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a b s t r a c t

A total of 54 coprolites with different morphologies from the Konservat-Lagerst€atte of Las Hoyas (upper
Barremian, Cuenca, Spain) were analysed for stable isotopes (d15N and d13Corg) to examine the food-web
structure of this ancient wetland. The Las Hoyas wetland exhibited wetter and drier periods that indi-
cated water table oscillations. Differences in the d15N values of coprolites collected from wetter and drier
facies were probably due to different baseline d15N values during the dry periods (higher) compared to
those of the wetter periods. The d13Corg values indicated that aquatic food resources were the most
commonly used by the animals from Las Hoyas. Assuming a Trophic Enrichment Factor (TEF) of þ 2.5 ‰,
three trophic levels were established for the coprolite association. All the specimens of circular, ellip-
soidal, elongated, and rosary morphotypes fell into the same trophic level, whereas other morphotypes
(cylinder, irregular, and thin lace) exhibited a wide range of d15N values and the highest % N concen-
trations. The covariation between d15N and d13Corg values describe a wide spectrum of values across the
middle and upper part of the ecosystem's food web structure, suggesting that the Las Hoyas ecosystem
hosted specialist feeders and omnivorous and/or opportunistic feeders, the latter being the majority. The
variation of d15N values within the specimens of some morphotypes showed that the larger coprolites do
not exhibit any correspondence between the faecal size and d15N values.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The late Barremian fossil site of Las Hoyas (La Hu�erguina For-
mation, Cuenca, Spain) is a well-known exceptional deposit that
has yielded abundant body and trace fossils. The biota is repre-
sented by a wide diversity (currently estimated at about 200 spe-
cies; Buscalioni and Poyato-Ariza, 2016) of Eubacteria, Chlorobionta
(including high diversity of Charophyta and Embryophyta), Proto-
stomia (including a high diversity of Arthropoda), and Vertebrata.
Insects and fishes showed the greatest percentage of families,
whilst ostracods and molluscs were the next greatest in terms of
Barrios-de Pedro), K.Rogers@
lcorlo), angela.delgado@uam.
diversity (Buscalioni et al., 2016). The Las Hoyas Lagerst€atte was
deposited around 126 Ma, and the locality represented a single
pondwithin a regional system of wetlands. Almost 2000 specimens
comprise the coprolite collection from this locality, and twelve
different morphotypes have been described, mostly produced by
ichthyophagous animals (Barrios-de Pedro et al., 2018). Coprolites
are particularly useful to infer digestive strategies, the diet of ani-
mals, predator-prey interactions, faunal abundance and the
possible food webs of ancient ecosystems (e.g. Chin and Gill, 1996;
Chin et al., 1998; Rodriguez-de la Rosa et al., 1998; Northwood,
2005; Pe~nalver and Gaudant, 2010; Barrios-de Pedro and Busca-
lioni, 2018). The Las Hoyas coprolites are rich in undigested re-
mains, and based on the taphonomic properties of the inclusions,
Barrios-de Pedro and Buscalioni (2018) provided information
about digestive strategy patterns of the Las Hoyas animals. The
present contribution renders an analytical description of the Las
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Hoyas coprolites by considering the stable carbon and nitrogen
isotope values (d13C and d15N) of the differentmorphotypes in order
to provide a new dietary information about the trophic web of this
Barremian freshwater ecosystem.

Only a few stable isotope studies using d13C and d15N, have
been undertaken for Mesozoic fossils, in part due to the percep-
tion that diagenesis has obscured all potential primary signal
(Fricke et al., 2008). The scarce number of contributions is even
more notorious in the case of coprolites, represented by the an-
alyses of a single to several specimens. Isotopic values have been
reported in coprolites attributed to titanosaurs from the Late
Cretaceous Lameta Formation in India (Ghosh et al., 2003). In
these coprolites, the carbon and nitrogen isotopic ratios were
compared to the content in bone collagen of extant carnivorous
and herbivorous animals and faeces. Another study (Bajdek et al.,
2014) determined carbon and nitrogen isotopes of three Late
Triassic dicynodont coprolites from Poland, and compared their
findings with other published results (see fig. 12 in Bajdek et al.,
2014). Stable isotopes have been successfully used to describe
ancient food webs from an exceptional Eocene deposit at Messel,
and the Oligocene Enspel site (Schweizer et al., 2006, 2007).
Following these approaches, which provided sufficient evidence
that isotope ratios of solid excreta was directly correlated to ani-
mal tissues (Vander Zanden and Rasmussen, 2001), we explored
the coprolite association of Las Hoyas aiming to discover the di-
etary niches of the coprolite producers. The d15N and d13C values
of each coprolite morphotype were used to obtain an estimate of
the food-web structure and available food resources in the Las
Hoyas wetland.

Stable isotopes provide a quantitative measure of the food chain
length, the identification of the trophic level of an organism, and
the origin of the primary productivity of the system (Vander
Zanden et al., 1999; Eggers and Jones, 2000; Post, 2002; Wolf
et al., 2009). The trophic level of an organism can be inferred by
studying its d15N isotopic signal, owing to the preferential excretion
of light 14N as a by-product of protein synthesis, leaving the animal
enriched in 15N relative to its diet (Kling et al., 1992). The difference
in the nitrogen isotope ratio of a consumer and its diet is known as
the ‘trophic enrichment factor’ (TEF) and has a fractionation
fromþ1 to þ5‰. It assumes an average of þ3.4‰, after accounting
for many taxa (DeNiro and Epstein, 1981; Minagawa and Wada,
1984; Kling et al., 1992; Vander Zanden and Rasmussen, 2001;
Post, 2002; Vanderklift and Ponsard, 2003; Vander Zanden and
Fetzer, 2007). In turn, the d13C values give information about the
dietary sources of the animal. Carbon isotope ratios fractionate very
little in the food web with minimal change for each trophic step
(~0e1 ‰) (DeNiro and Epstein, 1978; Schoeninger and DeNiro,
1984; Ambrose and DeNiro, 1986; Vander Zanden and
Rasmussen, 2001; Post, 2002; Caut et al., 2009). Therefore, it is
not a suitable measurement to infer the trophic position of an or-
ganism, but it is useful to track the origin of a consumer's nutrients
(Post, 2002). It may be inferred whether the animal fed on C3 plant
(d13Corg values between e24 and e34 ‰) or C4 plants (d13Corg
values between e6 and e19 ‰) (DeNiro and Epstein, 1978), as well
as the relative contribution of terrestrial or aquatic sources. Faeces
and the whole-body carbon usually have slightlymore positive d13C
values than the ingested food sources (DeNiro and Epstein, 1978).

Stable isotope signatures measured in autolithified soft organic
material, such as coprolites, have demonstrated that the isotope
enrichment in fossils is preserved over geologic time-scales
(Schweizer et al., 2006). Instead of isolated individual examples,
we explore herein a coprolite association to reconstruct the food-
web structure of an ancient ecosystem. The association represents
a complex collection of faeces produced by vertebrate organisms in
a freshwater wetland with subtle different temporal and spatial
scales. The outcome from this studywill enhance our knowledge on
Mesozoic ecosystems validating the extent that coprolites preserve
their isotopic signatures, in order to understand the complex na-
ture of the Las Hoyas aquatic food web.

2. The Las Hoyas deposit

2.1. Location and geological setting

The Las Hoyas fossil site (40�5035.8500N 1�53025.1900W) is located
in the southwestern Iberian Range (Serranía de Cuenca, Spain). It is
a Lower Cretaceous fossil site, Barremian in age, which belongs to
La Hu�erguina Limestone Formation of the Southwestern Iberian
Basin domain (Fregenal-Martínez et al., 2017) (Fig. 1). The site's age
(126.3e129.4 Ma) was determined on the basis of the charophytes
and ostracods association (Di�eguez et al., 1995; Vicente andMartín-
Closas, 2013; Fregenal-Martínez et al., 2017). A second rifting cycle
during the Late Jurassic-Early Cretaceous related to the opening of
the central Atlantic and the rotation of the Iberian Plate induced the
development Southwestern domain in the Iberian basin (Fregenal-
Martínez and Mel�endez, 2016). Extensional tectonics in turn
divided each domain into several basins of graben and half-graben
type.

The southwestern domain in the Serranía de Cuenca Basin does
not record any sedimentation for approximately 30 myr (Oxfor-
dianelower Barremian), resulting in the development of a promi-
nent regional unconformity (Vicente and Martín-Closas, 2013). The
upper Barremian continental deposits were found to include allu-
vial, lacustrine, and palustrine sedimentary settings. In the Serranía
de Cuenca, the thickest record of these non-marine deposits
(400 m) was found in the Las Hoyas Basin, and a vertical sequence
made up of two lithostratigraphic units that are laterally connected,
Tragacete and La Hu�erguina Formations, has been proposed
(Fregenal-Martínez, 1998; Fregenal-Martínez and Mel�endez, 2000,
2016; Fregenal-Martínez et al., 2017) (Fig. 1). The La Hu�erguina
Formation, where the locality of Las Hoyas is placed, is mainly
developed at the top of the sequence and it is primarily composed
of a wide variety of limestone facies, with minor amounts of marl,
sandy limestone and local lignite.

2.2. Palaeoenvironmental context

The palaeogeographical setting of the southwestern Iberian
domain at the Serranía de Cuenca was constrained by tectonics,
climate, and the composition and distribution of the substrate in
the source areas. Sea level did not influence sedimentation, since
the Serranía de Cuenca did not receive any direct marine influence
(Fregenal-Martínez, 1998; Poyato-Ariza et al., 1998; Bailleul et al.,
2011; Fregenal-Martínez et al., 2014; Fregenal-Martínez and
Mel�endez, 2016). Climate was the most relevant palaeogeo-
graphical constraint. The BarremianeAptian regional climate has
always been considered seasonal subtropical with alternating wet
and dry seasons. The palaeogeography and palaeoclimate of Iberia
in the Western Tethys set the plate at the dry, divergent subtropical
zone assuming a seasonal warm and semi-arid subtropical climate
for the Early Cretaceous (Ziegler et al., 1987).

The La Hu�erguina Limestones Formation records sedimentation
in poorly drained areas, where lacustrine conditions prevailed with
a minor influx of allochthonous sediments (Fregenal-Martínez and
Mel�endez, 2016). Its depositional system has been interpreted as an
inland freshwater system of wetlands at a regional scale (Fregenal-
Martínez et al., 2017). The complete isolation frommarine influence
is also supported by geochemical data carried out in the laminated
limestones (Talbot et al., 1995; Poyato-Ariza et al., 1998; Fregenal-
Martínez et al., 2014). Low strontium isotopic ratios (mean 87Sr/86Sr



Fig. 1. Geological context of the Las Hoyas fossil site. (A) General geological map of the central area of the Southwestern Iberian Range at Serranía de Cuenca (east of the city of
Cuenca) indicating the upper Barremian locality of Las Hoyas with a star (modified from Fregenal-Martínez and Mel�endez, 2000). (B) Lithostratigraphic scheme proposed by
Fregenal-Martínez et al. (2017). The locality of Las Hoyas is marked with a star. (C) View of the Las Hoyas laminated limestones (La Hu�erguina Formation).
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value ~ 0.07) determined in the La Hu�erguina Jurassic and Barre-
mian carbonates, and in large bones of pycnodontiforms and coe-
lacanths fishes, indicated that these fishes grew and inhabited
freshwater without marine influence (see fig. 5 in Poyato-Ariza
et al., 1998).

The Las Hoyas fossiliferous site is characterized by deposits of
finely laminated limestones, which are composed almost entirely of
calcium carbonate, with a small fraction of clays and organic matter
(Fregenal-Martínez and Mel�endez, 2016). The d13C and d18O values
(d13C ¼ e2.72 ± 0.23‰; d18O ¼ e4.81 ± 0.17 ‰) and their co-
variances, collected from a 1.25 m thick section of laminated
limestones at the fossil site, indicated the prevalence of lacustrine
conditions in a groundwater-dominated, relatively small, hydro-
logically open lake (Poyato-Ariza et al., 1998). The same results
were obtained by analysing rare elements in fossils of terrestrial
organisms, such as dinosaurs, turtles and lizards (La/Yb, with values
from 0.61 to 0.34, and La/Sm with values from 0.20 to 0.44),
explained as the post-mortem incorporation of carcasses within
the freshwater-river domain of the Las Hoyas wetland (Bailleul
et al., 2011).
2.3. The Las Hoyas fossil site

The fossil site has been the subject of layer-by-layer excavations
since 1991. Small squares with an average surface area of about
30 m2 are deemed suitable for testing the homogeneity of the fossil
association throughout the layers. The excavation method controls
the palaeontological and sedimentological information, in such a
way that the fossil content of the layers can be related to the fea-
tures of the corresponding microfacies. The laminated limestones
of Las Hoyas reflect two differentiated petrographic microfacies
associations (Fregenal-Martínez, 1998). One group of microfacies
was the result of sedimentation by traction and decantation of the
allochthonous elements (e.g. detrital carbonate particles, plant
debris) and bio-induced calcium carbonates that were deposited
during seasonal flooding and longer-termwetter periods. The other
group was autochthonously-produced microfacies composed of
carbonates generated by the growth of thick mats of microbial
communities during drier periods (Fregenal-Martínez, 1998). Dur-
ing these drier periods, the depth of the water columnwas reduced
to probably just a few centimetres. These two contrasting periods
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incorporated differences in the abundance, content, and preserva-
tion quality of the fossils. The wetter types of microfacies were
dominated by insects and large body-size fishes, with fossil asso-
ciations rich in diversity, but low in fossil abundance. The drier
types of microfacies were dominated by ostracods greater in rela-
tive abundance than crustaceans (shrimps and crayfish) and juve-
nile fishes. These exhibited a higher number of fossils, being less
diverse in taxa (Buscalioni and Fregenal-Martínez, 2010). By
considering the sedimentation and preservation of laminated
sediments and fossils, it was interpreted that the fossiliferous
laminations were produced in a shallow marginal lacustrine envi-
ronment with seasonal water-level oscillations, which was filled
with layered microbial mats (Fregenal-Martínez and Mel�endez,
2016). Microbial mats, found both in laminated limestones and
fossils, were considered the key to understanding fossil preserva-
tion in Las Hoyas (Briggs et al., 1997, 2016; Iniesto et al., 2013, 2016,
2018).

The Las Hoyas fossil record has a high spatial fidelity, and it
consists mostly of demic and autochthonous fossils, mostly domi-
nated by aquatic organisms (>80 %). It also has a high temporal
fidelity with assemblages found in continuity. Therefore, the fossil
associations were not linked to any particular catastrophic event(s),
but to the alternating seasonal periods of the original palae-
oecosystem (Buscalioni and Fregenal-Martínez, 2010; Buscalioni
and Poyato-Ariza, 2016).
3. Material and methods

3.1. Coprolites

The Las Hoyas (LH) fossil collection is housed at the Museo de
Paleontología de Castilla-La Mancha (MUPA) in Cuenca (Spain). The
fifty-four coprolites analysed were recovered from a measurable
surface of several hundred square meters, and from a sedimentary
record of less than 10 m thick. Thirty-one coprolites came from
taphonomically controlled layers, with five coprolites coming from
wetter microfacies, and twenty-six coprolites from drier layers. The
remaining twenty-three coprolites lacked this sedimentological
information. Coprolites from the wetter microfacies were
compared to drier ones in order to test if there was any significant
isotopic difference.

The fifty-four coprolite specimens analysed were selected based
on themorphological classification proposed by Barrios-de Pedro et
al. (2018) (Appendix A). The sample set comprised 10 cylinder, 1
circular, 4 cone, 2 ellipsoidal, 2 elongated, 10 irregular, 9 thin lace, 2
bump-headed lace, 4 straight lace, and 1 rosary-like morphotypes
(Fig. 2). Moreover, 9 broken coprolites were also processed. The
irregular morphotype is classified as a compilation of specimens
that cannot be assigned any morphology because they encompass
different shapes and external features. The most frequent length of
the Las Hoyas coprolites is between 10 and 40 mm, so those cop-
rolites with both lengths > 40 and widths > 10 mm are herein
treated as large coprolites (Fig. 3).

The coprolite morphotypes were grouped into three clusters
based on their relative proportions according their lengths and
widths (Figs. 2 and 3) and shapes. The first group (G1) gathers
relatively long coprolites, 17 times longer than their width on
average, and this group contains the bump-headed lace, rosary,
straight lace, and thin lace morphotypes. This set is linked to
coprolite producers with not-so effective digestive processing, and
shows a greater than average amount of undigested fragments of
organic matter (i.e. bones, scales, thin laminae of crustaceans)
(Barrios-de Pedro and Buscalioni, 2018). The second group (G2) is
formed by coprolites 3 times longer than their width on average,
and comprises circular, cone, cylinder, ellipsoidal, and elongated
morphotypes. The group is linked to coprolite producers with
longer digestive processes, showing fewer undigested fragments
that in turn are more altered. The third group (G3) includes irreg-
ular and broken coprolites which are 3 times longer in average
(Appendix B). The group contains a diversity of cases but generally
comprises coprolites with visible inclusions, which, in turn, are
very damaged by digestive process, and some specimens have no
visible inclusions at a macroscale (Barrios de Pedro and Buscalioni,
2018). We interpreted differences in the number of inclusions for
G1, G2, and G3 as the outcome of distinct digestive processes, also
including different feeding habits and the possible food resistance
to digestive acids (Bajdek et al., 2017).

3.2. Diagenetic alteration and taphonomy of the coprolites

The Las Hoyas coprolites are exceptionally well-preserved,
maintaining their shapes, original contour, and volume (Fig. 2).
The taphonomic features of these coprolites show that their
integrity, absence of desiccation marks, and volume are congruent
with faeces produced and deposited in an aquatic environment that
soaked before burial in carbonate alkaline water (Barrios-de Pedro
et al., 2018). The mineralogical composition of the coprolites ana-
lysed by X-Ray Powder Diffraction (XRD) contains apatite group
compounds Ca5(PO4)3 (hydroxylapatite sulfonated and carbonate
orthophosphates with incorporation of elements such as fluoride)
and calcium carbonate CaCO3 (Table 1). The acquisition of fluoride
can occur by ion exchange with groundwater and it does not
require recrystallization or deposition of new mineral phases
(Hollocher et al., 2010; Hollocher and Hollocher, 2012). Energy
Dispersive X-ray (EDX) analyses show that major elemental dif-
ferences are primarily found for P contents in coprolites, and in Ca,
C, Al, and Si contents in limestones (Table 2). A subtle alteration on
the original chemical composition is probable because hydroxyl-
apatite sulfonated is an intermediate phase of degraded apatite
(Sugama and Pyatina, 2018). However, there was no secondary
precipitation or recrystallization in the coprolites, and the coprolite
matrix is a uniform microcrystalline phosphatic matrix (Barrios-de
Pedro, 2019), as occurred in other Cretaceous coprolites from
Montana, which points to the exceptional preservation of the fossils
(Hollocher et al., 2010). Therefore, it is expected that diagenesis has
not entirely obscured the original stable isotope values (See
Appendix C for a detailed explanation).

3.3. Stable isotopic analyses of the coprolites

The coprolites were carefully extracted from the host rock using
a punch, and they were finely ground and homogenised using a
mortar and pestle. All tools used during the extraction and prepa-
ration of the coprolites were carefully cleaned with ethanol 70 %,
and then rinsed three consecutive times using deionized water
Milli-Q between samples to avoid cross-contamination. Once
extracted, around 10 mg of powdered coprolite was weighed
into 6 � 4 mm tin capsules, and then analysed in duplicate
(when enough material was available) using an elemental
analysereisotope ratio mass spectrometer (EA-IRMS).

Stable carbon and nitrogen isotopes, and the total carbon and
nitrogen elemental composition were measured for every copro-
lite at the Stable Isotope Laboratory, GNS Science in Lower Hutt,
New Zealand, using an Eurovector elemental analyser (in
continuous-flow mode) coupled to an Isoprime isotope ratio mass
spectrometer.

Carbon and nitrogen isotopes, % C and % N, were determined
firstly on the untreated bulk samples (precision of ± 0.2‰ for d13C,



Fig. 2. Groups of coprolite morphotypes from Las Hoyas. The three groups of morphotypes with macroscale photos and outlines of a representative specimen of each mor-
photype. On the top, a trend relating number of inclusions and digestive efficiency; on the bottom, a box-plot representing the relative proportions (relative diameter) per
morphotype group. The main boxes represent the quartiles; and the line inside is the median; the whiskers represent minima and maxima values; the crosses and circles represent
outliers. Scale bars of each photos ¼ 2 mm, except for the irregular coprolite MUPA-LH23004 (scale bar ¼ 10 mm).
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± 0.1 % for C, ± 0.3 ‰ for d15N, and ± 0.02 for % N), to minimise any
unintended nitrogen fractionation that can occur with HCl treated
samples and potentially affect the trophic position estimation
(Kolasinski et al., 2008; Schlacher and Connolly, 2014). The results
were expressed in delta notation (d), defined as‰, according to the
equation

dX ¼ [(Rsample/Rstandard) �1] (1)
by Coplen (2011), where ‘R’ is the ratio of heavy to light isotope
(13C/12C and 15N/14N) in the sample (Rsample) and the standard
(Rstandard). The d13Ctot and d15N ratios were determined and nor-
malised to internal working reference materials with the following
measured values: leucine, �28.30 ‰ for d13C, þ 6.54 ‰ for d15N;
cane sugar, �10.33‰ for d13C; caffeine, �38.17‰ for d13C, �7.82‰
for d15N; beet sugar,�24.58‰ for d13C; EDTA,�31.12‰ d13C,þ0.58
‰ for d15N; Acetanilide, �30.8‰ for d13C, �2.3‰ for d15N; and IVA



Fig. 3. Size of the coprolites analysed. (A) Scatterplot between the width and length of each coprolite morphotype. (B) Histogram showing the number of coprolites per 5 mm of
width interval.

Table 1
X-Ray Powder Diffraction (XRD) analyses performed on coprolites and limestones from Las Hoyas. The ‘X’ indicates the presence of the mineralogical compound in the
coprolite matrix or in the limestone. Abbreviations: BS: Barium Sulfate, Ba(SO4); C: Carbon, C; CC: Calcium Carbonate, CaCO3; CPFC: Calcium Phosphate Fluoride Carbonate,
Ca9.74(PO4)5.45F2.05(CO3)0.53; CPSH: Calcium Phosphate Sulfate Hydroxide, Ca4.95(PO4)2.9(SO4)0.1(OH); CPSL: Sodium CalciumMagnesium Fluoride Carbonate Phosphate Sulfate,
Na0.19Ca4.78Mg0.04(PO4)2.41(CO3)0.473(SO4)0.1F1.17; SO: Silicon Oxide, SiO2; ZnS: Zinc Sulfide, ZnS.

Specimen Number Nature CPFC CPSH CPSL CC BS C SO ZnS Facies

MUPA-LH9195 Coprolite x x Unknown
MUPA-LH9651 Coprolite x x x Unknown
MUPA-LH7202 Coprolite x Unknown
MUPA-LH27015 Coprolite x x x Unknown
MUPA-LH27140 Coprolite x x Unknown
MUPA-LH23004 Coprolite x x Unknown
MUPA-LH30492 Limestone x x x Unknown
MUPA-LH16605 Limestone x x Drier
MUPA-LH16564 Limestone x x Drier
MUPA-LH8074 Limestone x Wetter
MUPA-LH8172 Limestone x x Wetter
MUPA-LH7202 Limestone x Unknown
MUPA-LH23004 Limestone x Unknown
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99995 soil, �28.30 ‰ for d13C, þ7.7 ‰ d15N; and calibrated inter-
national standards (IAEA-N1,þ0.43‰ for d15N; IAEA-N2,þ20.41‰
for d15N; IAEA-CH6, -10.50 ‰ for d13C; and IAEA-CH7, -32.15 ‰ for
d13C; Standard deviation is ± 0.1 ‰ for d13C, and ± 0.15 ‰ for d15N).
The samples exhibited low levels of nitrogen, so IVA 99995 soil
(with 0.064 % N) was used to improve linearity of the low % N
samples. The results were reported relative to Vienna Pee-Dee
Belemnite (V-PDB) for carbon (d13CVPDB) and atmospheric air for
nitrogen (d15Nair).

If sufficient coprolite remained after the untreated bulk material
was analysed, the carbonates were removed to obtain the organic
d13C values. The removal of the inorganic fraction ensured that the
d13Corg signal obtained was exclusively the carbon biological
signature. The removal of inorganic carbon was carried out by
covering the coprolite sample with 1M HCl in laboratory centrifuge
tubes and reacting overnight (12 h) at room temperature. Samples
were washed three times using distilled water and centrifuged at
3300 rpm for 5 min. Finally, the samples were dried at 60 �C for
48 h and analysed for organic d13C (d13Corg). Eight morphotypes
(cone, cylinder, ellipsoidal, elongated, bump-headed lace, straight
lace, irregular, and broken coprolites) were analysed for d13Corg,
although bump-headed lace, elongated, and ellipsoidal morpho-
types had only one specimen analysed.

Appendix B lists the isotopic and elemental data (% N, d15N, %
Ctot, and d13Ctot of the bulk carbon [i.e. total carbon], and % Corg and
d13Corg after the removal of the inorganic carbon fraction) obtained
from the fifty-four coprolites. The data also includes the weight
before and after the removal of the inorganic carbon fraction.
3.4. Stable isotopic analyses of the limestones

Previous studies performed on the Las Hoyas laminated lime-
stones showed that the rock had a microcrystalline structure



Table 2
Energy Dispersive X-ray (EDX) analyses on the Las Hoyas coprolites and the limestones. The number of the limestone corresponds with the coprolite specimens enclosed by
the limestone. Abbreviations: BRO: Broken; CON: Cone; IRR: Irregular; LIM: Limestone; Morph: Morphotype; STR: Straight lace.

Specimen number Morph O P Ca Al Si Fe S C Mg K Na

MUPA-LH12028 BRO 51.4 9.7 30.4 0.6 0.9 0.34 0.4 6.3 e e e

43.8 13.0 41.8 0.5 1.0 e e e e e e

42.8 11.9 43.2 0.4 0.9 e 0.6 e e e e

MUPA-LH16609 CON 40.4 14.9 39.6 e e e 0.7 4.2 e e 0.3
MUPA-LH16602 CON 39.8 12.7 37.8 0.6 e e 0.6 8.5 e e e

MUPA-LH30492 IRR 45.1 14.1 38.7 0.4 0.7 e 0.9 e e e e

32.1 15.6 48.6 e e e 0.9 2.8 e e e

47.3 13.8 34.4 0.5 0.8 e 0.7 2.6 e e e

MUPA-LH16611 STR 44.7 12.8 37.2 0.3 0.5 e 0.6 3.7 e e 0.3
MUPA-LH30492 LIM 42.0 e 21.4 1.0 1.4 0.7 0.4 32.8 e 0.2 e

52.4 e 36.9 0.7 1.2 e 0.3 8.4 e e e

45.4 e 44.2 0.9 1.5 e 0.5 7.5 e e e

MUPA-LH16611 LIM 49.6 0.8 35.4 0.9 1.5 1.7 0.3 9.2 0.2 0.3 e

MUPA-LH16609 LIM 50.5 0.3 37.6 1.4 2.4 0.8 0.4 6.2 0.3 0.3 e

MUPA-LH16602 LIM 47.4 e 45.2 2.3 4.0 e 0.4 e e 0.7 e

53.0 e 35.8 0.8 1.2 e e 8.8 0.33 e e

S. Barrios-de Pedro et al. / Cretaceous Research 108 (2020) 104343 7
exceeding 95 % calcite. The studies also concluded that the uniform
isotopic composition of the rock micrites (d13C ¼ �2.72 ± 0.23 ‰;
d18O ¼ �4.81 ± 0.17 ‰ in average) have probably preserved an
isotopic composition close to that of the original calcite muds
(Poyato-Ariza et al., 1998). We analysed eleven samples of lime-
stones belonging to the wetter and drier facies, which encom-
passed the coprolites (Fig. 4A). Four of the samples belonged to the
wetter facies and seven to the drier facies. The limestones were
finely ground and homogenised using a mortar and pestle, cleaning
all the tools used to avoid cross-contamination. Around 10 mg of
powdered limestone was weighed for stable carbon and oxygen
isotopes at the Stable Isotope Laboratory at Universidad de Sala-
manca (NUCLEUS), Spain. The limestones were reacted with 103 %
H3PO4 at 25 �C, in order to produce CO2. The obtained gases were
analysed using a Sira-II mass spectrometer (dual inlet), with an
internal reference gas calibratedwith different standards, including
Fig. 4. Geochemical features of the host rock and the coprolites recovered from the se
values correspond to freshwater lakes (Leng and Marshall, 2004). (B) Covariation between
facies, classified per morphotype. Coprolites fromwetter facies are represented with black-fil
The trend line represents the correlation in wetter (r2 ¼ 0.10) and drier (r2 ¼ 0.41) facies.
the international standard NBS-19, and precision of ± 0.2 ‰ for
both d13C and d18O. Results were expressed in delta notation (d),
according to the equation proposed by Coplen (2011). The results
were reported relative to Vienna Pee-Dee Belemnite (V-PDB) for
both d13C and d18O.

3.5. Criteria and features of the study

Although the TEF is usually considered to be þ3.4 ‰, some
previous studies suggest that a TEF of þ2.5 ‰ is valid to avoid
overestimating the d15N difference that occurs between the lower
and higher trophic positions (Ponsard and Arditi, 2000; McCutchan
et al., 2003; Vanderklift and Ponsard, 2003; Saigo et al., 2015;
Serrano-Grijalva, 2015). Therefore, a wide faunal diversity and the
potential trophic interaction at the Las Hoyas palaeoecosystem
(Buscalioni et al., 2016) suggest that an enrichment factor for each
asonal facies. (A) Stable isotope analyses of limestones (host rock). The d13C and d18O
d15N and % N values of the thirty-one coprolites recorded from the different seasonal
led symbols, and coprolites from drier facies are represented with white-filled symbols.
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trophic level of 2.5 ‰ might be an appropriate TEF value. Initial
identification of the baseline isotopic signatures was undertaken to
establish an ecosystem food web to infer each predator's trophic
position (Post, 2002; Newton, 2016). These baseline isotopic sig-
natures vary among different types of ecosystems as reviewed by
Dunne (2009), Wolf et al. (2009), Thompson et al. (2012), and
Newton (2016). Unfortunately, there was no specific trophic
‘baseline’ discernible from the d13C or d15N values at the Las Hoyas
fossil site. However, previous studies provide some reference
backgrounds for the d13C values, based on the host rock and char-
ophytes (see discussion).

For nitrogen, the lowest d15N value obtained was chosen to
represent the first trophic level following the criteria of Wolf et al.
Fig. 5. Isotope variations per morphotype groups (G1 e G3). (A) Box-plot representing %
resenting d13Corg. (E) Biplot showing the covariation between d13Ctot and C/N. (F) Box-plot re
median; the whiskers represent the minimum and maximum values; the crosses and circle
(2009). Distinct trophic levels would be assigned according to a TEF
of þ2.5 ‰ from the lowest d15N value. As this study is primarily
interested in understanding the isotopic differences among cop-
rolites to infer major aspects of the food web, wewill not evaluate if
changes in the isotopic niche distances were due to the number
of sources in the food web or to the overall food web diversity
(Layman et al., 2012).

3.6. Statistical analyses

To assess the comparison between stable isotope values (d15N,
d13Ctot, and d13Corg) from wet and dry conditions a t-test (normal
distribution) was used. Differences between % N and % C values
C. (B) Box-plot representing % N. (C) Box-plot representing d13Ctot. (D) Box-plot rep-
presenting d15N. In the box-plots, the box represents the quartiles; the line inside is the
s represent outliers.



Fig. 6. Carbon and nitrogen isotopic signals. Biplot showing the covariation between
d15N and d13Corg per morphotype analysed.
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were tested through a U-MannWhitney test. The linear correlation
coefficient is provided in the biplot of d15N and % N. Statistics have
been calculated using PAST version 2.17 (Hammer et al., 2001).

4. Results

4.1. Wet and dry seasons

A bivariate plot for nitrogen (Fig. 4B), separating the specimens
coming from the wet and dry facies, clearly showed two different
seasonal trends. Wetter coprolites exhibited the lowest d15N
values, but the % N was high. Nonetheless, the mean d15N value
was significantly different to the range of values, whereas the % N
was not. Differences between the mean d15N values of dry (5.1 ‰)
and wet (1.9 ‰) facies samples were statistically significant: t-
test, t ¼ �6.033, p ¼ 1.6718 10�6; while Mann-Whitney U-test,
p < 0.05. T-tests were used to compare average % N, showing that
the values of the wet and dry samples were not significant
(p ¼ 0.251). The coprolites recovered from the wetter facies were
represented by shapes from Group 2 (i.e. ellipsoidal, circular, and
cylinder). Coprolites from drier periods were more diverse in
morphotype.

4.2. Carbon and nitrogen content

The isotopic variation per morphotype group is shown in Fig. 5.
The mean values of % C and % N for each cluster showed that the
Group 1 coprolites (composed of the lace morphotypes) were
significantly different than that obtained for Groups 2 and 3
(Fig. 5AeB) (% C: t ¼ 3.44, and p ¼ 0.0016; and t ¼ 4.51 and p ¼ 9.2
10�5; % N: t ¼ 3.65, p ¼ 0.0008; t ¼ 3.32, p ¼ 0.0021, respectively).
Most coprolites exhibited C/N ratios between 60 and 130 (mean
63.6, and standard deviation of 22.9). Only a few specimens
(around 10 %) showed even higher values between 160 and 180,
indicating a very low % N content. These latter samples corre-
sponded to the largest coprolites assigned to Groups 3 (irregular)
and 2 (cylinder) (Fig. 5B).

4.3. Carbon isotopes

The mean d13Ctot value of the Group 1 coprolites was signifi-
cantly different from Group 2 (t ¼ 1.90; p ¼ 0.06) and Group 3
(t ¼ 3.11, p ¼ 0.004) (see Fig. 5CeD for the mean values). On a
bivariate plot of d13C and C/N, the lace coprolites (Group 1)
exhibited more positive d13C values (between �8 and �14 ‰),
whereas the other two groups tended to be more negative
(between �14 and �20 ‰). There was no correlation between d13C
and C/N (Fig. 5E).

The d13Corg values, determined from the acid treated samples,
were more negative than the d13Ctot values (Fig. 5D and Appendix
B). These differences indicated the presence of inorganic carbon
in the coprolites, due to the calcareous nature of the host rock.
The analysis also confirmed that d13Corg was rather uniform, with
the median of each group between �19 and �16 ‰ (Fig. 5D).
When all morphotypes were considered, only four specimens,
belonging to ellipsoidal, straight lace, broken, and irregular
morphotypes exhibited the lowest d13Corg values (Fig. 6).

4.4. Nitrogen isotopes

The mean d15N value of Group 1 was significantly different from
Group 2 (t ¼ 2.88, p ¼ 0.0078) but not from Group 3. The median
d15N values of the groups ranged from 4.5 to 6 ‰ (Fig. 5F), with the
lace coprolites having the highest values. When all morphotypes
were considered, some irregular, thin lace, and cylinder coprolites
showed the highest d15N values, whereas some cylinder, ellipsoidal,
cone, and circular coprolites exhibited the lowest d15N values
(Fig. 7).

The d15N values also increased with increasing % N content
(r2 ¼ 0.32) (Fig. 7). The d15N values ranged from 1 to 8.5 ‰, indi-
cating a variety of different trophic levels (TL) and feeding strate-
gies for the producers of the coprolites from Las Hoyas. Thus,
applying a TEF of þ2.5‰, d15N values from 1.0 to 3.5‰ correspond
to a primary trophic level, d15N values from 3.51 to 6.0 ‰ corre-
spond to secondary trophic level, and d15N values from 6.01 to 8.5
‰ would correspond to tertiary one.

Some morphotypes fell exclusively into a specific trophic level,
probably because the number of specimens is reduced. Circular and
ellipsoidal coprolites occupied the primary trophic level, elongated
coprolites the secondary, and only rosary coprolites could be classified
as completely belonging to the tertiary trophic level. However, spec-
imens of othermorphotypes occupiedmultiple trophic levels. Straight
lace, bump-headed lace, cone, ellipsoidal, and elongated coprolites
exhibited a range of d15N values across two trophic levels (Table 3 and
Fig. 7). Cylinder and thin lace coprolites showed the highest ranges of
d15N values. A high disparity of d15N values are shown by the irregular
coprolites, suggesting diverse origins (Table 3).

Therefore, different specimens of the same morphotype may fall
into more than one trophic level: broken coprolites had one sample
within the primary trophic level, and eight specimens in the sec-
ondary level; bump-headed lace and thin lace fell into the secondary
and tertiary trophic levels; cone and straight lace fell into the primary
and secondary trophic levels; cylinders fell between the primary,
secondary and tertiary levels; and irregular coprolites were classified
within the primary and tertiary levels (see Fig. 7 and Appendix B).

Interestingly, the five largest coprolites (cylinder, irregular, and
broken coprolites) neither exhibited the highest d15N values nor the
highest % N. In fact, the two irregular coprolites showed some of the
lowest d15N values of the sample set, whereas the 100 mm cylinder
specimen represented one of the highest d15N values (Fig. 7 and
Appendix B).



Fig. 7. Nitrogen values of the coprolites from Las Hoyas. (A) Covariation between d15N and % N. Each symbol represents a different morphotype. Larger coprolites (>40 mm in
length and > 10 mm width) are outlined in grey. (B) Box-plot representing the distribution of d15N values per morphotype. Boxes represent the quartiles; the little square inside is
the median; the whiskers represent the minimum and maximum values; the crosses represent the outliers. Three trophic levels are proposed for Las Hoyas ecosystem, considering a
TEF of þ 2.5‰: Primary consumers (1.0e3.5‰), secondary consumers (3.51e6.0 ‰), and tertiary consumers (6.1e8.5 ‰).

Table 3
Descriptive statistics for d13Corg and d15N values of all morphotypes analysed. Abbreviations: Morph: morphotype; N: number of coprolites; Min: minimum; Max:
maximum; Range: maximum-minimum.

Morph d15N (‰) d13Corg (‰)

N Mean (±SD) Min Max N Mean (±SD) Min Max

Circular 1 2.5 e e 0 e e e

Cone 4 4.0 ± 1.3 2.0 4.9 2 �16.6 ± 2.0 �18.1 �15.2
Cylinder 10 4.9 ± 2.1 1.2 7.5 7 �17.1 ± 1.1 �18.9 �16.0
Ellipsoidal 2 1.8 ± 0.9 1.2 2.4 1 �25.1 ± 0 e e

Elongated 2 4.1 ± 0.4 3.8 4.4 1 �17.0 ± 0 e e

Bump-headed lace 2 6.3 ± 0.9 5.7 6.9 1 �16.2 ± 0 e e

Rosary 1 6.1 e e 0 e e e

Straight lace 4 3.7 ± 0.4 3.3 4.3 2 �20.6 ± 3.1 �22.8 �18.4
Thin lace 9 6.8 ± 1.3 4.3 8.4 0 e e e

Irregular 10 6.0 ± 1.9 2.4 8.0 3 �16.6 ± 3.5 �20.5 �13.9
Broken 9 4.4 ± 0.9 3.2 5.9 8 �17.5 ± 3.1 �24.7 �13.9
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5. Discussion

The facies lithology and biodiversity of Las Hoyas clearly depicts
a lacustrine environment (Buscalioni and Fregenal-Martínez, 2010;
Fig. 4A). Limestone d13C values of the rock embedding coprolites
(ranging from �1.9 to �4 ‰) combined with negative d18O values
(Fig. 4A) reinforces previous interpretations of the locality as a
small-open lake influenced by karstic waters (Talbot et al., 1995;
Poyato-Ariza et al., 1998). In these waters the carbonate source
was derived from the dissolution of catchment limestones, and d13C
values might also be influenced by the abundance of charophytes,
because of their photosynthetic activity mediated the equilibrium
of dissolution and precipitation of carbonates and bicarbonates
(Andrews et al., 2004; Leng and Marshall, 2004). Moreover, near-
bottom anoxic water is usually enriched in 12C (and not 13C),
because it is partly derived from decomposition of terrestrial
organic matter in the surface sediment (Pronin et al., 2016) which
explains the lighter values of d13C measured in charophytes. The
d18O values are used to determine the distinct lithology of wet-dry
facies, so that more negative d18O changes could be due to the rising
water column (e.g. by temperature or rainfall) and the oxidation of
organic material.

Seasonality effects are suggested in some coprolites from the
wetter facies by their lower d15N signatures (Fig. 4B). Nitrogen
isotope ratios are altered in wetlands during flooding, where
decreasing d15N is caused by the dilution of water bodies influ-
encing the nutrients available to the plants, the biomass available
for consumers, the habitat, and growth conditions of animals and
plants (Wantzen et al., 2010).

Carbon and nitrogen isotopic studies of coprolites are quite
rare. In the Late Oligocene Lagerst€atte of Enspel (Germany) the %
C and % N coprolite values (% C ¼ 7.45 ± 5.85, and %
N ¼ 0.29 ± 0.19) were lower when comparing with that of cor-
responding plants, insects, and tissues preserved at the same
locality, but similar to the fish and tadpole bones (Schweizer
et al., 2006). The Barremian coprolites from Las Hoyas showed
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lower % C (mean ¼ 3.7) and % N (mean ¼ 0.1) values than those
from the Enspel locality. The C/N ratio for the Las Hoyas copro-
lites association is quite homogenous, indicating a similar type
of preservation, and steady state environment, as low % N would
suggest an aerobic environment with more organic matter
decomposition (Colombi et al., 2011).

Despite the low % C values, the d13Ctot values had a relative high
variance (5.9) denoting that the dataset is diverse, with some
morphotypes having a big variation. The d13Ctot values of coprolites
(mean ¼ �13.1 ‰) are more negative than the host rock values
(�2.0 to �3.8 ‰ ± 0.2), and the mean estimated for modern char-
ophytes of the genus Chara (�5.7 to�7.9‰; Coletta et al., 2001, and
Andrews et al., 2004, respectively).
5.1. The food web context

When the covariation of d13Corg is expressed against d15N,
there is an overlap in the isotopic signatures (Fig. 6). This overlap
suggests that coprolite producers would have occupied similar
trophic positions, and probably competed for similar resources
across one or more trophic positions or niches. The d13Corg values
showed a large variance (8.3 ‰), ranging from e 13 to e 26 ‰,
and these values indicated a critical mid-point at �20‰ dividing
the samples into two groups. This division suggests differences in
the origin of the resources, which in the environmental context
of Las Hoyas, d13Corg > �20 ‰ would match with the dominance
of animals feeding primarily on aquatic resources, and
d13Corg < �20 ‰ would allude to the presence of coprolites
produced by animals feeding on terrestrial resources. This critical
limit is congruent with d13Corg values obtained for different
species of modern charophytes in shallow Spanish water bodies
(mean ¼ e 20.7 ‰ for Chara hispida, Nitella hyalina and Tolypella
glomerata; Rodrigo et al., 2016), and with the signature of the
Barremian conifer Frenelopsis (d13Corg ¼�27.6‰ ± 0.9; see Barral
et al., 2017).

At least three different trophic levels for the Las Hoyas food
web are proposed. The first trophic level cannot be demarcated
with high certainty, as the coprolites with the lowest d15N values
correspond with wetter environmental conditions (Fig. 4B). A
specific baseline signature for Las Hoyas would be necessary to
account for the different d15N primary producer values which, in
turn, are highly variable among systems and within systems
through time (Vander Zanden et al., 1997). Therefore, the pro-
posed trophic levels are based on the assumption of a trophic
enrichment factor of 2.5 ‰ for each trophic position (McCutchan
et al., 2003; Vanderklift and Ponsard, 2003; Saigo et al., 2015).
The vast majority of the coprolite association falls within the
second trophic level. A few well-represented morphotypes
(elongated, straight lace, and broken) in that level with a narrow
range of d15N values suggest that the coprolite producers might
have been selective feeders (specialists). However, the remainder
morphotypes, including those within the third trophic level, had
wider d15N ranges, and might be primary catalogued as oppor-
tunistic omnivores (animals feeding on different kinds of prey/
resources according to the availability of food). The high abun-
dance of omnivores would depict a feeding web with a high
Connectance (i.e. the proportion of possible feeding links that are
actually realized in a web), tested in ancient (Dunne et al., 2008,
2014) and in recent (Thompson et al., 2012) aquatic food webs.
The Las Hoyas coprolite association may be inferred to have a
flattened food web structure because of high Connectance
(Dunne, 2009), typical in shallow water lakes and wetlands
ecosystems.
5.2. Isotopic variations

The isotopic variations can be expressed relative to the coprolite
size, the amount of the undigested organic matter, and the range of
the nitrogen isotope values. Interestingly, the largest coprolites at
Las Hoyas showed that there is no significant correlation among
sizes and the isotope d15N values (Fig. 7A). The largest irregular
coprolites with no visible inclusions exhibited low d15N values,
which indicates that these coprolites were probably produced by
medium-sized animals feeding on the basal resources of the
ecosystem. Larger animals require large amounts of food to supply
the necessary metabolic energy (Tucker and Rogers, 2014). On the
other hand, thin and long coprolites within the lace-group (Group
1), distributed throughout the second and third trophic levels,
contained abundant undigested matter in the coprolite matrices,
whereas larger coprolites (e.g. the large cylinder), with similar d15N
high values, did not show any bony inclusions in the matrices
(Appendix B). This similar nitrogen signature in the two different
groups of coprolites suggests distinctive producers. The first group
might be related to fish coprolite producers with ineffective
digestive processes containing abundant undigested fragments
from small fishes and crustaceans prey. The second group might be
related to coprolite producers having a greater digestive efficiency,
such as crocodiles (Mil�an, 2012; Mil�an et al., 2018).

The variation of the coprolite carbon and nitrogen isotopic
values could also be due to different climatic factors, explained by
seasonality, but it could also fluctuate spatially, based on the range
of preys consumed and specificity, the consumer ontogenetic stage,
and individual feeding preferences (e.g. Wantzen et al., 2010;
Rawlence et al., 2016; Kochi et al., 2017; Santos et al., 2018).
These variations may be due to coprolites produced by
opportunistic-feeding omnivores, who can increase their d15N
values by supplementing their diets with occasional preys from
higher trophic levels (Briand et al., 2016). Also, nitrogen ratios and
trophic level may change ontogenetically within the same species,
as the ability to eat larger prey changes with the increase of body/
mouth size (Cohen et al., 1993). Modern adult crocodiles forage on
higher trophic position prey than the non-adult individuals (Santos
et al., 2018). In the same way, it is important to highlight that
different animals can produce faeces with similar shape (Thulborn,
1991), and that isotopic values of consumer diets mainly reflects
their feeding habits rather than their phylogeny (Briand et al.,
2016).
6. Conclusions

Stable isotopes were used to evaluate the coprolite associations
(N ¼ 54) of an ancient ecosystem. This was an exceptional oppor-
tunity to study complex fossil remnants because of the relatively
small size and diameter of the coprolites. Larger coprolites provided
interesting information about the non-correspondence between
size and isotopic ratios. We evaluated the results obtained using
d15N and d13Corg isotopes to understand aspects of the food re-
sources, trophic behaviour, and food web structure of the Las Hoyas
biota, based on the isotopic signatures of their coprolites. Surpris-
ingly, we found this ancient Barremian wetland coprolite associa-
tion preserved valuable ecological information regarding specific
parameters (seasonality, and differences in the nutrient levels).
Obviously, some ecological parameters were blurred or difficult to
determine, because the Las Hoyas site represents a complex mix of
coprolites from coexisting organisms across different timescales,
seasons, and spatial context. The coprolite association lacked in-
formation from the lower or basal trophic levels, which would be
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represented by a plethora of taxa, such as gastropods, micro-
crustaceans, insects, and primary producers, which were well
documented and diverse at the locality. Despite the wide scatter of
the coprolite isotope signatures due to heterogeneous nature of
sample material, the covariation between d15N and d13Corg values
describe a wide spectrum across the middle and upper part of the
ecosystem's food web structure. The carbon signature stressed the
presence of organisms exploiting freshwater aquatic resources, and
the trophic enrichment of the nitrogen isotope signal indicated at
least three trophic levels for the Las Hoyas food web. Differences
among the coprolite morphotypes and the variations in the d15N
values, suggest that the Las Hoyas palaeoecosystem hosted
specialist feeders and omnivorous and/or opportunistic feeders, the
latter being the majority. Omnivory is the dominant strategy to
canalize the energetic flow in shallow lacustrine ecosystems. This
strategy has been maintained from ancient to modern ecosystems.
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Appendix A. The upper Barremian coprolite association from
Las Hoyas (Cuenca, Spain). Every morphotype includes a
description and a drawing. The lower line corresponds to
some features of the morphotype: OS: Overall shape; Ou:
Outline; ES: End shapes; KI: Kind of inclusions. Information
and drawings obtained from Barrios-de Pedro and Buscalioni
(2018), and Barrios-de Pedro et al. (2018).
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Appendix B. List of all the specimens analysed, including the

morphotype, length, width (the smallest diameter of the coprolite), relative diameter (length/width), the type of facies from every
coprolite was collected, and the isotopic data (% N, d15N, % C, and d13C of the total carbon [i.e., organic and inorganic fraction; % Ctot
and d13Ctot], and the same values after the removal of the inorganic carbon fraction [i,e., % Corg and d13Corg]). Abbreviations: RD:
Relative diameter; WBT: Weight before acid treatment; WAT: Weight after acid treatment.
Specimen number Morphotype Length (mm) Width (mm) RD Facies %N d15N %Ctot d13Ctot %Corg d13Corg WBT (mg) WAT (mg)

MUPA-LH8172 (12) Circular 10 4.0 2.5 Wetter 0.08 2.5 2.7 �18.0 e e e e

MUPA-LH16517 Cone 5 2.0 2.5 Drier 0.09 4.5 5.9 �13.0 e e e e

MUPA-LH16602 Cone 10 4.0 2.5 Drier 0.06 4.9 3.1 �14.3 2.7 �18.1 34.9 9.9
MUPA-LH16609 Cone 15 6.0 2.5 Drier 0.05 4.7 3.7 �14.1 e e e e

MUPA-LH-GQ17-010 Cone 20 6.0 3.3 Unknown 0.02 2.0 2.3 �9.8 1.6 �15.2 32.3 10.1
MUPA-LH8074 Cylinder 9 3.0 3.0 Wetter 0.03 1.2 2.9 �11.6 2.2 �18.9 10.8 2.1
MUPA-LH8175 Cylinder 13 2.5 5.2 Wetter 0.05 2.4 3.8 �12.8 2.4 �18.2 21.1 8.6
MUPA-LH8048 (2) Cylinder 16 2.0 8.0 Drier 0.07 6.1 4.8 �12.6 e e e e

MUPA-LH-GQ15-001 Cylinder 9 2.0 4.5 Unknown 0.12 7.5 6.4 �11.7 e e e e

MUPA-LH21486 Cylinder 46 8.0 5.8 Unknown 0.05 4.3 2.7 �15.2 2.5 �17.0 31.2 10.1
MUPA-LH9475 Cylinder 50 14.0 3.6 Unknown 0.02 3.6 3.5 �11.4 e e e e

MUPA-LH9651 Cylinder 100 16.0 6.3 Unknown 0.04 7.3 3.6 �9.0 2.5 �16.2 32.8 9.9
MUPA-LH-GQ17-011 Cylinder 20 8.0 2.5 Unknown 0.04 5.1 2.5 �11.0 2.2 �16.1 31.6 9.8
MUPA-LH-GQ17-013 Cylinder 26 8.0 3.3 Unknown 0.05 6.7 2.8 �14.6 2.6 �17.1 30.1 9.9
MUPA-LH-GQ17-014 Cylinder 30 9.0 3.3 Unknown 0.04 4.8 3.0 �10.0 2.2 �16.0 34.6 9.9
MUPA-LH8172 (11) Ellipsoidal 24 11.0 2.2 Wetter 0.05 2.4 2.1 �15.3 3.0 �25.1 34.2 2.3
MUPA-LH8174 Ellipsoidal 6 3.0 2.0 Wetter 0.07 1.2 2.9 �15.0 e e e e

MUPA-LH16516 Elongated 10 5.5 1.8 Drier 0.05 3.8 3.4 �14.3 2.4 �17.0 31.5 10.0
MUPA-LH8048 (1) Elongated 6 3.5 1.7 Drier 0.06 4.4 3.7 �13.7 e e e e

MUPA-LH8048 (4) Bump-headed lace 15 1.0 15.0 Drier 0.10 6.9 4.5 �14.9 e e e e

MUPA-LH8036 Bump-headed lace 46 1.5 30.7 Drier 0.07 5.7 5.0 �8.8 4.7 �16.2 10.3 4.3
MUPA-LH16531 Rosary 20 2.0 10.0 Drier 0.08 6.1 e e e e e e

MUPA-LH8048 (6) Straight lace 11 3.0 3.7 Drier 0.09 4.3 3.4 �13.4 e e e e

MUPA-LH8092 Straight lace 30 3.0 10.0 Drier 0.05 3.7 3.6 �10.0 2.8 �18.4 29.1 10.0
MUPA-LH16603 Straight lace 25 2.0 12.5 Drier 0.05 3.3 3.1 �13.1 3.7 �22.8 7.7 0.5
MUPA-LH16611 Straight lace 13 2.0 6.5 Drier 0.06 3.6 5.3 �9.4 e e e e

MUPA-LH16590 Thin lace 25 1.5 16.7 Drier 0.10 6.5 5.2 �12.9 e e e e

MUPA-LH16564 Thin lace 20 2.0 10.0 Drier 0.07 4.3 e e e e e e

MUPA-LH16557 Thin lace 28 1.0 28.0 Drier 0.08 6.0 4.3 �10.4 e e e e

MUPA-LH8133 Thin lace 12 1.25 9.6 Drier 0.10 6.5 5.7 �13.1 e e e e

MUPA-LH16585 Thin lace 32 1.5 21.3 Drier 0.08 6.0 4.0 �12.3 e e e e

MUPA-LH16548 Thin lace 28 2.0 14.0 Drier 0.10 7.0 e e e e e e

MUPA-LH-LI15-028 Thin lace 29 1.0 29.0 Unknown 0.14 7.8 6.8 �10.2 e e e e

MUPA-LH-GQ15-007 Thin lace 14 1.5.0 9.3 Unknown 0.11 8.4 6.5 e e e e e

MUPA-LH-GQ15-003 Thin lace 14 1.0 14.0 Unknown 0.11 8.3 7.2 �9.5 e e e e

MUPA-LH8014 (2) Irregular 11 4.0 2.8 Drier 0.06 6.6 4.3 �15.3 e e e e

MUPA-LH8192 Irregular 11 6.0 1.8 Drier 0.06 6.4 4.3 �20.0 e e e e

MUPA-LH-GQ15-004 Irregular 7 2.5 2.8 Unknown 0.11 6.1 4.1 �13.7 e e e e

MUPA-LH-GQ15-008 Irregular 8 2.5 3.2 Unknown 0.10 7.3 3.3 �16.9 e e e e

MUPA-LH-LI15-011 Irregular 17 5.0 3.4 Unknown 0.09 6.7 3.2 �14.6 e e e e

MUPA-LH7202 Irregular 100 32.0 3.1 Unknown 0.05 2.4 2.7 �14.6 2.2 �15.4 34.0 10.1
MUPA-LH23004 Irregular 67 39.0 1.7 Unknown 0.05 2.6 2.5 �11.2 1.9 �13.9 34.1 9.8
MUPA-LH27015 Irregular 33 15.0 2.2 Unknown 0.04 7.0 2.9 �13.9 3.2 �20.5 10.7 0.9
MUPA-LH27140 Irregular 20 6.0 3.3 Unknown 0.08 8.0 4.5 �17.1 e e e e

MUPA-LH30492 Irregular 25 11.0 2.3 Unknown 0.05 7.0 3.0 �15.1 e e e e

MUPA-LH8038 Broken 10 5.0 2.0 Drier 0.05 5.0 4.0 �12.2 2.6 �17.6 36.5 9.9
MUPA-LH16601 Broken 20 2.0 10.0 Drier 0.05 5.4 3.3 �12.6 5.0 �24.7 36.0 2.5
MUPA-LH16607 Broken e e e Drier 0.05 4.0 4.6 �8.7 e e e e

MUPA-LH16594 Broken e 8.0 e Drier 0.05 4.0 2.9 �12.9 2.4 �16.3 35.1 10.3
MUPA-LH16605 Broken 13 10.0 1.3 Drier 0.05 4.4 3.3 �14.0 2.5 �17.9 33.3 10.1
MUPA-LH9195 Broken e e e Unknown 0.05 3.9 2.3 �12.9 1.9 �13.9 34.0 10.0
MUPA-LH12028 Broken 55 19.0 2.9 Unknown 0.05 3.6 2.8 �14.2 2.1 �16.2 32.0 9.9
MUPA-LH20240 Broken 35 26.0 1.3 Unknown 0.05 3.2 2.5 �14.8 2.0 �17.0 32.0 9.9
MUPA-LH-GQ17-012 Broken 26 7.0 3.7 Unknown 0.05 5.9 2.7 �12.9 2.3 �16.3 34.9 10.1
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Appendix C. Diagenetic alterations and taphonomy of
coprolites and the host rock.

The rock

Previous studies on the Las Hoyas laminated limestones showed that the substrate
has a microcrystalline structure, exceeding 95 % calcite (Poyato-Ariza et al., 1998).
Crystals vary from submicron-size micrite to a coarse microspar mosaic with indi-
vidual calcite crystals up to 25 mm. The non-carbonate components correspond to
phosphatic products derived from vertebrate fossils and coprolites, and to organic
material of both aquatic and terrestrial origin, depending on the fossil. A study per-
formed by Poyato-Ariza et al. (1998) determined that the main effect of carbonate
diagenesis in the locality is present as sparry infills that showed lower d13C values (~e7
‰) than the host limestones. However, they concluded that the uniform composition
of the rock micrites (mean values; d13C ¼ �2.72 ± 0.23 ‰, d18O ¼ �4.81 ± 0.17 ‰)
suggests that their isotopic composition is close to that of the original limestonemuds.
Some of the coprolite host rock from this study was analysed in order to evaluate the
carbon and oxygen isotopic signals of these limestones (see Fig. 4A and Section 3.4.)
belonging to the wetter and drier facies. The d13C and d18O values indicated that the
samples correspond to freshwater lakes (Leng andMarshall, 2004), reflecting humidity
and oxidation of large amounts of organic material in the ecosystem.

The coprolites

It has not been fully explained yet whether the diagenesis of the coprolite
apatite is similar to that of other bioapatites, such as bones, enamel, or dentine
(Fricke et al., 2008). The diagenetic alteration of these bodily remains depends on:
(1) decomposition of the organic matter, (2) the change in the chemical composition
by trapping ions (fluoride or heavy elements) that may affect the amount of isotopic
exchange between fluids and the biogenic apatite, and (3) the dissolution, recrys-
tallization, and/or addition of secondary minerals (Zazzo et al., 2004; Combes et al.,
2016).
Faeces are the natural decomposition and degradation product of ingested
organic matter. In faecal mass mineralization occurs rapidly, and its early lithifica-
tion process deals with a phosphatic coprolite matrix with an uniform crystalline
nanostructure (Hollocher et al., 2010; Krause and Pi~na, 2012). The lithification
process is assisted by the presence of a diverse group of intestinal or environmental
bacteria promoting the formation of biominerals and incorporation of carbonates
into the apatite lattice (Lamboy et al., 1994; Hollocher et al., 2010; Krause and Pi~na,
2012; Bajdek et al., 2016). The mediation of microorganisms (e.g., bacteria, fungi) in
the carbonate and phosphate precipitation is a viable possibility. Other studies (Chin
and Kirkland, 1998; Cosmidis et al., 2015; Fishman et al., 2018) propose that the
incorporation of apatite carbonate ions greatly depends on the concentration of
carbonate in the precipitating medium.

The taphonomic properties of the Las Hoyas coprolites show that they were
mostly produced in an aqueous milieu, and probably soaked before burial, in car-
bonate alkaline water. Regarding the composition of their apatite varieties (see
Section 3.2), the inclusion of fluoride (carbonated-fluorapatite: francolite) in some
samples (MUPA-LH9195), might be discussed either as the dissolution of bone
content in the primary coprolite matrix or as a chemical modification of dahllite
during diagenesis (Hollocher et al., 2005). The acquisition of fluoride can occur by
ion exchange with groundwater and it does not require recrystallization or depo-
sition of a new mineral phase (Hollocher et al., 2010). Another component, the
hydroxylapatite sulfonated is an intermediate phase of degraded apatite (Sugama
and Pyatina, 2018). Thus, in some specimens, a subtle alteration on the chemical
composition is probable. Concerning secondary precipitation and recrystallization,
veins of coarse sparite grains were not detected in Las Hoyas coprolites; instead, the
coprolite matrix is uniform, comprising a microcrystalline matrix, with no hint of
phosphatic recrystallization (Barrios-de Pedro, 2019).

Accordingly, we attempt to establish that diagenesis has not entirely obscured
the original stable isotope values obtained after the chemical pre-treatment.
Nonetheless, we are conscious that isotopic analyses are more common on other
inorganic structures, such as enamel (Zazzo et al., 2004), and to date, there is
extremely limited amount of data reported from other bioapatite materials, such as
coprolites.
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