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Abundant fragments from eggs laid by giant birds occur in the Palaeocene (Thanetian) and Eocene (Sparnacian)
sedimentary deposits of southeastern France. In the Sparnacian, thick eggshell fragments, assigned to the
oospecies Ornitholithus arcuatus, correspond to very large bird eggs that were most likely laid by Gastornis. The
Thanetian thin eggshell fragments, assigned to Ornitholithus biroi, were presumably laid by a smaller, yet uniden-
tified bird. In order to investigate ecology and environment of these egg-laying birds, stable carbon and oxygen
isotope compositions of 125 fossil eggshell fragments were analyzed. After removing samples affected by diage-

?fﬂ: fi‘mpes netic alteration of the calcitic shells, the measured range of §'C. values (— 11%, to — 6%, V-PDB) is interpreted as
Bird reflecting an herbivorous diet for these birds in a context of limited annual precipitation (=500 mmy~'). Stable
Diet oxygen isotope analysis of living ostrich eggshell calcite, along with that of the water extracted from their albu-
Climate men and yolk, provided evidence to calculate isotopic fractionation factors between both calcite and body water

Eggshell
Late Palaeocene
Early Eocene

(Qcalcite-body water = 1.03041) and between body water and meteoric water (Qtw-mw = 1.00399), using 5'%0
values of local meteoric waters identified as the source of the birds drinking water. Combined with the %0
values of fossil eggshells, both isotopic fractionations provided calculated 5'20 values of meteoric waters in the
range — 9.5%. to — 2.8%. (V-SMOW) for the Thanetian, and in the range —8.9%. to — 1.7%. (V-SMOW) for the
Sparnacian. These large isotopic ranges likely reflect inter-annual temperature variations of the complete year,
suggesting a year round egg-laying strategy. Corresponding Mean Air Temperatures (MAT) were comprised
between 20 + 4 °C and 22 + 4 °C during the Thanetian, and between 23 + 3 °C and 25 + 3 °C during the
Sparnacian. These giant birds likely lived under a warm and dry climate similar to that prevailing today in western
Mediterranean islands.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Tertiary giant ground birds of the family Gastornithidae are current-
ly known from the Palaeocene to the Middle Eocene in Europe, and from
the Early Eocene in North America and Asia (e.g., Andors, 1992; Martin,
1992; Mayr, 2009; Buffetaut and Angst, 2014). Although this bird group
has been known for a long time, its ecology is still poorly known and re-
mains a matter of debate, even though an herbivorous diet was recently
demonstrated with the combined use of stable carbon isotope ratios of
Gastornis bones and a morphofunctional analysis of its mandible
(Angst et al., 2014). Moreover, recent study of the abundant eggshell
fragments known from Southern France indicates that these eggs
were laid by giant birds belonging to the family Gastornithidae on the
basis of the geometrical properties of eggshell fragments (Angst et al.,

* Corresponding author.
E-mail address: angst.delphine@gmail.com (D. Angst).

http://dx.doi.org/10.1016/j.palae0.2015.06.011
0031-0182/© 2015 Elsevier B.V. All rights reserved.

2015). This study confirms the attribution of at least a part of these egg-
shells to Gastornis, skeletal remains of which are known from the Early
Eocene of southern France (Saint-Papoul, Aude: Buffetaut, 2008;
Laurent et al., 2010; Bourdon et al., 2014). Since the 1960s, several stud-
ies were devoted to their microstructure (Touraine, 1960; Dughi and
Sirugue, 1962; Penner, 1983; Donaire and Lépez-Martinez, 2009),
their ornamentation (Dughi and Sirugue, 1959; Touraine, 1960) and
their stratigraphic distribution (Touraine, 1960; Fabre-Taxy and Tou-
raine, 1960; Corroy and Touraine, 1961; Touraine, 1961, 1962; Dughi
and Sirugue, 1968; Touraine, 1978; Donaire and Lépez-Martinez,
2009; Buffetaut and Angst, 2014). Here the stable carbon and oxygen
isotope compositions of these large bird eggshell fragments were
measured and analyzed in order to investigate the nesting environment
of these birds and to assess whether the egg laying was seasonally con-
trolled or not.

Avian eggshell is a biomineralised composite ceramic consisting of
calcium carbonate embedded in an organic matrix, both anchored to
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the shell membranes at the base of the internal side and protected in the
external side by the cuticle (e.g., Tyler, 1969). In the fossil record, only
the inorganic part is potentially preserved, and corresponds to about
95% of the shell made of calcium carbonate whose carbon is inherited
from the ingested food whilst oxygen derives from the bird body
water. Therefore the carbonate component of the shell can be used to
estimate the bird diet, i.e., the 8'>C value of food and the 5'80 value of
drinking water, shortly before and during shell formation (Von
Schirnding et al., 1982). Provided that the egg was led by an herbivorous
bird, the carbon isotope composition of its plant diet can be calculated
using the carbonate-diet '*C-enrichment established for modern birds
(Von Schirnding et al., 1982; Angst et al., 2014). In turn, if the ingested
plants use the C3 photosynthetic pathway, then it is possible to estimate
the average amount of local precipitations using the relationship
established between extant C3 plants and Mean Annual Precipitation
(MAP; Diefendorf et al., 2010; Kohn, 2010). Local air temperature can
be inferred from the oxygen isotope composition of the eggshell calcium
carbonate. Indeed, the 5'80 value of the eggshell reflects a combination
of the bird body temperature (most likely ranging from 37 to 41 °C) and
the oxygen isotope composition of its drinking water, the source of
which is ultimately meteoric waters. In turn, oxygen isotope composi-
tions of meteoric waters are mainly controlled by surface temperatures,
as significant relationships were established between Mean Air Tem-
perature (MAT) and mean 6'80 values of meteoric waters for mid to
high latitudes (e.g., Dansgaard, 1964; Fricke and O'Neil, 1999). Eggshell
formation in birds is very fast, lasting between 15 and 20 h (e.g., Von
Schirnding et al., 1982; Schaffner and Swart, 1991; Roberts, 2004;
Hincke et al., 2010). The 5'80 value of calcium carbonate thus reflects
a short time period, the most favourable one for egg-laying. Con-
sequently, some isotopic variability is expected in response to fluctuat-
ing meteorological conditions on a yearly scale, and this variability can
be assessed by analyzing a large number of eggshell fragments. Several
studies were dedicated to investigating climatic conditions that have
prevailed during the early Tertiary (Fricke et al., 1998; Clyde et al.,
2001; Mosbrugger et al., 2005; Schmitz and Pujalte, 2007), and a
warm and rather dry environment has been proposed for central
Europe based on a palaeobotanical study (Mosbrugger et al., 2005).

In order to understand some aspects of the reproductive behaviour
of Gastornis within the climatic framework of southeastern France, we
have analyzed oxygen and carbon isotope compositions of well pre-
served eggshell fragments and interpreted them in terms of air temper-
atures and mean amounts of precipitation. These climatic data should
bring another piece to the complex puzzle of the early Tertiary climatic
modes, with a more precise knowledge of seasonal variations that
prevailed in the southeastern part of France under the influence of the
western Mediterranean Sea.

Therefore, this work will lead to a better understanding of the ecol-
ogy of these large Tertiary birds, but also provide some new elements
about the palaeoenvironments in southern France during the end of
the Palaeocene and the beginning of the Eocene.

2. Material
2.1. Geological setting

Eggshell fragments are known from about twenty Late Palaeocene
and Early Eocene sites in southern France and were attributed to large
birds since the 1950s (Dughi and Sirugue, 1959).

The studied fragments of fossil bird eggshells were sampled from
eight Tertiary sedimentary basins in southern France (Fig. 1), where the
eggshell-bearing sedimentary beds are of Late Palaeocene (Thanetian)
and Early Eocene (Sparnacian) ages (Dughi et al., 1969; Plaziat, 1984;
Cojan et al., 2000; Donaire and Lépez-Martinez, 2009). Among these
eight basins, twenty fossiliferous sites were previously described as
hosting bird eggshells (Dughi and Sirugue, 1959; Fabre-Taxy and Tou-
raine, 1960; Touraine, 1960, 1961; Corroy and Touraine, 1961; Dughi

and Sirugue, 1962; Touraine, 1962; Villatte, 1966; Dughi and Sirugue,
1968; Dughi et al., 1969; Touraine, 1978; Plaziat, 1984; Donaire and
Lopez-Martinez, 2009). During two field trips conducted between 2011
and 2012, more than 1300 eggshell fragments were unearthed from the
following fifteen sites: Saint-Antonin-sur-Bayon, Suberoque, Saint-
Maurin, Les Bardouines, La Neuve, Vinon-sur-Verdon, La Baraque, Saint-
Julien-le-Montagné, La Mourotte, La Roquette, Pontevés, Sillans-la-
Cascade, Les Mauquiers, Lagrasse and one site that has not been clearly
identified yet but is located in the Cengle basin (Cengle indet.; Fig. 1).

Among these eggshell remains, two different types of cm-sized frag-
ments were determined by considering the thickness of the eggshells;
the thin one (1 mm thick), ascribed to the oospecies Ornitholithus
biroi, is relatively uncommon (about 5% of the total egg fragments)
compared to the thick one (2 mm thick), ascribed to the oospecies
Ornitholithus arcuatus. At the locality of Les Bardouines, the well-
documented stratigraphic sequence that these two types of eggshells
were not contemporaneous. Indeed, the thin eggshells are always
older (Thanetian) than the thick ones, being of Sparnacian age. As
noted by Dughi and Sirugue (1968), the thin eggshells always occur in
the red marls underlying the ‘Calcaire de Saint-Marc Formation’
whereas the thick eggshells are only found in the upper part of the
Calcaire de Saint-Marc and the younger overlying red marls. Follow-
ing the magnetostratigraphic and chemostratigraphic study of Cojan
et al. (2000), the thin eggshells are found in the Thanetian, whereas
the thick ones are Sparnacian in age (Fig. 2).

2.2. Sampling strategy of eggshell fragments

Within the two oospecies O. arcuatus and O. biroi, Dughi and Sirugue
(1962) proposed a subdivision into four thick eggshells oospecies and
one thin eggshell oospecies on the basis of microstructural and external
ornamentation criteria. However, the most recent study of eggshell
microstructures, by Penner (1983), considered only one oospecies per
eggshell type: O. arcuatus and O. biroi. The thick eggshell fragments, at-
tributed to O. arcuatus, correspond to very large eggs that have been laid
by a giant bird, most likely Gastornis (Angst et al., 2015). Size could not
be estimated for the thin-shelled eggs and the kind of bird that laid them
remains uncertain. It should be remembered, however, that a relatively
small species of Gastornis, Gastornis russelli, was described from the Late
Palaeocene of Berru (NE France) by Martin (1992). It cannot be excluded
that the O. biroi eggs were laid by a small species of Gastornis similar to
G. russelli, which, to judge from the length of the tarsometatarsus, was
about half the size of the larger Gastornis parisiensis.

Among the 1300 eggshells found during the field trips, 125 eggshells
were analyzed for their stable carbon and oxygen isotope ratios. These
analyzed eggshells belong to both oospecies and were sampled in
the ten sites of Sillans-la-Cascade, Saint-Maurin, Les Bardouines, La
Mourotte, Saint-Antonin, Les Mauquiers, Pontevés, Suberoque, Lagrasse
and from the Cengle synclinal (Table 1).

Four extant chicken eggs and one extant ostrich egg, coming from
geographic locations characterized by distinct 6'80 values of drinking
waters (waters sampled in situ and analyzed in our laboratory or esti-
mated using the IAEA database) were collected and their eggshell, albu-
men and yolk were analyzed (Table 2). These oxygen isotope
compositions allowed determining the oxygen isotope fractionation be-
tween the birds body water and their drinking water.

3. Analytical techniques
3.1. Thin sections and the microstructure of the eggshells

Thin sections were cut at ‘Laboratoire Transferts Lithosphériques’,
in Saint-Etienne, France. They consist of 30 pm thick slices of eggshell
fragments cut perpendicular to the long axis of the shell, which were
fixed to a glass slide with epoxy before examination with an optical mi-
croscope at ‘Laboratoire de Géologie de Lyon’ in Villeurbanne, France.
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Fig. 1. Geographical and geological map of southern France showing the sites where the fossil bird eggshells were found. Site name: 1 — Saint-Antonin-sur-Bayon, 2 — Suberoque,
3 — Saint-Maurin, 4 — Les Bardouines, 5 — La Neuve, 6 — Vinon-sur-Verdon, 7 — La Baraque, 8 — Saint-Julien-le-Montagné, 9 — La Mourotte, 10 — La Roquette, 11 — Ponteveés,

12 — Sillans-la-Cascade, 13 — Les Mauquiers, 14 — Cengle basin indet., 15 — Lagrasse.

Photomicrographs of the shell microstructure were taken at a 40 x mag-
nification (Fig. 3).

3.2. Oxygen isotope measurements of extant ostrich and chicken egg yolk,
albumen and drinking waters

About 3 mL of albumen and yolk were pumped off with a syringe
through a hole made with a drill in the thick ostrich eggshell, whereas
the chicken egg yolk and albumen were delicately separated after
breaking the egg and sampled with a syringe. Three aliquots of 300 pL
of albumen and yolk were automatically reacted at 313 K with CO,
and analyzed using a MultiPrep™ system on line with a GVI IsoPrime™
dual inlet isotope ratio mass spectrometer. The same analytical protocol
was applied to three samples of local meteoric waters. Reproducibility
of 6'80 values was estimated to be +0.1%. by normalizing raw data to
the isotopic ratios of SMOW, SLAP and GISP international standards
that were measured along with the samples.

3.3. Carbon and oxygen isotope measurements of bird eggshells

Bird eggshell fragments were cleaned in an ultrasonic bath with
distilled water, and after drying at room temperature, the inner and
outer surface layers were removed by mechanical abrasion in order to
eliminate all the sedimentary residues. Each eggshell fragment was
drilled with a diamond-head, throughout the complete thickness of
the eggshell, and the resulting coarse powder was further ground in
an agate mortar until a very fine powder was obtained.

Stable isotope ratios were determined by using an auto sampler
MultiPrep™ system coupled to a dual-inlet GV Isoprime™ isotope
ratio mass spectrometer (IRMS). For each sample, an aliquot of about
350 pg of calcium carbonate was reacted with anhydrous oversaturated
phosphoric acid at 90 °C for 12 min. Carbon and oxygen isotope compo-
sitions are quoted in the 6 notation in per mil relative to V-PDB. All sam-
ples were measured in duplicate and adjusted to the international
reference NIST NBS19 analyzed during the same session. External repro-
ducibility is 4 0.1%. for 880 values and =+ 0.05 for 6'>C values (10). Con-
version of 6'80 of calcite from V-PDB to V-SMOW was performed
according to Coplen et al. (1983) formula: $'80 (%.V-SMOW) = 6'80
(%-V-PDB) + 1.03091 + 30.91.

4. Results
4.1. Diagenesis and microstructure of fossil bird eggshells

The photomicrographs of bird eggshell thin sections (Fig. 3) have
revealed that the original structure of eggshells was fully preserved (ex-
cept for one sample labelled eg#440), with the presence of two distinct
layers (prismatic/palisade and mammillary) defining an organization
shared by all the bird eggshells (Penner, 1983). Shell calcite from sam-
ple eg#440 form the “Cengle indet.” is totally recrystallized and devoid
of any remnant of its original structure (Fig. 3a), thus most likely reveal-
ing a diagenetic origin. For all the other eggshells, the preservation of
the original microstructure of calcite crystals suggests that these fossils
did not suffer any extensive process of recrystallization in the presence
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Fig. 2. Stratigraphic distribution of the Ornitholithus biroi and Ornitholithus arcuatus eggshells using a stratigraphic framework modified after Cojan et al. (2000), and correlated with the

international scale.

of post-depositional crustal aqueous fluids, and are likely to have retained
their pristine carbon and oxygen isotope compositions.

4.2. Body water of modern ostrich, chicken and their drinking water

The mean 6'80 values of water extracted from the albumen and
yolk of the ostrich egg (Table 2, sample A1) are —7.10 4+ 0.02%. and
—7.13 4 0.06%. (V-SMOW), and —6.43 4 0.02%. and —6.54 4 0.11%.
(V-SMOW) for one chicken egg (Table 2, sample C1). These values are
considered as both reflecting the oxygen isotope composition of the
bird body water (6'80y,,). Because no significant differences were
observed between egg yolk and albumen, only albumen 6'80 value of
samples SEL, MtP-1 and SaoP1 were measured. In parallel, the oxygen
isotope compositions of waters drunk by the birds, which are of meteoric
origin (6'80,w), have 880, values ranging from — 11.06%. to — 6.6%.
(V-SMOW). Combining these two oxygen isotope data, the isotopic frac-
tionation factor (pw_mw) defined as (5'%0py, + 1000)/(5'80mw +
1000) equals 1.00399 between the body water of the ostrich and its
drinking water, and 1.00442 4 0.00016 between the body water of
the 4 chicken and their drinking waters. It is noteworthy that the frac-
tionation value is not influenced by the changing composition of the
drinking water. The slight difference between the ostrich and chickens
Qbw-mw) being possibly related either to natural variability or to phys-
iological, ecological or body mass differences.

4.3. 8"3C and 680 values of the bird eggshells

The present-day ostrich (Struthio camelus) and chicken (Gallus gallus
domesticus) eggshells have 6'80 values of —7.59 + 0.1%. and ranging
from —6.93 £+ 0.12% to —4.25 + 0.02%. (V-PDB), respectively
(Table 1). In the case of fossil birds, stable carbon and oxygen isotope
compositions of calcite were measured on 125 fragments of eggshells
(Table 1, Fig. 4). The 5'3C and 6'80 values range from — 16.6%. to

—6.0%. (V-PDB) and from —10.4%. to 1.8%. (V-PDB), respectively.
It is noteworthy, however, that these isotopic ranges include one isolat-
ed ‘outlier’ data characterized by the lowest 8'>C and 6'20 values of
—16.6%. and — 10.4%,, respectively, corresponding to the identified re-
crystallized eggshell fragment (see above). Excluding this sample from
the database (eggshell #eg440), isotopic ranges become narrower with
513C and 680 values comprised between — 11.1%, and — 6.0%s, and be-
tween — 6.0%. and 1.8%., respectively. These isotopic ranges measured
on fossil bird eggshells are bracketed by those documented for present-
day bird eggshells (— 16.1%. < 8'3C < 4.4%.; —20.5%. < 6'20 < 10.2%o)
that encompass various terrestrial areas characterized by specific climate
modes (Erben et al,, 1979; Sarkar et al,, 1991; Johnson et al., 1998).

Because recovered eggshell fragments display several degrees of wear
on the outer surface, statistical tests (ANOVA) were performed to poten-
tially detect an impact of the wear rate on both 6'>C and §'80 values of the
eggshells. The statistical tests are negative when considering the 8'3C and
580 values of thick eggshell fragments (O. arcuatus) for the different clas-
ses of ornamentations (8'>C: ANOVA-test; F = 0.5276 and P = 0.7864;
and 6'80: ANOVA-test: F = 0.223 and P = 0.9686).

As previously described, two different oospecies of bird eggshells
constitute the corpus of analyzed eggshells, which were not contempo-
raneous. No significant statistical difference is observed for the carbon
isotope compositions between O. arcuatus of Sparnacian age and
O. biroi of Thanetian age (Kruskal-Wallis Test: P = 0.8783), whereas a
statistical difference is observed for the oxygen isotope compositions
(ANOVA-test: F = 0.7225 and P = 0.008231).

5. Discussion
5.1. Oxygen isotope fractionation between body water and drinking water

Using the ingested water &'80,,,,, values and the body water §'80y,,
values of ostrich and chickens, we estimated a body water-drinking
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Table 1

Oxygen and carbon isotope composition of studied eggshell fragments reported along with sample number, oo-taxon, surface ornamentation, and origin. The * indicates the samples for
which a thin section was done. Site abbreviations: Sillans: Sillans-la-Cascade, St-Antonin: Saint-Antonin-sur-Bayon, St-Maurin: Saint-Maurin, Cengle indet.: Cengle basin indet. Ornamen-
tation abbreviations: AV: average vermiculation, AS: almost smooth, H: hilly, P: pitted, S: smooth, SV: strong vermiculation, TSV: thin and spaced vermiculation.

Sample #  Taxon Eggshell thickness Eggshell Locality Age 51°C, SD.ec.  8'%0, SD.6'%0,
ornamentation (%0 V-PDB) (%0 V-PDB)

Al Struthio camelus Livron Present-day —9.89 0.22 —7.59 0.10
C1 Gallus gallus St-Nizier-le-Désert Present-day —7.03 0.01 —6.93 0.12
SEL Gallus gallus La Clayette (France) Present-day —10.70 0.07 —6.74 0.33
MtP-1 Gallus gallus Mont Pilat (France) Present-day —0.20 0.04 —4.97 0.06
SaoP1 Gallus gallus Sao Paulo (Brazil) Present-day 2.16 0.01 —4.25 0.02
eg005 0. arcuatus Thick H Sillans Sparnacian —6.26 0.06 0.45 0.01
eg034 0. arcuatus Thick TSV Sillans Sparnacian —6.29 0.10 —0.35 0.09
eg036 0. arcuatus Thick AS Sillans Sparnacian —-817 0.02 —4.15 0.06
eg037 0. arcuatus Thick AS Sillans Sparnacian —7.69 - —0.35 -
eg039 0. arcuatus Thick S Sillans Sparnacian —7.21 0.00 —0.24 0.01
eg045 0. arcuatus Thick AS Sillans Sparnacian —6.75 0.06 —1.25 0.02
eg048 0. arcuatus Thick AV Sillans Sparnacian —7.98 0.01 —1.50 0.01
eg062 0. arcuatus Thick P Sillans Sparnacian —7.27 - —3.06 -
eg104 0. arcuatus Thick N Sillans Sparnacian —6.58 - —-1.79 -
eg106 0. arcuatus Thick H Sillans Sparnacian —6.80 - —1.62 -
egl107* 0. arcuatus Thick NY Sillans Sparnacian —6.31 0.06 —3.12 -
eg108 0. arcuatus Thick P Sillans Sparnacian —7.51 0.12 —221 0.10
eg109 0. arcuatus Thick SV Sillans Sparnacian —6.69 0.07 —1.53 0.25
egl21 0. arcuatus Thick H Sillans Sparnacian —6.02 0.04 —1.97 0.03
egl23 0. arcuatus Thick S Sillans Sparnacian —10.61 0.04 —2.18 0.13
egl129 0. arcuatus Thick AV Sillans Sparnacian —6.74 0.03 —0.59 0.05
egl131 0. arcuatus Thick AV Sillans Sparnacian —7.26 0.05 —3.04 0.06
egl135 0. arcuatus Thick AV Sillans Sparnacian —8.23 0.00 —2.39 0.05
egl44 0. arcuatus Thick S Sillans Sparnacian —7.92 0.10 0.10 0.09
egl151 0. arcuatus Thick S Sillans Sparnacian —7.78 0.01 —0.19 0.11
egl71 0. arcuatus Thick N Sillans Sparnacian —8.78 0.00 —1.13 0.06
egl72 0. arcuatus Thick NY Sillans Sparnacian —9.28 0.02 —1.68 0.06
egl73 0. arcuatus Thick AS Sillans Sparnacian —823 0.15 —0.63 0.13
egl74 0. arcuatus Thick H Sillans Sparnacian —7.01 0.11 —2.77 0.03
eg186 0. arcuatus Thick TSV Sillans Sparnacian —7.42 0.01 —1.03 0.03
eg188 0. arcuatus Thick TSV Sillans Sparnacian —7.69 0.02 —3.92 0.05
eg189 0. arcuatus Thick AV Sillans Sparnacian —8.06 0.01 —2.22 0.02
eg203 0. arcuatus Thick S Sillans Sparnacian —8.32 0.05 —2.15 0.09
eg212* 0. arcuatus Thick TSV Sillans Sparnacian —6.03 0.02 1.44 0.16
eg216 0. arcuatus Thick P Sillans Sparnacian —9.00 0.02 —1.01 -
eg219 0. arcuatus Thick S Sillans Sparnacian —8.13 - —0.39 -
eg258 0. arcuatus Thick P Sillans Sparnacian —8.13 - 1.55 -
eg273 0. arcuatus Thick TSV Sillans Sparnacian —8.55 0.02 —243 0.01
eg275 0. arcuatus Thick TSV Sillans Sparnacian —8.55 0.04 —2.24 0.01
eg393 0. biroi Thin AS St-Maurin Thanetian —8.00 0.06 —1.62 0.04
eg394* 0. biroi Thin AS St-Maurin Thanetian —8.62 0.10 —1.35 0.34
eg395* 0. biroi Thin AS St-Maurin Thanetian —11.11 0.02 —6.02 0.09
eg396* 0. biroi Thin S St-Maurin Thanetian —847 0.02 0.67 0.28
eg397 0. biroi Thin S St-Maurin Thanetian —11.11 0.06 —3.63 0.17
eg398 0. biroi Thin S Les Bardouines Thanetian —-7.19 0.03 —2.38 -
eg399* 0. biroi Thin S Les Bardouines Thanetian —8.10 0.01 —3.99 0.04
eg400 0. arcuatus Thick P Les Bardouines Sparnacian —9.54 0.01 —2.31 0.00
eg401 0. arcuatus Thick P Les Bardouines Sparnacian —10.20 0.13 —4.01 0.09
eg402 0. arcuatus Thick P Les Bardouines Sparnacian —8.66 0.16 —3.05 0.39
eg403 0. arcuatus Thick NY Les Bardouines Sparnacian —10.18 0.08 —3.23 0.35
egd04 0. arcuatus Thick H Les Bardouines Sparnacian —9.40 0.42 —3.13 0.63
eg405 0. biroi Thin S La Mourotte Thanetian —8.62 0.05 —4.50 0.23
eg406 0. biroi Thin S La Mourotte Thanetian —7.86 0.06 —2.57 0.11
egd07 0. biroi Thin S La Mourotte Thanetian —7.92 0.05 —2.27 0.24
eg408 0. biroi Thin S La Mourotte Thanetian —8.57 0.17 —1.93 0.20
eg409 0. biroi Thin S La Mourotte Thanetian —8.70 0.12 —4.37 0.08
egd10 0. arcuatus Thick TSV St-Antonin Sparnacian —9.71 0.09 —2.38 0.17
eg411 0. arcuatus Thick TSV St-Antonin Sparnacian —7.78 0.03 —0.13 0.03
egd12 0. arcuatus Thick TSV St-Antonin Sparnacian —832 0.02 0.62 0.19
egd13 0. arcuatus Thick TSV St-Antonin Sparnacian —8.16 0.03 —0.21 0.10
eg414 0. arcuatus Thick TSV St-Antonin Sparnacian —10.18 0.03 —345 0.12
eg415 0. arcuatus Thick P St-Antonin Sparnacian —9.89 0.13 —1.32 0.03
egd16 0. arcuatus Thick S St-Antonin Sparnacian —10.35 0.02 —3.35 0.34
egd17 0. arcuatus Thick H St-Antonin Sparnacian —6.20 0.00 —2.11 0.03
eg418 0. arcuatus Thick H St-Antonin Sparnacian —8.21 0.04 —0.13 0.03
eg419 0. arcuatus Thick AV St-Antonin Sparnacian —8.19 - —0.45 -
egd20 0. arcuatus Thick AV St-Antonin Sparnacian —11.10 0.02 —3.89 0.01
eg421 0. arcuatus Thick NY% St-Antonin Sparnacian —8.68 0.07 —-1.74 0.07
eg422 0. arcuatus Thick NY% St-Antonin Sparnacian —7.65 0.03 —1.87 0.11
egd23 0. arcuatus Thick NY St-Antonin Sparnacian —8.85 0.02 —291 0.02
egd24 0. arcuatus Thick AS Les Mauquiers Sparnacian —8.48 0.01 —2.97 0.01
eg425 0. arcuatus Thick AS Les Mauquiers Sparnacian —8.57 0.03 —0.03 0.10
eg426 0. arcuatus Thick AS Les Mauquiers Sparnacian —9.79 0.02 —2.19 0.04
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Table 1 (continued)

Sample #  Taxon Eggshell thickness Eggshell Locality Age 51°C, SD.8C.  8'%0. SD.6'80,
ornamentation (%0 V-PDB) (%0 V-PDB)
eg429 0. arcuatus Thick TSV Ponteves Sparnacian —7.22 0.02 —1.40 0.00
eg430 0. arcuatus Thick TSV Cengle indet. Sparnacian —10.30 0.07 —3.43 0.17
eg432* 0. arcuatus Thick TSV Cengle indet. Sparnacian —9.13 0.02 —2.56 0.12
eg433 0. arcuatus Thick TSV Cengle indet. Sparnacian —11.03 0.13 —2.98 0.07
eg434 0. arcuatus Thick P Cengle indet. Sparnacian —7.42 0.07 —2.56 0.19
eg435 0. arcuatus Thick P Cengle indet. Sparnacian —8.58 0.06 —2.70 0.03
eg436 0. arcuatus Thick NY Cengle indet. Sparnacian —10.79 0.12 —3.91 0.01
eg437 0. arcuatus Thick NY% Cengle indet. Sparnacian —10.95 0.03 —-3.77 0.04
eg438 0. arcuatus Thick NY% Cengle indet. Sparnacian —10.22 0.18 —2.55 0.51
eg439 0. arcuatus Thick NY Cengle indet. Sparnacian —9.31 0.00 —1.25 0.16
eg440* 0. arcuatus Thick AV Cengle indet. Sparnacian —16.60 0.15 —10.40 0.17
egd41 0. arcuatus Thick AV Cengle indet. Sparnacian —10.72 0.01 —3.69 0.29
egd42 0. arcuatus Thick AV Cengle indet. Sparnacian —7.87 0.01 —2.46 0.25
eg443 0. arcuatus Thick AV Cengle indet. Sparnacian —7.50 0.17 —0.13 0.24
egd44 0. arcuatus Thick AV Cengle indet. Sparnacian —10.12 0.05 —2.55 0.01
egd49 0. arcuatus Thick S Suberoque Sparnacian —10.55 0.13 —1.78 0.24
eg450 0. arcuatus Thick S Suberoque Sparnacian —9.28 0.02 —1.57 034
eg451 0. arcuatus Thick S Suberoque Sparnacian —8.94 0.15 —2.12 0.16
eg452 0. arcuatus Thick P Suberoque Sparnacian —8.44 0.05 —1.72 0.04
eg453 0. arcuatus Thick TSV Suberoque Sparnacian —10.87 0.05 —3.36 0.10
eg454 0. arcuatus Thick TSV Suberoque Sparnacian —10.77 0.08 —2.98 0.04
eg455 0. arcuatus Thick TSV Suberoque Sparnacian —9.91 0.01 —2.14 0.00
eg456 0. arcuatus Thick AV Suberoque Sparnacian —10.51 0.03 —2.46 0.02
eg457 0. arcuatus Thick AV Suberoque Sparnacian —9.08 0.12 —1.26 0.06
eg458 0. arcuatus Thick NY% Suberoque Sparnacian —8.63 0.06 —1.69 0.03
eg459 0. arcuatus Thick NY Suberoque Sparnacian —8.93 0.05 —1.74 0.01
eg460 0. arcuatus Thick H Suberoque Sparnacian —744 0.10 —1.78 0.00
eg461 0. arcuatus Thick H Suberoque Sparnacian —9.66 0.06 —3.12 0.03
eg463 0. arcuatus Thick H Lagrasse Sparnacian —-717 0.02 —0.39 0.04
egd64 0. arcuatus Thick H Lagrasse Sparnacian —7.15 0.14 —0.34 0.07
eg465 0. arcuatus Thick H Lagrasse Sparnacian —9.07 0.03 —1.25 0.00
eg466 0. arcuatus Thick AS Lagrasse Sparnacian —9.01 0.02 —2.15 0.05
egd67 0. arcuatus Thick AS Lagrasse Sparnacian —745 0.04 —0.39 0.25
eg468 0. arcuatus Thick AS Lagrasse Sparnacian —7.78 0.11 —2.26 0.01
eg469 0. arcuatus Thick AS Lagrasse Sparnacian —6.79 0.02 —1.56 0.03
eg470 0. arcuatus Thick AS Lagrasse Sparnacian —7.04 0.04 —1.42 0.02
egd71 0. arcuatus Thick TSV Lagrasse Sparnacian —9.86 0.15 —1.54 0.13
eg472 0. arcuatus Thick TSV Lagrasse Sparnacian —9.39 0.08 —0.80 0.19
egd73 0. arcuatus Thick TSV Lagrasse Sparnacian —8.58 0.19 —0.27 0.26
egd74 0. arcuatus Thick TSV Lagrasse Sparnacian —9.31 - —1.83 0.09
egd75 0. arcuatus Thick TSV Lagrasse Sparnacian —8.46 - —0.21 -
egd76 0. arcuatus Thick AV Lagrasse Sparnacian —9.72 0.09 —3.83 0.00
egd77 0. arcuatus Thick AV Lagrasse Sparnacian —9.25 0.00 —3.24 0.25
eg478 0. arcuatus Thick AV Lagrasse Sparnacian —9.09 0.06 0.00 0.20
eg479 0. arcuatus Thick AV Lagrasse Sparnacian —8.16 0.04 0.11 0.19
eg480* 0. arcuatus Thick AV Lagrasse Sparnacian —7.99 - 1.83 -
eg481 0. arcuatus Thick NY Lagrasse Sparnacian —7.37 - 0.63 -
eg482 0. arcuatus Thick NY Lagrasse Sparnacian —9.41 - —2.08 -
eg483 0. arcuatus Thick NY Lagrasse Sparnacian —9.36 - —0.34 -
egd84 0. arcuatus Thick NY Lagrasse Sparnacian —10.32 0.00 —1.17 0.04
eg485 0. arcuatus Thick P Lagrasse Sparnacian —841 0.02 —1.96 0.04
eg486 0. arcuatus Thick P Lagrasse Sparnacian —9.02 0.01 —1.36 0.05
eg487 0. arcuatus Thick P Lagrasse Sparnacian —8.10 0.03 —2.28 0.05
Table 2

Oxygen isotope composition of modern bird egg yolk and albumen (chicken and ostrich), their drinking water and calculation of the fractionation between body water and meteoric water.
*In situ sampling and measurement in our lab.

Sample Location Coordinates Taxon Sample type 580, Sources 5'%0Ly X bw-mw)
(%> V-SMOW) (%o V-SMOW)

Al Livron (France) 44°46'N; 4°50'E Struthio camelus Egg yolk —7.13 + 0.06*

Egg albumen —7.10 + 0.02*

Egg mean —-7.11 Pond water —11.06 + 0.03* 1.00399
C1 St-Nizier-le-Désert (France) 46°03'N; 5°08’'E Gallus gallus Egg yolk —6.54 +0.11*

Egg albumen —6.43 + 0.02*

Egg mean —6.49 Pond water —11.06 + 0.03* 1.00463
SEL La Clayette (France) 46°17'N; 4°18'E Gallus gallus Egg albumen —4.90 4+ 0.07* IAEA —93 1.00444
MtP-1 Mont Pilat (France) 45°22'N; 4°34'E Gallus gallus Egg albumen —3.98 + 0.04* Pond water —8.13 £ 0.01* 1.00418

SaoP1 Sao Paulo (Brazil) 23°12'S; 47°31'W Gallus gallus Egg albumen —2.1140.03 IAEA —6.6+0.2 1.00452




216 D. Angst et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 435 (2015) 210-221

I

I ML
I MC
T osm d

c.1 —
0,5 mm 0,5 mm
Fig. 3. Radial thin sections of two eggshells. a — Eggshell eg#440 which shows a total recrystallization, 1: observation in natural light, 2: observation in cross-polarized light; b — Eggshell
eg#212 showing a good preservation of the thick bird egg microstructure without any secondary recrystallization, 1: observation in natural light, 2: observation in cross-polarized light;
¢ — Eggshell eg#396 showing a good preservation of the thin bird egg microstructure without any secondary recrystallization, 1: observation in natural light, 2: observation in cross-
polarized light; d — theoretical microstructure of a bird eggshell, EL: external layer, PL: prismatic layer, ML: mammilla layer, CL: mammilla core, OSM: organic shell membrane (not
fossilized).
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Fig. 4. Variations in 6'C and 580 values of the fossil bird eggshells belonging to O. biroi (red dots) and O. arcuatus (yellow dots), compared with published isotope values of modern bird
eggshells (white triangles).*: corresponds to the specimen #eg440 (Erben et al., 1979; Sarkar et al., 1991; Johnson et al., 1998).
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water '80-enrichment of 3.93%. for ostrich and 4.40 + 0.13%. for chick-
en. Itis important to note that an '80-enrichment of about 3%. to 6%. be-
tween body and drinking water is common for terrestrial vertebrates
(Kohn, 1996) including birds (Kohn, 1996), human beings (Longinelli,
1984), pigs (D'Angela and Longinelli, 1990) or cows (Bos taurus).

5.2. Oxygen isotope fractionation between bird egg calcite and body water

Ostrich (S. camelus) and chicken (G. gallus domesticus) have body
temperatures close to 39 °C and 40 °C (Schmidt-Nielsen et al., 1969;
Alexander et al., 2002). In the case of a rather constant body tempera-
ture, the oxygen isotope compositions (%. V-SMOW) of egg calcite
and body water for ostrich and chicken can be used to calculate the
two corresponding isotopic fractionation factors Qcacite_bw that equal
1.03041 and 1.02951 & 0.00066, respectively. These fractionation fac-
tors are close for the two birds within the analytical uncertainties.
They are much higher than those calculated by applying to our data
the oxygen isotope fractionation equation that was experimentally
established by Kim and O'Neil (1997) between inorganic calcite and
water (QXcaicite_bw = 1.02569). This result means that isotopic fraction-
ation equations previously determined by O'Neil et al. (1969) and Kim
and O'Neil (1997) between inorganic calcite and water cannot be ap-
plied to eggshells for calculating the 6'80 values of bird body waters.
We emphasize, however, that the interpretation of such a difference is
beyond the scope of this study. The oxygen isotope fractionation factor,
Qlalcite_bw, defined for the present-day ostrich was used to interpret the
580, values of Palaeocene and Eocene giant bird eggshells by assuming
that their body temperature was close to that of ostriches, i.e., 39 °C.

5.3. Diagenesis estimate

In addition to the obvious patterns of shell recrystallization that can
be recognized by examining thin sections using optical microscopy,
arguments based on geochemical data must also be considered to eval-
uate whether or not any kind of ‘cryptic’ diagenesis (i.e., the shell struc-
ture seems preserved) could have altered the samples and disturbed the
original carbon and oxygen isotope compositions of the eggshell calcite.
Both 6'3C and 680 values of bird eggshell fragments lie within the
range of modern bird eggshell compositions. This observation cannot
constitute a robust and definitive argument against the presence of a
pervasive diagenetic alteration because under some conditions (tem-
perature, water 6'80, 6'3C of DIC (Dissolved Inorganic Carbon) and
soil organic matter), it cannot be ruled out that some secondary calcium
carbonates could have isotopic compositions that mimic those of egg-
shells. Diagenesis, however, is commonly responsible for two patterns
of isotopic distributions in a 8'>C-5'80 space. Under fluid-dominated
conditions, isotopic compositions tend to become homogenous
and appear strongly clustered when they are reported in a bivariate
plot. Under mineral-dominated conditions, positive linear correla-
tions are expected, reflecting binary mixtures between two end-
members, which are on one side the original compositions of the
eggshell calcite and on the other side a calcium carbonate that
could result from the mineralization of soil organic matter in the
presence of oxidizing fluids.

Indeed, the most likely scenario is a substitution of the initial
calcium carbonate by a pedogenic carbonate mineral formed in a
soil where the eggshells were buried and fossilized. As a general
rule, the carbon isotope compositions of the secondary carbonates
derive from the soil around the eggshell that is conditioned by the
degradation of the vegetal cover. During the Palaeocene/Eocene,
only a Cz3-vegetation has flourished (Kohn, 2010), a degradation of
the related organic matter would have generated a soil with §'3C
values comprised between —24%. and —21%. according to the
carbon isotope compositions of bone carbonate from Gastornis
and associated herbivorous mammal teeth (Angst et al., 2014).
The pedogenic carbonates formed in such soils should have 6'>C

values from — 10%. to — 5%, according to the isotopic fractionation
(14%o < Acarbonate-organic matter < 16%0) that takes place during the
oxidation of soil organic matter into carbonates (Stevenson et al.,
2005). Unfortunately, the carbonate-organic matter carbon isoto-
pic fractionation is similar to the egg carbonate-plant diet '3C-
enrichment, thus the calculated §'3C values overlap those mea-
sured in fossil bird eggshells and cannot be used in this case to as-
sess the original preservation of the carbon isotope composition of
fossil eggshells.

In the case of oxygen isotopes, we can expect differences between
the original values recorded in eggshells and those related to pedo-
genic carbonates. Indeed, the oxygen isotope composition of the egg-
shell carbonate depends on both bird body temperature and the
oxygen isotope composition of the body water. Body water of terres-
trial vertebrates is commonly '80-enriched by a few per mil relative
to the diet water (mainly drinking water); the rate of heavy isotopic
enrichment being mainly dependent on the metabolic activity of the
bird and the body water turnover, itself dependent on the body mass.
A large terrestrial bird such as the modern ostrich has a body mass in
the 100-160 kg range and a body temperature between 38 °C and
41 °C (Schmidt-Nielsen et al., 1969). The ostrich living in southeast
France, studied here, has a body water (corresponding to yolk and al-
bumen) that is '80-enriched by 3.98%. relative to its drinking water
(A"®0pw-mw; Table 2). This isotopic enrichment factor between the
body and drinking waters is applied to the Palaeocene giant birds as-
suming that the physiology and metabolism of Gastornis and related
birds did not differ significantly from those of the present-day os-
trich. As the mean annual 5'30 values of meteoric waters in Europe
were most likely in the range —8%. to —2%. during the Eocene
(Schmitz and Andreasson, 2001; Tiitken, 2014), the 6'80 values of
the contemporaneous fossil giant bird eggshells can be calculated
by using the mean oxygen isotope fractionation factors o (pw-mw) of
1.00399 and (caicite-bw) Of 1.03041 that were defined above for the
ostrich. In a first approximation, the fossil eggshells are expected to
have 680 values ranging from — 4.9 to 1.0%. for a body temperature
assumed to be 39 °C, thus matching the upper part of the range
(—6.0% < 680 < 1.8%.) of measured fossil eggshell 520 values
(Fig. 4). This range of calculated 5'80 values of fossil eggshells, how-
ever, is much higher as a whole than that calculated for pedogenic
carbonates (— 10.5%. < 880 < — 2.7%,) that would have been precip-
itated in isotopic equilibrium with the same meteoric waters at tem-
peratures between 15 °C and 25 °C. These temperatures are
considered as the minima and maxima of the range of mean annual
air temperatures prevailing during the Palaesocene-Eocene (Sluijs
et al., 2006).

Consequently, on that basis alone, the isotopic ranges obtained from
the studied eggshell fragments suggest that at least the highest values
cannot be of diagenetic origin. It cannot be totally ruled out that
the studied fragments of bird fossil eggs having lower §'80 values
underwent diagenetic processes. Three main results, however, argue
against an extensive diagenetic alteration of the studied samples. They
rather support the assumption of alteration processes weak enough
for allowing the interpretation of the isotopic data as original signatures
of both diet and environment of the giant birds:

- In most cases, the microstructure of eggshells is preserved with-
out any traces of calcite recrystallization or secondary carbonate
deposit.

- In a bivariate plot, both 6'3C and 680 values of eggshell calcite
constitute a large cloud of data without any positive correlation
that could reflect an “isotopic contamination” through isotopic
exchange or addition of carbonate derived from the mineraliza-
tion of the soil organic matter.

- The highest 6'30 values of eggshell calcite cannot be explained by
the replacement of the original calcium carbonate by pedogenetic
carbonates formed by the oxidation of soil organic matter.
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5.4. 6'3C, diet of giant birds and estimates of Mean Annual Precipitations
(MAP)

Angst et al. (2014) have measured the *C-enrichment between car-
bonate and food of present-day carnivorous birds (vultures), which is
+8.3%, and much lower than that measured for herbivorous
birds (ostriches) which ranges from + 13.4%. (Angst et al., 2014) to
+16.2%. (Johnson et al., 1998). As only Cs plants were present during
the Palaeocene, the average &'3C values of —9.0 & 1.4%. measured in
the bone carbonate of Gastornis remains can only be explained by an
herbivorous diet. This giant bird, indeed, ingested plants having 5'>C
values ranging from — 24.3 4- 2.1%. to —21.5 4 2.1%., which are typical
of C3 plants whose modern range is comprised between —37%. and
—20%. (Kohn, 2010).

It is noteworthy that the 6'>C values of —9.0 4 1.4%. obtained from
the carbonate component of Gastornis bones compare well with those
measured in both O. biroi and O. arcuatus eggshells having 6'C values
of —8.69 + 1.21%. and —8.56 + 1.30%., respectively. This observation
indicates that the giant birds that laid these eggs had a diet similar to
that of Gastornis. In the case of O. arcuatus eggshells, our results rein-
force the idea that they were at least closely related to Gastornis or
that these eggs were laid by Gastornis itself during the Sparnacian in
southern France. Considering the O. biroi eggshells, they are related to
a yet unidentified bird which shared at least an isotopically similar
diet with Gastornis during the Thanetian and may in fact have been a
small species of Gastornis (see above).

As emphasized by Kohn (2010), Cs plants are characterized by a
large range of carbon isotope ratios (—37%. to —20%., V-PDB) that
mainly results from physiological responses to hydric stress (6'C in-
creases with aridity), varying sunlight and rates of leaf litter recycling.
Diefendorf et al. (2010) and Kohn (2010) have established correlations
between the 6'3C values of plant leaves and the Mean Annual Precipita-
tion (MAP). In our study, the 6'3C values of plant leaves can be inferred
from those of eggshells from herbivorous birds. A limit to this method
can be introduced in case these giant birds had dietary preferences,
which could result in a bias between the mean §'C value of the bird
diet and that of the surrounding vegetation. However, the sizeable
ranges in carbon isotope composition of eggshells measured at each fos-
sil site and reaching up to 4.6%. (locality of Sillans) suggest that these
large birds have foraged on plants having contrasted carbon isotope
compositions, thus making the use of the MAP-C5 plants 6'3C value re-
lationship relevant. In order to minimize bias related to animal dietary
preferences, Kohn's method advises to use several different plant-
eating taxa to estimate an average 6'>C value for the global vegetation
within a given landscape. Unfortunately, despite more than 40 years
of fieldwork, only eggshell fragments have been found in these fossil lo-
calities. The amount of Mean Annual Precipitations (MAP) is estimated
by using Eq. (1) that was proposed by Rey et al. (2013), modified from
the original equation established by Kohn (2010):

Log;o(MAP +300(mm y~')) = 0.092(:0.004)A"Cjey¢
+1.148(+0.074) 1)

With A”Creat = (8"*Catm — 6'*Ciear) / (1 + 8"*Ciear/ 1000). The &'*Crear
values, which were estimated using the 8‘3Ceggshens values, range from
—23.49 + 1.86%. to —23.36 & 1.90%. considering a 6'C,, value for
the Palaeocene atmosphere close to —5.5%. according to Sinha and
Stott (1994). Using Eq. (1), calculated MAP were 457 + 336 mmy !
and 439 + 314mmy~ ' for O. biroi and O. arcuatus, respectively. This in-
dicates that similar arid climatic conditions prevailed during the Late
Palaeocene and the Early Eocene in southeastern France whilst the arid-
ity decreased during the Palaeocene Eocene Thermal Maximum (PETM)
according to Zachos et al. (2008). By contrast, Schmitz and Pujalte
(2007) have shown that the climate of northern Spain was character-
ized by very marked rainy seasons at the time of the PETM, which can-
not be detected in the range of 6'3C values of analyzed eggshells. The

main reason for this is probably that the analyzed eggs from southern
France are either older (O. biroi) or younger (O. arcuatus) than the
PETM. It must be kept in mind that in the case of eggs, the '3C value
of calcite records the diet of the bird when eggs were formed, thus sam-
pling a very short period of the bird life, i.e., a few days (Erben et al.,
1979; Von Schirnding et al., 1982; Schaffner and Swart, 1991; Stern
et al,, 1994; Johnson et al., 1998). The relative large range of 5'3C values
measured in the eggshells fragments, and therefore the variation of the
estimated amount of precipitation, may result from the various follow-
ing processes:

- Inter-annual variations in the 8'3C of plants, themselves resulting
from climatic yearly variations (sunlight, amount of precipitations).

- Differences of diet among a population of birds reflecting individual
preferences or local variations in the 6'>C of eaten plants.

- Seasonal variations if the birds had several periods of egg-laying
over the year.

Consequently, the difference between the amounts of precipitation
in southeastern France and northern Spain (Schmitz and Pujalte,
2007) could result from a bias in the 6'3C record of eggshells directly
linked to the ecology of birds. Gastornis and the other large Eocene
birds, may have had only one annual egg-laying period just before or
at the beginning of the rainy season (spring period), as modern Os-
triches have (Deeming, 1999). These birds may also have laid through-
out the year as currently observed at low latitudes where climatic
conditions allow a permanent access to food resources (Perrins, 1985).
Depending on which assumption is correct, these birds either laid dur-
ing a relatively dry season, just before the beginning of the rainy season,
or within an environment mostly dry all year long. The conclusion that
the eggs were laid during dry periods is also supported by Donaire and
Lopez-Martinez (2009) who studied the porosity of the O. arcuatus egg-
shells found in northern Spain. These authors concluded that these eggs
were laid in an open and dry nesting environment.

Whether the climate of southern France in the Late Palaeocene and
basal Eocene was continuously or seasonally dry cannot be easily deter-
mined on the basis of our isotopic results from avian eggshells, for the
reason explained above, viz. that eggshells record environmental con-
ditions only during the short period of their formation. Few data
are available about the climate of southern France at the time the
eggshell-bearing formations were deposited. The lack of plant remains,
for instance, makes it impossible to use traditional palaeobotanical
proxies of climate. Sittler (1966) studied the clay minerals in Palaeogene
formations in Provence, including the eggshell-bearing marls, and con-
cluded that they had been formed under a warm climate with alternating
wet and dry seasons. This interpretation can easily be reconciled with our
results if it is assumed that Gastornis laid its eggs during a dry part of the
year, so that the wetter conditions prevailing at other times were not re-
corded by the eggshells. In this connection, it should be remembered that
birds that lay eggs throughout the year and therefore have more than one
brood, are mainly passerines, and that this behaviour is not common in
non-passerines (Perrins, 1985).

5.5. 6'80 and estimation of the mean air temperatures

Knowledge of both fractionation factors o (pw-mw) = 1.00399 and
Qcalcite-bw) = 1.03041, which were defined above for modern ostriches,
enables the calculation of the §'80 range of meteoric waters from the
580 values of bird eggshell calcite.

In a first approximation, it can be assumed that the complete range
of eggshell 5'30 values (from — 6.0%. to 1.8%. V-PDB) corresponds to
original isotopic compositions. Following this scenario, it means that
meteoric waters drunk by the giant fossil birds had 6'®0 values ranging
from about —8.9%. to —1.7%. (V-SMOW) for O. arcuatus, and from
about —9.5%. to — 2.8%. (V-SMOW) for O. biroi. These values seem in



D. Angst et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 435 (2015) 210-221 219

agreement with previous studies. Indeed, according to Tiitken (2014),
the mean 6'%0,,,,, value was close to — 5%, in Germany during the Mid-
dle Eocene. Considering more equable climatic conditions that prevailed
during the Eocene as compared to present day ones, the magnitude of
seasonal 6'80,,,, variations should not have exceeded 4+ 3% against
about 4 5%, today (Schmitz and Andreasson, 2001). Therefore, the
plausible range of —8%. to — 2%. for Palaeocene-Eocene meteoric wa-
ters in southern France matches the range estimated from fossil eggshell
580 values. Consequently, 5'80 values of ingested waters higher than
—2%. may be too high for the Eocene in Europe even during the
warm season and could represent evaporated residual waters formed
under arid or semi-arid conditions. Indeed, around the P/E boundary,
cycles of humid-dry climatic conditions have been evidenced in north-
western France on the basis of stable carbon isotope compositions of
terrestrial organic matter (Storme et al,, 2012; Garrel et al., 2013).

Transposing the 680 values of meteoric waters into mean annual air
temperatures far back into the past is a risky challenge. Indeed, present-
day relationships linking these two parameters are well operating at
mid to high latitudes whilst amount effects are dominating under low
latitudes (Dansgaard, 1964). Europe was located at mid-latitudes
during the Palaeocene-Eocene (Butterlin et al., 1993; Scotese, 2001),
however, relative air humidity and trajectory of humid air masses may
have been different from those prevailing today. Moreover, during the
Palaeocene-Eocene, the 6'%0 of the global oceanic water was closer to
— 1%, than to 0%. today, which corresponds to an ice-free world (see
Zachos et al,, 2001), and this shift needs to be taken into account
when estimating air temperatures from the average meteoric water
580 values relationship.

The interpretation of these calculated 620 values of meteoric waters
also depends on the ecology of Gastornis and related giant birds. They
may have laid their eggs all over the year as some tropical present-day
birds do (e.g., Columbina passerina, Campbell and Lack, 1985) or during
one season when the food was abundant, for example the beginning of
the spring as the ostrich does nowadays.

Considering the seasonality of about 3%. proposed by Schmitz
and Andreasson (2001), then the 680y, values range of about 7.2%.
(from —8.9%. to — 1.7%.) for O. arcuatus and 6.7%. (from —9.5%. to
— 2.8%,) for 0. biroi, estimated from the eggshell fragments 5'%0, values
probably represent the whole intra-annual range of meteoric water
5180w Values. Therefore, it is likely that Gastornis as well as the second
bird species laid eggs all year round instead of only during a specific sea-
son. Assuming this hypothesis, Mean Air Temperatures (MAT) can be
calculated using a proper MAT-5'80,,,, relationship. According to the
data provided by the IAEA/WMO over the whole world, MAT are related
to the weighted mean annual 6'80 of meteoric waters as follows
(Lécuyer, 2014):

MAT(°C) = (alsomw n 14.25) /0.481. )

However, it is most likely that the present-day relationship does not
apply to the Eocene. Secord et al. (2010) established two equations re-
lating MAT to 6'80,,, for the Eocene of North America (Bighorn Basin,
Wyoming). These authors obtained &'80,,,,/MAT slopes of 0.36 + 0.11
and 0.39 + 0.24. Moreover, transposing the 6'80,,,,/MAT relationship
of Lécuyer (2014) to the Palaeocene-Eocene epoch requires to take
into account the global oceanic value close to — 1%, instead of 0%..
Therefore, Eq. (2) becomes:

MAT(°C) = (alsomw 11425+ 1) /0.36 3)
or
MAT(°C) = (alsomw 11425+ 1) /0.39. (4)

For 6'80 of meteoric waters comprised between —9.5% and
—2.8%0 (average —6.3 & 1.4%.; n = 12), these relationships result

in mean air temperatures comprised between 20 + 4 °C and 22 +
4 °C for the Thanetian. Similarly, for 580 of meteoric waters com-
prised between —8.9%. and — 1.7%. (average —5.3 + 1.1%.; n =
112), these relationships result in mean air temperatures comprised
between 23 £ 3 °Cand 25 + 3 °C for the Sparnacian. It is worth not-
ing that these mean air temperatures matches that estimated by
Tripati and Zachos (2000) who analyzed the oxygen isotope compo-
sitions of molluscs that lived in the coastal waters of Western
Europe. These marine temperature estimates also compare well
with those (from 20° to 24 °C) obtained by using the 6'80 of shark
teeth from the northern Morocco phosphorite deposits (Lécuyer
et al., 1993). Tindall et al. (2010) modelled the early Eocene climate
by using a coupled ocean-atmosphere GCM and they obtained sea
surface temperatures close to 25 °C for the palaeolatitude of 35-
40° (Butterlin et al., 1993) that corresponded to that of southern
France. In conclusion, both carbon and oxygen isotope compositions
of the studied eggshells argue in favour of warm climatic conditions
with arid episodes that prevailed during the end of the Palaeocene
and the early Eocene in southern France.

As previously mentioned, the 6'80 values of the eggshell calcite
show a statistical difference between the two types of eggshells:
0. biroi and O. arcuatus, which are respectively Palaeocene and Eocene
in age. However, due to the large uncertainties associated with these
empirical calculations, we can only propose that the climatic conditions
that prevailed during the Late Palaeocene in southeastern Europe
returned after the PETM without any significant change in both air tem-
perature and amount of precipitation.

5.6. Remarks on the ecology of Gastornis

Our results based on eggshell fragments attributed to gastornithids
suggest that in southern France during the Palaeocene and basal Eocene
these giant birds lived in an environment that was dry, even arid, during
at least part of the year. Although this is in agreement with reconstruc-
tions based on the porosity of similar eggs from NE Spain (Donaire and
Lépez-Martinez, 2009), the postulated type of climate is different from
that reconstructed for other Gastornis localities in Europe. This is espe-
cially striking when the results from Provence are compared with
those obtained for the Middle Eocene localities of Germany (Messel,
Geiseltal), for which climate reconstructions based on plant fossils
(Mosbrugger et al., 2005; Grein et al., 2011; Teodoridis et al., 2012) in-
dicate a climate that differs from that reconstructed from the French
eggshells mainly by significantly higher precipitations (MAP up to
2540 mm for Messel and 2091 mm for the Geiseltal according to
Teodoridis et al., 2012). For Messel, Grein et al. (2011, p. 311) suggest
“a warm and humid, probably seasonal climate without extended dry
seasons”, which seems rather different from our reconstruction of the
Late Palaeocene-basal Eocene of Provence, with at least a rather
arid dry season. These discrepancies may be explained by differ-
ences in geographical location and geological age: it is not unexpect-
ed to find climatic differences between the basal Eocene of southern
France and the Middle Eocene of western and central Germany. Be
that as it may, the fact that the giant bird Gastornis could prosper
in environments that seem to have been rather different in terms
of climate, and presumably vegetation, is worth noting and certainly
deserves further consideration within the framework of a general
study of gastornithid habitats.

6. Conclusions

Carbon and oxygen isotope compositions of both Tertiary oospecies
0. biroi (Thanetian) and O. arcuatus (Sparnacian) reveal that these egg-
shell fragments may be assigned to herbivorous birds that ate plants
with a 8'3C values ranging from —24.3 + 2.1%. to —21.5 & 2.1%. (V-
PDB). In addition, O. arcuatus, corresponding to the largest eggshells,
could be related to the giant bird Gastornis. The calculated plant §'3C
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values were used to estimate Mean Annual Precipitations (MAP) close
to 500 + 300 mm y~ ', assuming that the Palaeocene and Eocene
giant birds did not have well-marked dietary preferences that could in-
troduce biases in the calculation of MAP. Such low MAP values suggest
that arid climatic conditions prevailed during the Late Palaeocene and
the Early Eocene in southeastern France, a conclusion in agreement
with that already proposed by Donaire and Lopez-Martinez (2009)
who analyzed the porosity of the eggshell O. arcuatus documented in
northern Spain.

The combined stable isotope analyses of present-day bird eggshells
(chicken and ostrich) allowed the calculation of two key isotopic frac-
tionations for quantifying the isotopic composition of the water drunk
by the Tertiary giant birds:

- The isotopic fractionation factor Qcqicite_bw Detween ostrich eggshell
calcite and body water with a value of 1.03041 instead of 1.02569,
the latter value being predicted by the equation published by Kim
and O'Neil (1997) established for inorganic calcite and water at a
temperature of 39 °C considered as the mean body temperature of
ostriches.

- The isotopic fractionation factor atpyw_mw between body water of
large birds and meteoric water with a value of 1.00399.

The large isotopic ranges in estimated 6'®0 values of meteoric
waters for both the Thanetian (—9.5%, to —2.8%.) and Sparnacian
(—8.9%0 to — 1.7%.) likely reflect inter-annual temperature variations
of the complete year. Corresponding MAT were comprised between
20 + 4 °Cand 22 + 4 °C during the Thanetian, and between 23 4 3 °C
and 25 + 3 °C during the Sparnacian. These giant birds lived before
and after the Palaeocene Eocene Thermal Maximum (PETM) under
rather similar warm and dry conditions that resemble those prevailing
nowadays in the western Mediterranean islands.
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