. Vet. Sci. 8: 653152.

Tilgar, V., Mind, R., Kilgas, P and Reynolds, S. J. 2005. Chick
development in free-living great tits Parus major in relation to
calcium availability and egg composition. — Physiol. Biochem.
Zool. 78: 590-598.

Toledo, A., Andersson, M. N., Wang, H.-L., Salmén, P, Watson,
H., Burdge, G. C. and Isaksson, C. 2016. Fatty acid profiles of
great tit (Parus major) eggs differ between urban and rural
habitats, but not between coniferous and deciduous forests. —
Sci. Nat. 103: 55.

Twining, C. W., Brenna, J. T., Hairston, N. G. and Flecker, A. S.
2016. Highly unsaturated fatty acids in nature: what we know
and what we need to learn. — Oikos 125: 749-760.

Twining, C. W., Lawrence, P, Winkler, D. W., Flecker, A. S. and
Brenna, J. T. 2018. Conversion efficiency of a-linolenic acid to
omega-3 highly unsaturated fatty acids in aerial insectivore

chicks. — J. Exp. Biol. 221: jeb.165373.

Valcu, C. M., Scheltema, R. A., Schweiggert, R. M., Valcu, M.,
Teltscher, K., Walther, D. M., Carle, R. and Kempenaers, B.
2019. Life history shapes variation in egg composition in the
blue tit Cyanistes caeruleus. — Commun. Biol. 2: 6.

Vanhanen, L. P, Savage, G. P. and Hider, R. N. 2017. Fatty acid
profile of New Zealand grown edible pine nuts (Pinus spp.). —
Food Nutr. Sci. 8: 305-315.

Vienola, K., Jurgens, G., Vuorenmaa, J. and Apajalahti, J. 2018.
Tall oil fatty acid inclusion in the diet improves performance
and increases ileal density of lactobacilli in broiler chickens. —
Br. Poult. Sci. 59: 349-355.

Warton, D. I. and Hui, E K. C. 2011. The arcsine is asinine: the
analysis of proportions in ecology. — Ecology 92: 3-10.

Watson, H., Salmén, P. and Isaksson, C. 2018. Maternally derived
yolk antioxidants buffer the developing avian embryo against
oxidative stress induced by hyperoxia. — ]. Exp. Biol. 221:
jeb179465.

Williams, C. T. and Buck, C. L. 2010. Using fatty acids as dietary
tracers in seabird trophic ecology: theory, application and limi-
tations. — J. Ornithol. 151: 531-543.

Wolff, R. L. and Bayard, C. C. 1995. Fatty acid composition
of some pine seed oils. — J. Am. Oil Chem. Soc. 72: 1043—
1046.

Xie, K., Miles, E. A. and Calder, P. C. 2016. A review of the poten-
tial health benefits of pine nut oil and its characteristic fatty
acid pinolenic acid. — J. Funct. Foods 23: 464-473.

Page 11 of 11



	Introduction
	Material and methods
	Field site
	Beech tree fructification
	Beech tree fructification
	Beech tree fructification
	Seed collection
	Egg collection
	Seeds analysis
	Egg yolk analysis
	Data handling and statistical analysis

	Results
	Beech tree fructification
	Beech tree fructification
	Beech tree fructification
	Fatty acids in tree seeds
	Fatty acids in egg yolks

	Discussion
	Conclusions
	Funding – This work was funded by the Max Planck Society.
	Conflict of interest – The authors declare no conflict of interest.
	Permits – All field procedures were conducted in compliance with the legal requirements of Germany and the EU and were approved by the regional governmental authority, the Regierungspräsidium von Oberbayern, Germany (license no. 55.2-1-54-2532-25-2015).
	Transparent peer review
	Data availability statement
	Supporting information

	References

