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Abstract

Coprolites are some of the most abundant fossils at the Las Hoyas site, a well-known Early
Cretaceous Konservat-Lagerstatte located in Cuenca, central Spain. The coprolite associa-
tion is described, introducing taphonomic features and sedimentological properties. This
study is based on a subsample of 433 fossils selected from some 2000 specimens collected.
The taphonomic features of the coprolites show that their integrity, absence of desiccation
marks, and volume are congruent with faeces produced and deposited in an aquatic ecosys-
tem, which were immediately covered by microbial mats. The highest abundance of copro-
lites, 96%, occurs in layers linked to the presence of microbial mats. Consequently, it is
likely that coprolites are taphonomically autochthonous. A dichotomous key has been made
in order to delimit the morphotypes. The key is based on (1) presence/absence of spiral
marks, (2) morphology of coprolite ends, including polarity, expansion, and surface, and (3)
overall shape, outline, diameter, and constrictions. Twelve different morphotypes are distin-
guished: spiral, circular, irregular, elongated, rosary, ellipsoidal, cylinder, bump-headed
lace, fir-tree, cone, straight lace, and thin lace. The association is dominated by thin-lace
and cylinder morphotypes. The sizes, inclusions, and EDX analyses indicate that the Las
Hoyas coprolites correspond mostly to carnivorous producers with ichthyophagous diets, as
crocodiles, urodelans and different kind of fishes.

Introduction

Coprolites are fossilized faeces belonging to a group of ichnofossils called bromalites [1]; the
term ‘coprolite’ was defined by Buckland in 1829 [2]. Thulborn [3] (p.342) defined ’coprolite’
as “a fecal mass that fossilized after having been removed from the body of an animal”. Previ-
ous investigations on coprolites have included studies on their external morphology [3] and
their contents, such as bones [4,5], insect remains [6], even wood and muscles [7,8]. In general,
most contributions have looked for the identification of the faecal mass producer and its diet,
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mostly among extinct vertebrates (for example, [4,9-13]). Recent studies have also involved
destructive techniques such as the use of isotope analysis [10,14,15], gas chromatographic-
mass spectrometry, and specific lipid biomarkers [16-18] to infer, for example, the diet of the
producer and even its trophic level in the food chain. These studies integrate descriptions that
begin with non-destructive protocols followed by destructive techniques on the same speci-
mens, with the aim of combining the morphology of the coprolites with their corresponding
contents, the coprolite fabric, and their chemical composition [19]. Eventually, coprolites can
provide direct information about the feeding strategy and diet of the animals that produced
them and, as a consequence, indirect information about their feeding interactions, predator-
prey relationships, faunal abundance and possible trophic chains of ancient ecosystems (e.g.,
[1,4,9,13,20-25]). In this first stage, we describe the exceptional assemblage of Early Cretaceous
(Barremian) coprolites from Las Hoyas Konservat-Lagerstitte in order to understand the vari-
ety and disparity of the coprolite association. This will lead to determination of some biological
affinities among the coprolites and to indicate how they are integrated into the ecosystem
where they were produced [26,27].

Many of the coprolite-rich Mesozoic assemblages correspond to transitional and marine
depositional environments from the Triassic [28,29] and the Cretaceous [27,30,31]. There are
famous continental deposits with important tetrapod associations from the Triassic [32] and
the Cretaceous [33-36] (see [37] for details). However, there are not many fluvial and lacus-
trine Mesozoic deposits with rich coprolite associations. The Greenland Kap Stewart Forma-
tion [38], with about five hundred specimens, and the Csehbanya in Hungary [39], with more
than two thousand coprolites accumulated in a small area, are good examples of rich fluvial
and lacustrine coprolite localities. In this sense, the Early Cretaceous locality of Las Hoyas pro-
vides another exceptional example of a locality with a rich and extremely varied coprolite asso-
ciation (more than two thousand coprolites collected) from a lacustrine carbonate inland
wetland ecosystem [40]. A subsample of 433 coprolites was selected in order to describe their
morphological disparity and preservation patterns.

The biodiversity count of the Las Hoyas body fossil record comprises 118 families and 201
species. The diversity is composed by a mixture of fully aquatic, amphibian, and terrestrial
organisms [40-43]. Animals constitute 77% of the total diversity at specific taxonomic level,
and at their higher taxonomic rank they consist of Annelida, Nematoda, Mollusca, Arachnida,
Myriapoda, Ostracoda, Malacostraca, Hexapoda, and Vertebrata. Insects are the most diverse
group, as they represent 36% of the total number of species recorded in the locality. The domi-
nant fauna corresponds to obligate aquatic organisms (i.e., ostracods, gastropods, bivalves,
shrimps, aquatic insects, fishes, perennibranchiate salamanders, and frogs). Fish are, by far,
the most abundant vertebrate fossils: they are taxonomically diverse, and their record includes
different ontogenetic stages. Other aquatic organisms are salamanders, crocodiles, and turtles.
Terrestrial organisms are numerically scarce in the Las Hoyas fossil record, but include a
diverse group that comprises arachnids, myriapods, insects, an albanerpetontid amphibian,
lizards, non-avian dinosaurs, and a mammal. Our approach attempts to test the hypothesis
that the faeces were produced mostly by the aquatic animals that inhabited the ecosystem, and
to recognize and relate the different types of feeding strategies.

Sedimentological and environmental context

The Las Hoyas fossil site is part of the La Huérguina Formation, which records upper Barre-
mian continental sedimentation in the southwestern Iberian Basin (Serrania de Cuenca,
Spain) (Fig 1A and 1B). The age of the site has been determined on the basis of the charophyte
and ostracod association [44]. The fossiliferous locality consists of finely-laminated limestones
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Fig 1. Environmental context of Las Hoyas. A. Location of the southwestern sector of the Iberian Ranges. The frame encloses the area
represented in B, where the locality of Las Hoyas, upper Barremian in age, is placed. C. Stratigraphic log of the La Huérguina Formation at
the Las Hoyas parastratotype section according to [43]. The arrow points to the finely laminated limestones deposited in Las Hoyas. D.
Overview of a sampling square at the locality.

https://doi.org/10.1371/journal.pone.0196982.9001

(Fig 1C and 1D) composed almost entirely of calcium carbonate [43,45,46]. Las Hoyas has
been interpreted as a freshwater carbonatic environment without any marine influence
[47,48], regulated by a seasonal subtropical climate in a lacustrine to palustrine wetland sub-
system. The wetland was drained by carbonate-rich water, probably fed by groundwater and/
or karstic aquifers [49,50]. The general landscape was characterized by a low-relief karstic ter-
rain with a flat topography in which patchy mosaic environments occurred, sheltered by a
variety of different vegetation and soils mingled into flooded plains, ponds, small lakes, chan-
nels, and sloughs. The watered areas were shallow, their bottoms covered by microbial mats
[51,52], and were subjected to seasonal cyclical oscillations in the water level [45,46].

Microfacies associations in the laminated limestones

The Las Hoyas laminated limestones show two basic microfacies associations [40,46]. These
microfacies represent two extremes of a set of transitional microfacies between them. One of
these extremes is made up of positively graded millimetric laminae, formed by underflow cur-
rents and decantation of allochthonous detrital, fine carbonatic particles, and vegetal debris.
This type of facies would have been deposited under a persistent but shallow water column
during seasonal flooding and wetter periods (Fig 2B). The other extreme consists of
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Fig 2. Relative abundance of fossils in wet and dry microfacies. A. Stratigraphic log of the sampling squares, showing the
sequence of wet and dry microfacies found throughout three Elementary Cycles [40]. The limits (ES) of the PS96, PS98 and
UBS sampling squares have been represented. B. Coprolite abundance in wet (blue) and dry (pink) facies (N = 282), and one
example of each type of microfacies under petrographic microscope. Scale division 1 mm. C. Charts with the percentage of
relative abundance of bivalves, crustaceans, insects, fishes, and coprolites found in wet (N = 74) and dry (N = 836) facies
associations.

https://doi.org/10.1371/journal.pone.0196982.9002

stromatolite-like laminae, and would represent periods of low water level conditions (drier
periods) with growth of benthic microbial mats (Fig 2B). A taphonomic analysis comparing
the fossil and facies associations indicates that the ‘drier facies” with microbial mats contain
abundant fossils and low richness, whereas the ‘wetter facies’ have fewer fossils but are highly
diverse in taxa [40]. The occurrence of mats in the Las Hoyas laminated limestones [46] and in
the fossils [51,53] has been crucial to the understanding of the processes and type of preserva-
tion in this Konservat-Lagerstitte. Microbial mats are especially relevant as a mechanism to
promote the exquisite preservation and abundance of fossils, because they protect carcasses
from progressive degradation and induce mineral precipitation, leading to the formation of
lithified layers [54-56]. The mechanisms involved in such preservation have been experimen-
tally tested on microbial mat communities growing in tanks under controlled conditions and
using different animal carcasses. These essays have verified that mats clearly prevent skeletal
disarticulation, retard decay, promote biomineralization of the organic remains, and induce
the formation of moulds and replicas [54-56].
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The Las Hoyas ichnoassemblage

The ichnoassemblage of Las Hoyas as previously described is a fine example of the Mermia
archetype [57], which typifies lacustrine environments [58,59]. The ichnoassemblage includes
small, simple, horizontal, shallow-tier invertebrate burrows associated (even in the same layer)
with fish-trails and tetrapod trackways [60]. These ichnofossils were described as mostly pro-
duced by aquatic organisms (i.e., benthic animals such as crustaceans, worms, insect larvae,
and fish). Among invertebrate tracks, Treptichnus pollardi is the dominant pattern, together
with Cruziana isp., Helminthoidichnites tenuis, Lockeia isp., Palaeophycus tubularis, and Plano-
lites montanus. Fish trace fossils are recorded as the common ichnospecies Undichna unisulca
[61]. In addition to this aquatic fauna, some layers also contain traces of air-breathing terres-
trial tetrapods such as crocodiles and dinosaurs [62,63]. The most significant part of the Las
Hoyas ichnoassemblage pending description are the coprolites, which are the aim of the pres-
ent contribution.

Taphonomic characterization
Relative abundance of associations

The systematic excavations carried out at the locality involved in situ taphonomic and sedi-
mentary data retrieval (Fig 1D). Data have been collected during annual excavations since
1985. Coprolites are one of the most abundant fossil remains from the Las Hoyas fossil record.
The systematic layer-by-layer sampling of the Las Hoyas successive beds allows for comparison
between the abundance of coprolites and body fossils such as bivalves, crustaceans, insects,
and fishes (Table 1 in [40], [46]). The data presented (Fig 2) correspond to five 25 to 30 m*
sampling squares: PS96, PS98, LBS, UBS, and LmBS [40]. The successive layers excavated at
these five squares include drier and wetter facies [40] (Fig 2A). The number of coprolites on
each layer ranges from 1 specimen in 30 m? to 177 specimens in 60 m”. The highest coprolite
abundance, 96%, is associated with the drier facies (Fig 2B). Coprolites represent 26% of the
fossil association in the drier facies, whereas they represent only 13% of the fossil association
in the wetter facies (Fig 2C).

Taphonomic features and elemental composition

The Las Hoyas coprolites are preserved mostly as part and counter-part (Fig 3A and 3B). Each
slab is distinguished by the letter ‘a’ and ‘b’ in the specimen number. The taphonomic features
studied follow the criteria used in [23], they correspond to: (1) contact with the sediment, (2)
desiccation and surface marks, (3) breakage and (4) abrasion (Fig 3). The general taphonomic
patterns of the Las Hoyas coprolites are:

1. They are enclosed with their long axis parallel to the lamination of the limestones. Most of
them are three-dimensionally preserved with a strong relief. There is no apparent difference
between the sediment of the host rock and the sediment that envelopes the coprolite. Some
coprolites have a ferruginous reddish crust (Fig 3C), and a few coprolites preserve a nodular
laminated envelope (Fig 3D). Less dense coprolites lay on the bedding plane (Fig 3E),
whereas thicker coprolites are embedded into several bedding planes (Fig 3F).

2. When the coprolite directly exposes its surface in dorsal view, no deep marks are observed,
but thin occasional wrinkles are present (Fig 3G). Neither external nor internal deep desic-
cation cracks are detected.

3. The completeness of the coprolites is high, maintaining their original contour and shape as
deposited in the substrate. Around 20% of the studied specimens show breakage at the
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coprolite end, producing irregular or peaked edges (Fig 3H). Some long coprolites may
interrupt their continuity throughout their longitudinal dimension (Fig 31).

4. Coprolites do not show any signs of abrasion, and maintain pinched edges, coprolite matrix
volume, and contours with angular borders.

The elemental composition of the coprolite matrix in 17 specimens was determined at
the Museo Nacional de Ciencias Naturales (MNCN) in Madrid by energy-dispersive X-ray
analyses (EDX analyses) with a low vacuum Environmental Scanning Electron Microscope
(ESEM_QUANTA200). These analyses revealed that the main elements of the coprolite matrix
are oxygen, phosphorous and calcium, with average percentages of 45-55% for oxygen, 9-15%
for phosphorous, and 40-50% for calcium. Some trace elements such as aluminium, silica, sul-
phur, and iron were also detected. The main elements of their corresponding host rock (the
laminated limestones in which coprolites are embedded) are oxygen (43-53%) and calcium
(38-51%), with aluminium, silica, carbon, phosphorous, iron, and manganese as minor and
trace elements (Fig 4 and Table 1).

Morphological characterization

The coprolites studied for the present paper are housed at the Museo de las Ciencias de
Castilla-La Mancha (MCCM) in Cuenca, Spain, where they are part of the Las Hoyas (LH) col-
lection. The coprolite collection contains approximately 2,000 specimens. Following a prelimi-
nary overall observation, we selected a subsample of 433 specimens for this study (S1 Table),
in a manner as to guarantee the most significant representation of the disparity observed in
the whole coprolite collection. These 433 specimens were examined using non-destructive
techniques. They were photographed at a macro-scale in order to note details of their mor-
phology, overall shape, coprolite matrix colour, and large inclusions by using a D5100 Nikon
reflex Camera and an OLYMPUS SZX16 light microscope at the Biology Department of Uni-
versidad Autonoma de Madrid (UAM).

The observations of the Las Hoyas coprolites revealed a remarkable morphological diver-
sity. In this section we provide a comprehensive description and distinction of different
morphotypes. The primary features applied on the categorization of the coprolite disparity
are overall shape and outline. In addition, each morphotype is characterized by a variety of
secondary features such as size, shape of the ends, coprolite matrix colour, and comparative
density of inclusions and coprolite matrix. All these variables appear in multiple combina-
tions, characterizing the overall morphology of each particular morphological type. The
overall shape of the coprolite encompasses the form and geometry of the faecal mass ensem-
ble by including features related to its continuity or pliability, as well as its surface. The out-
lines can be straight, sinuous, or curved. Observations revealed that the comparative nature
of the coprolite ends (i.e., similar or clearly different ends) is an important characteristic of
each particular type that is useful for an effective identification. The coprolite matrix colour
was categorized into three states: light (whitish), medium (light-brownish), or dark (dark-
brownish). The comparative density of inclusions and coprolite matrix allowed their dis-
tinction into four categories: (1) coprolites with their matrix entirely visible, with very
scarce or no inclusions; (2) coprolites containing inclusions cover about 1/3 of the
observed matrix surface; (3) coprolites containing inclusions cover about 2/3 of the
observed matrix surface; (4) coprolites whose matrix is occupied almost entirely by inclu-
sions. Diameter and length are given in millimetres (mm): length was measured in the
inferred direction of extrusion, and diameter was taken perpendicular to the inferred direc-
tion of the extrusion.
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Fig 3. Taphonomic features from Las Hoyas coprolites. A-B. Part and counter- part slabs; specimens
MCCM-LH21067a and MCCM-LH21067b respectively. C. Ferruginous reddish crust as pointed by arrows; specimen
MCCM-LH-GQ15-006b. D. Nodular laminated envelope as pointed by arrows; specimen MCCM-LH-LI15-001a. E.
Less dense coprolites flat on the bedding plane; specimen MCCM-LH8036a. F. Thicker coprolites are partially
embedded into several bedding planes; specimen MCCM-LH21147. G. Thin wrinkles in dorsal view as pointed by
arrows; specimen MCCM-LH23035. H. Breakage of a coprolite end producing an irregular or peaked edge (pointed by
arrows); specimen MCCM-LH16609b. I. A long coprolite whose continuity throughout its longitudinal dimension is
interrupted (interruptions pointed by arrows); specimen MCCM-LH21382b. Scale bars: 2 mm.

https://doi.org/10.1371/journal.pone.0196982.9003

In order to present this complexity in a comprehensive and organized manner, we com-
bined these characters and constructed a dichotomous key that provides a path for the catego-
rization and diagnosis of the different morphotypes. This key will help to account for the range
of coprolite diversity at Las Hoyas, and can provide the basis to categorize any additional speci-
mens or new morphotypes (Fig 5).
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Fig 4. SEM analyses on coprolites. A. Specimen MCCM-LH28719a; B. Specimen MCCM-LH26853b. C. Specimen
MCCM-LH35393. In each case (1) corresponds to the analysed coprolite. Scale bar: 5 mm; (2) SEM image (Secondary
Electrons): the violet label indicates the area where the analysis was carried out. Scale bar: 1 mm (except in C, whose
scale bar is 200pm), and (3) X-ray spectra of the coprolite.

https://doi.org/10.1371/journal.pone.0196982.9004

Dichotomous key

The morphological key was constructed by observing the 433 specimens of the selected sub-

sample, so that the variation in each of the features was tested. Only eight out of the 433 speci-
mens differ slightly from any combination of characters as provided by the dichotomous key,
probably due to poor preservation. Some of the features consistently observed (including size,
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Table 1. EDX analyses for coprolites and their corresponding host rock.

Wt% P Ca (0] Al Si S Fe
LH28719a (coprolite) 11.3 39.8 44.9 0.7 1.4 0.7 1.2
LH28719a (host rock) = 38.4 52.9 1.4 2.4 = 0.8
LH26853b (coprolite) 14.4 45.7 39.0 = = 0.8 =
LH26853b (host rock) = 55.0 43.8 0.4 0.8 = =

LH35393 (coprolite) 14.4 43.2 41.9 = = 0.5 =
LH35393 (host rock) 0.5 50.5 48.2 0.4 = 0.4 =

https://doi.org/10.1371/journal.pone.0196982.t001

coprolite matrix colour, and comparative density of inclusions and coprolite matrix) were not
useful in order to differentiate the coprolite types. Such features were not morphotype-specific,
they were therefore omitted from the construction of the key, but used for the corresponding
complete descriptions (see below). In contrast, the overall shape and the surface of the ends
proved to be very useful characteristics for the construction of the dichotomous key.

The first branch in the dichotomous key discerns between spiral and non-spiral coprolites.
Non-spiral coprolites may be grouped into defined or no defined ends. The overall shape of
the coprolites can be rounded, undefined, elongated-cord, or ribbon-like. The shape of the
ends can be equal or different. We use here the terms proposed by Thulborn [3], who describes
coprolites as isopolar when they have similarly shaped ends, and anisopolar when the shape of
each end is different.

Other characters necessary to account for the range of morphological disparity are: surface
of the ends (isopolar coprolites) being either flat or rounded; presence or absence of
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Fig 5. Dichotomous key as proposed for the coprolites from Las Hoyas. Blue letters and dashed lines represent the characters. Green letters and no lines represent
alternative character states. Pink letters and continuous lines represent the different morphotypes proposed for the Las Hoyas coprolite disparity.

https://doi.org/10.1371/journal.pone.0196982.g005
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constrictions, regardless of the overall shape; ‘diameter’ refers to the diameter being roughly
similar throughout the entire length or expanded in the middle of the coprolite. Regarding the
shape of the coprolite ends, the characteristic ‘bulged end’ refers to the presence of a large
lump in only one of the ends. The characteristic ‘increasing diameter’ refers to a continuous
increase in the diameter of the coprolite from the minimum diameter at one end to the maxi-
mum diameter at the other end.

Morphotypes

No standard pattern or method for morphological categorization of coprolites (for instance,
[64]) has been generally followed so far. On the contrary, authors have traditionally provided
independent, ad hoc morphological categorizations of their own in terms of the preservation
of the material, number of specimens available, and depositional environment where copro-
lites were encountered. Because there is no standardized method, we have applied previously
used characteristics, as well as some new features, necessary to account for the morphological
disparity of the Las Hoyas coprolites. Twelve distinguishable morphotypes are herein
described on the basis of the features just presented above. The assessment of their potential
producers is usually an untestable hypothesis, so it is considered an irrelevant, potentially mis-
leading matter for the strict morphologic characterization of each morphotype, so such possi-
ble assessments are just roughly discussed in Section 6.2 below. S2 Table is a comparative
synthesis of the descriptions in the text below, with an appreciation of analogous coprolite
shapes as presented by [64].

Spiral (Fig 6A and 6B)

General description: With spiral marks, in reference to oblique strips on the surface of the
coprolite, which vary in number. The width of the strips is regular; strips may occupy the
entire coprolite.

Overall shape: Elongated.
Outline: Straight.

Diameter at mid-length: 2-6 mm.
Length: 9-12 mm.

End shapes: Similar shape within individual coprolites but varies among different spiral
coprolites.

Coprolite matrix colour: Medium or dark.
Density of inclusions: Category 1.

Kind of inclusions: Some specimens with no visible inclusions, other specimens with small
inclusions impossible to identify.

Circular (Fig 6C and 6D)

General description: They are rather flat, lentil-like, without relevant volume (no spheroidal
or disc-shaped). They are mostly ‘imperfect’ circles with roughly rounded outline.

Overall shape: Rounded.

Outline: Curved and irregular.
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Fig 6. Examples of coprolite morphotypes from Las Hoyas. A-B. Spiral: specimens MCCM-LH22349 and MCCM-LH-LI15-
032a, respectively. C-D. Circular: specimens MCCM-LH-LI15-012 and MCCM-LH21425a. E-G. Irregular: specimens
MCCM-LH8192, MCCM-LH-LI15-006, and MCCM-LH27015a. H-I. Elongated: specimens MCCM-LH21056 and
MCCM-LH16516al. Scale bars: 2 mm.

https://doi.org/10.1371/journal.pone.0196982.9g006
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Diameter at mid-length: 7.5-100 mm.

Length: Not applicable.

End shapes: No defined ends.

Coprolite matrix colour: Light.

Density of inclusions: Category 1 to 2.

Kind of inclusions: Some remains of bones (fish vertebrae and scales).
Irregular (Fig 6E-6G)

General description: This assembly includes all coprolites that have not been grouped as a
defined morphotype, including those presenting circumvolutions, an unclear major dimen-
sion, and/or a mosaic of shapes.

Overall shape: Undefined.

Outline: A variety of possible combinations.

Diameter at mid-length: (if applicable) 2-39 mm.

Length: 6-82 mm.

End shapes: Not applicable.

Coprolite matrix colour: Light or dark.

Density of inclusions: Category 1 to 3 (differing among specimens).

Kind of inclusions: Different on each particular specimen: no remains, some plant remains,
arthropod remains, and/or fish scales.

Elongated (Fig 6H and 6I)

General description: They show a straight longitudinal axis with flat ends, the ensemble confer-
ring a roughly rectangular shape. They do not have noticeable volume and are usually flat.

Overall shape: Rectangular.

Outline: Straight.

Diameter at mid-length: 2-23 mm.

Length: 6-29 mm.

End shapes: Isopolar, flat ends.

Coprolite matrix colour: Light, medium or dark (tends to be light-medium colour).
Density of inclusions: Category 1 to 4 (differing among specimens).

Kind of inclusions: Fish scales and thin bony remains.

Rosary (Fig 7A)

General description: They present constrictions in the coprolite matrix throughout the longi-
tudinal axis. These constrictions separate a series of wide bumps joined by narrow tracts.
The number of constrictions is consistently greater than two. It can be suggested that these
bumps and constrictions could indicate sphincter contractions during defecation.
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Fig 7. Examples of coprolite morphotypes from Las Hoyas. A. Rosary-like: specimen MCCM-LH15505a. B-D.
Ellipsoidal: specimens MCCM-LH21160a, MCCM-LH-8172(11) and MCCM-LH-GQ15-002, respectively. E-G.
Cylinder: specimens MCCM-LH21147, MCCM-LI15-019, and MCCM-LH21244b. Scale bars: 2 mm.

https://doi.org/10.1371/journal.pone.0196982.9007
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Overall shape: Segmented into bumps.

Outline: Sinuous.

Diameter at mid-length: 1-5 mm.

Length: 12.5-24 mm.

End shapes: Isopolar, rounded.

Coprolite matrix colour: Medium.

Density of inclusions: Category 1 to 3 (differing among specimens).

Kind of inclusions: Thin bony remains and thick elements that could be scales or other bones.

Ellipsoidal (Fig 7B-7D)

General description: These coprolites show no special elongation, but distinct minor and
major axes: proportion between axes is usually 1/2 to 1/3. The diameter is bigger at mid-
length. These coprolites are not as flat as those of the circular morphotype.

Overall shape: Roughly ovoid.

Outline: Straight.

Diameter at mid-length: 1.5-32 mm.

Length: 4-75 mm.

End shapes: Isopolar, rounded.

Coprolite matrix colour: Light, medium, or dark.

Density of inclusions: Category 1 to 4 (differing among specimens).

Kind of inclusions: Depends on the specimen studied: no inclusions, bones, fish scales or veg-
etal remains.

Cylinder (Fig 7E-7G)

General description: The width throughout the longitudinal axis of the coprolite is roughly
constant. Some specimens may have a comparatively wider diameter and consequently
more volume, showing a stout and dense condition.

Overall shape: Elongated, with notable volume.

Outline: Straight to slightly curved.

Diameter at mid-length: 1.5-20 mm.

Length: 8-100 mm.

End shapes: Isopolar, rounded.

Coprolite matrix colour: Light, medium, or dark.

Density of inclusions: Category 1 to 3 (differing among specimens).

Kind of inclusions: Thread-like bony elements (maybe scales embedded perpendicularly in
the coprolite matrix) and thick bones.
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Bump-headed lace (Fig 8A and 8B)

General description: In reference to one of the ends, which shows a big bulge in comparison
with the other end. The bulge is at least twice as wide as the rest of the coprolite.

Overall shape: Elongated cord with a distinct bulge.

Outline: Sinuous.

Diameter at mid-length: 0.5-5 mm.

Length: 8-46 mm.

End shapes: Anisopolar, large bulge at one end.

Coprolite matrix colour: Light, medium, or dark.

Density of inclusions: Category 2 to 4 (differing among specimens).

Kind of inclusions: Thread-like bony elements (probably scales embedded perpendicularly in
the coprolite matrix) and rings (probably tiny fish vertebrae embedded in the coprolite
matrix).

Fir-tree-like (Fig 8C)

General description: In reference to the sequence of ‘bumps’ that decrease progressively from
a wide to a very narrow end. There are two to four constrictions separating those bumps.

Overall shape: Triangular.

Outline: Sinuous (more or less regular).
Diameter at mid-length: 1-15 mm.
Length: 12-27 mm.

End shapes: Anisopolar, the smaller end is rounded and the other is almost straight or slightly
bent.

Coprolite matrix colour: Light or medium.
Density of inclusions: Category 1 to 4 (differing among specimens).

Kind of inclusions: Thin bony remains, big bones and scales.

Cone (Fig 8D and 8E)

General description: The main character is that the diameter increases throughout the longi-
tudinal axis, without constrictions. Their length is at least twice their width. One of the ends
coincides with the maximum diameter of the coprolite, the other end with the minimum
diameter.

Overall shape: Cone to tear-drop.
Outline: Straight.
Diameter at mid-length: 1.5-15 mm.

Length: 3-24 mm.
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Fig 8. Examples of coprolite morphotypes from Las Hoyas. A-B. Bump-headed lace: specimens MCCM-LH21202
and MCCM-LH80364a, respectively. C. Fir-tree-like: specimen MCCM-LH21358a. D-E. Cone-like: specimens MCCM-
LH21192a and MCCM-LH16602a. F-G. Straight lace: specimens MCCM-LH-LI15-015 and MCCM-LH-LI15-005.
H-I. Thin lace: specimens MCCM-LH-LI15-016 and MCCM-LH21382a. Scale bars: 2 mm.

https://doi.org/10.1371/journal.pone.0196982.9008
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End shapes: Anisopolar, the smaller end can be sharp or a bit rounded, and the other one is
almost straight or slightly bent.

Coprolite matrix colour: Light, medium, or dark.
Density of inclusions: Category 1 to 3 (differing among specimens).

Kind of inclusions: Bones, fish scales, some possible ostracods.

Straight lace (Fig 8F and 8G)

General description: Longitudinal axis long and straight, unfolded, with a roughly similar
diameter throughout its length. Length can be 4-10 times the corresponding diameter.

Opverall shape: Elongated cord.

Outline: Sinuous.

Diameter at mid-length: 1.5-4 mm.

Length: 12-55 mm.

End shapes: Anisopolar, one end always rounded and the other end flat to sharp.
Coprolite matrix colour: Light, medium, or dark.

Density of inclusions: Category 2 to 4 (differing among specimens).

Kind of inclusions: The most abundant remains are thick bones, scales, and thin bony
fragments.

Thin lace (Fig 8H and 8I)

General description: Folded onto themselves, as their length is 10 times their width (or more).
They have a roughly identical diameter throughout their length.

Overall shape: Ribbon-like.

Outline: Sinuous.

Diameter at mid-length: 1-4 mm; there is a single specimen whose diameter is 14 mm.
Length: 12-90 mm; same specimen just mentioned is 150 mm long

End shapes: Anisopolar, one end is sharp and the other one is flat or rounded.
Coprolite matrix colour: Light, medium, or dark.

Density of inclusions: Category 2 to 4 (differing among specimens). In coprolites with very
abundant remains it is virtually impossible to observe the coprolite matrix due to the con-
centration of inclusions

Kind of inclusions: Thread-like structures (probably scales embedded in coprolite matrix),
rings (probably tiny fish vertebrae embedded in coprolite matrix) and thin bony remains
(some of them seem to be segmented fin rays).

Morphotype abundance

The abundance, both numerical and relative, of each particular morphotype is presented in
Fig 9 (N = 433). The sample selection contains two sources of bias: field collection and
museum selection. The percentages obtained are consistent with our practical field experience;
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Fig 9. Relative abundance of the morphotypes. The number above each bar is the absolute number of coprolites for
the corresponding morphotype (total N = 433).

https://doi.org/10.1371/journal.pone.0196982.g009

the most abundant morphotype, considerably, is thin lace (29%), followed by cylinder (15%),
irregular (15%), and ellipsoidal (9%). The least abundant morphotypes are spiral (0.5%), fir-
tree-like (0.9%), and rosary (1.5%).

Coprolite size according to morphotype

There is a considerable overlap in the morphotype size ranges. Circular, ellipsoidal and elon-
gated are skewed towards smaller sizes, whereas cylinder, rosary and bump-headed lace are
skewed toward larger sizes (note the position of the median lines within the quartile boxes in
Fig 10). The most common size range for the Las Hoyas coprolites is from 10 to 40 mm (Fig
10). Only three coprolite specimens from Las Hoyas measure 5 mm long or less, and they
belong to three different morphotypes each: circular, ellipsoidal, and cone.

Discussion

The term coprolite assemblage has been defined as groups of icnhofossils preserved in a rock
unit and depositional environment [65]. In order to refine this concept, we have applied the
general definitions of assemblage and association to the coprolites [66]; i.e. an assemblage is any
ensemble of fossils that is recovered from the same layer, and an association is the combination
of the fossils themselves plus their taphonomic properties and lithology. Therefore, we use the
term coprolite association or coproassociation for any coprolite assemblage that integrates all
the biological, taphonomic, and lithologic properties into their fossil record. These properties
depend directly on the structure and conditions of the original environment, therefore provid-
ing information about the palaeoecosystem.

Environmental properties

Opverall, the Las Hoyas coprolite record is a clear example of a lentic freshwater association
characterized by its exquisite preservation and a variety of shape and size. The Las Hoyas
coproassociation adds new information to the trace-fossil assemblages previously reported as
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Fig 10. Coprolite lengths for each particular morphotype. Box-plot graphic representing length values for specimens of the different morphotypes
(N = 141). Circles represent the outliers for the corresponding morphotype, box represents the quartiles, thin line represents the median, and whiskers
represent interquartile range x 1,5 (IR x 1,5).

https://doi.org/10.1371/journal.pone.0196982.9010

Mermia ichnofacies from several lacustrine Barremian localities [58]. The Las Hoyas coproas-
sociation is dominated by thin-lace and cylinder morphotypes containing a profuse abundance
of inclusions in the coprolite matrix. The Las Hoyas coprolites form a continuum in size (as
measured by the corresponding major dimension): the smaller size is rather tiny (5 to 8 mm).
Such small size has been previously reported from some lacustrine environments [23,38,39].

The preservational features of fossil coprolites are congruent with those exhibited by faeces
deposited in aquatic environment. According to the biostratinomic observations in [5,20,21],
deposition in an aquatic environment is indicated by the absence of desiccation marks and
flattened surfaces on the coprolites. Faeces dropped in dry environments become dehydrated,
and after prolonged aerial exposure, their volume, shape, and size are often altered [3]. Such
indications of aerial exposure are absent in most of the Hoyas coprolites, indicating absence of
transport in a subaerial environment (Fig 3).
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Other taphonomic features of the Las Hoyas coprolites confirm they are autochthonous.
Lack of transport is indicated by absence of abrasion even on the smallest and narrowest speci-
mens. Transport of aquatic faeces is common in rivers, resulting in dense allochthonous accu-
mulations in small areas of dead-water zones, backwaters, river margins, and lowlands [39,67].
Such density is very rare in Las Hoyas.

The Las Hoyas coprolites are also interpreted as demic (produced where the animal lived).
Vertical transport in the water column is very limited, as indicated by their integrity. A vertical
flux is common in recent lakes [67]: the sinking rate of faeces in water is often rapid, and varies
with size and faecal compaction [67-69]. In any case, vertical transport in water prompts the
fragmentation of the faecal mass [69]. After that, shape is maintained once on the bottom
because faeces are bound together with mucus, which is present in aquatic vertebrate and in
most invertebrate faeces [67]: the bounded faecal mass may persist in the sediment for weeks
[70].

A rapid burial and lithification is crucial to ensure coprolite shape and integrity [20,27,29].
The action of the microbial mats favours both circumstances [40]. In fact, most of the lami-
nated sediments of Las Hoyas are a carbonatic biogenic production of the microbial mats.
Mats have been profusely documented at Las Hoyas by taphonomic evidences such as calcified
extra polymeric substances (EPS) and different bacterial remains and impressions on bones
and soft tissues [51-53]. Despite the lack of direct evidence of coccoid bacteria in the coprolites
themselves, some of them show a laminated envelope around the coprolite matrix (Fig 3D)
probably caused by mat growth over the faecal mass. We interpret that most coprolites were
trapped by growing mats (see Section 2 and references therein for details).

The maximum abundance of coprolites in Las Hoyas occurs in the ‘drier’ facies (see Section
4.1 and Fig 2B). In the Las Hoyas palaecoecosystem microbial mats growth is related to season-
ality, as in Recent analogous wetlands such as the Everglades in Florida [71,72]. The maximum
periphyton growth occurs during the regeneration stage between the driest and the wettest
periods, when the growing mats drift in the water column. This particular stage would have
been the most propitious to trap the faeces of the aquatic animals that dwelled in the Las
Hoyas waters.

Biological properties

The properties of the faeces produced by aquatic animals vary with the functional feeding
groups of the corresponding organisms: (1) predators, that eat other animals, (2) shredders,
that feed on live or dead plant material, (3) scrapers, that feed on biofilms and remove the
organic covering on surfaces, and (4) collectors, that are suspension feeders and deposit feed-
ers. In general, the faeces of shredders, scrapers, and collectors are more abundant, but smaller,
than those produced by predators [67].

The coprolites from Las Hoyas show features that fall mostly within the predator feeding
strategy. Las Hoyas coprolites are usually over 5 mm, which is the common size range of pred-
ator vertebrate coprolites [70,73]. EDX analyses on coprolites (Fig 4 and Table 1) indicate that
the elemental composition of most of them shows high levels of phosphorous and calcium,
which suggests a predominant calcium-phosphate composition, typical of carnivorous scats
[27]. Furthermore, bones are the most frequent inclusions in Las Hoyas coprolites: the pres-
ence of bony tissues facilitates phosphatization, which, in turn, favours coprolite preservation
[3]. Most of the fragments observed as inclusions in the Las Hoyas coprolites are fish scale frag-
ments and tiny fish bones (probably vertebrae, fin rays, and ribs), indicating a predominant
ichthyophagous diet of the corresponding coprolite producer. However, the precise producer
taxon cannot be precisely assessed with this evidence. Modern aquatic macropredator insects
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include notonectids that can prey on insects, small fishes, and tadpoles [74]. The belostomatid
Iberonepa recorded at Las Hoyas is an ecological analog of the living notonectids. Other than
this, all other possible ichthyophagous predators from Las Hoyas are vertebrates: a variety of
fishes (sharks, amiids, coelacanths), urodelans, crocodiles, even turtles. Taxonomic assignation
requires further studies, but these general considerations are consistent with the evidence pro-
vided so far by the coprolites themselves when compared with the actual body fossil record
from Las Hoyas [74].

Concerning feeding strategies, observation of the inclusions can provide preliminary
inferences about the type of digestive processes involved. Significant differences in the
amount and features of the inclusions have been detected between the two dominant mor-
photypes, thin lace and cylinder. The density of inclusions of thin lace coprolites corre-
sponds to categories 2—4 as characterized in Section 5 above, inclusions are never scarce.
Their inclusions are the most complete, and they can be safely identified as fish vertebrae
(osseous rings) and fin rays (segmented elongated remains). The density of inclusions in cyl-
inder coprolites corresponds to categories 1-3 (remains can be scarce). Their inclusions are
more fragmentary and they show surface alterations, which render identification quite
uncertain. The thin lace and cylinder morphotypes present distinct features that indicate dif-
ferent digestive processes: the former a digestion with either low acidic content or a short
retention time of food [29,75], and the latter with a more effective (high acidic) or longer
digestion [76].

The unusual, remarkable morphotype variety of the Las Hoyas coprolites and their corre-
sponding features clearly call for additional studies. By combining morphology, digestive pro-
cesses, and body fossil record, the only morphotype that can be attributed with some certainty
to a particular producer is the spiral one: Spiral coprolites can only be produced by fishes and
other animals whose digestive tract contains a spiral valve [77]. Spiral valves are present in
cyclostomes and in some bony fishes with the exception of teleosts [20]. Therefore, we inter-
pret the spiral coprolite from Las Hoyas to have been most likely produced by sharks, among
the known fossil record from the locality. This is congruent with very similar scarcity of both
spiral coprolites and fossil sharks in the Las Hoyas record.

Other than this, a precise assessment of any other producer is problematic, even when com-
bining all the data presented in the present paper. Among the rest of the morphotypes, those
presenting abundant fish inclusions are mostly straight and thin lace. Therefore, they could
reasonably be linked to an ichthyophagous producer according to the indications of the diges-
tive process. In order to suggest a particular producer, size alone is not a reliable indicator,
because the extrapolation of coprolite size in an attempt to relate it with the body size of a pre-
cise producer is quite problematic [78]. Some morphotypes include coprolites that are much
longer than the most common measurement of the corresponding morphotype (Fig 10),
which could suggest a different producer taxon but also a larger producer individual of the
same taxon, corresponding to different ontogenetic states. For instance, the size of the amii-
formes and the coelacanth specimens at Las Hoyas ranges from very small juveniles to large
adults [79] resulting congruent with the disparity of sizes found in these coprolite morpho-
types (Fig 10).

The other morphotypes are even more difficult to assess. For instance, cylinder coprolites
show a diversity of bony inclusions. Possible predator producers among the fossil record of
Las Hoyas include reptiles such as theropods, pterosaurs, and crocodiles. Extant crocodile
scats present cylindrical, elongated to conical shape [80]. In addition, crocodiles have a very
effective digestive system able to decalcify and dissolve bones. The cylinder morphotype of Las
Hoyas are congruent with a crocodilian producer based on the shape, alterations, and scarcity
of inclusions. In sum, more studies, including molecular analyses, out of the scope of the
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present contribution, are necessary prior to presenting a more exhaustive discussion of puta-
tive producer assessments.

Conclusions

Las Hoyas provides a remarkable example of a rich coproassociation that was produced in a
lacustrine depositional environment interpreted as an inland seasonal and subtropical wet-
land. The palaeoecosystem favoured and was influenced by the seasonal growing of microbial
mats, which would have contributed to preservation of a broad disparity of coprolite shapes.
Twelve morphotypes have been distinguished by a combination of features, and ordered into a
dichotomous key. The taphonomic features observed indicate that the coprolites are autoch-
thonous and demic ichnofossils. EDX analyses and the kind of inclusions found in the copro-
lite matrix indicate that most of them were produced by ichthyophagous vertebrates. The
shape of the two-dominant morphotypes (thin lace and cylinder), and the evidence of their
digestive process are congruent with a variety of possible vertebrate producers, including dif-
ferent fishes and crocodiles. Only spiral coprolites can be attributed to a specific producer in
Las Hoyas (sharks). Future research will need to combine all these data with other sources of
information, such as a detailed analysis of the contents and other analytical methods, in order
to fully integrate the information provided by the coprolites and their possible producers into
the complex trophic network of the Las Hoyas wetland palacoecosystem.

Supporting information

S1 Table. List of the 433 specimens studied, with their corresponding morphotype.
(PDF)

$2 Table. Coprolites morphotype features presented as a synthetic comparison of the cor-
responding description, with an appreciation of analogous coprolite shapes based on [64].
(PDF)

Acknowledgments

Thanks to Mercedes Llandres and Santiago Langreo at Museo de las Ciencias de Castilla-La
Mancha for allowing us to study the coprolites collection. Special thanks to Alberto Jorge at
Museo Nacional de Ciencias Naturales for carrying out the EDX and SEM analyses, and to
Miguel Fernandez at the Department of Biology of Universidad Autonoma de Madrid for the
digital camera. We are very grateful to the reviewers, whose comments substantially contrib-
uted to improve the original manuscript. Many thanks to Candela Blanco as well, for her
review of one of the final versions.

Author Contributions

Conceptualization: Sandra Barrios-de Pedro, Francisco José Poyato-Ariza, José Joaquin Mor-
atalla, Angela D. Buscalioni.

Formal analysis: Sandra Barrios-de Pedro.

Funding acquisition: Angela D. Buscalioni.

Investigation: Sandra Barrios-de Pedro.

Methodology: Sandra Barrios-de Pedro, Francisco José Poyato-Ariza, Angela D. Buscalioni.

Supervision: Angela D. Buscalioni.

PLOS ONE | https://doi.org/10.1371/journal.pone.0196982 May 23,2018 22/26


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0196982.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0196982.s002
https://doi.org/10.1371/journal.pone.0196982

@° PLOS | ONE

Exceptional coprolite association from Las Hoyas

Validation: Sandra Barrios-de Pedro.

Visualization: Sandra Barrios-de Pedro, Francisco José Poyato-Ariza, José Joaquin Moratalla,

Angela D. Buscalioni.

Writing - original draft: Sandra Barrios-de Pedro.

Writing - review & editing: Sandra Barrios-de Pedro, Francisco José Poyato-Ariza, José Joa-

quin Moratalla, Angela D. Buscalioni.

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

Hunt AP, Chin K, Lockley MG. The palaeobiology of vertebrate coprolites. In: Donovan SK, editor. The
Palaeobiology of Trace Fossils. Wiley, Chichester. University Press; 1994. Pp. 221-240.

Buckland W. On the discovery of coprolites, or fossil faeces, in the Lias at Lyme Regis, and in other for-
mations. Transactions of the Geological Society of London. 1835; 3 (Series 2): 223-236.

Thulborn RA. Morphology, preservation and palaeobiological significance of dinosaur coprolites.
Palaeogeogr Palaeoclimatol Palaeoecol. 1991; 83: 341-366.

Chin K, Tokaryk TT, Erickson GM, Calk LC. A king-sized theropod coprolite. Nature. 1998; 393: 680-
682.

Schwimmer DR, Weems RE, Sanders AE. A late Cretaceous shark coprolite with baby freshwater turtle
vertebrae inclusions. Palaios. 2015; 30: 707-713.

Richter G, Wedmann S. Ecology of the Eocene Lake Messel revealed by analysis of small fish copro-
lites and sediments from a drilling core. Palaeogeogr Palaeoclimatol Palaeoecol. 2005; 223: 147—-161.

Chin K, Eberth DA, Schweitzer MH, Rando TA, Sloboda WJ, Horner JR. Remarkable preservation of
undigested muscle-tissue within a Late Cretaceous tyrannosaurid coprolite from Alberta, Canada.
Palaios. 2003; 18:286—294. PMID: 12866547

Chin K. The paleobiological implications of herbivorous dinosaur coprolites from the Upper Cretaceous
Two Medicine Formation of Montana: Why eat wood? Palaios. 2007; 22: 554—-566.

Chin K, Gill BD. Dinosaurs, dung beetles, and conifers: Participants in a Cretaceous Food Web.
Palaios. 1996; 11:280-285.

Ghosh P, Bhattacharya SK, Sahni A, Kar RK, Mohabey DM, Ambwani K. Dinosaur coprolites from the
Late Cretaceous (Maastrichtian) Lameta Formation of India: isotopic and other markers suggesting a
C-3 plant diet. Cretac Res. 2003; 24: 743-750.

Hollocher KT, Hollocher TC, Keith Rigby J JR. A phosphatic coprolite lacking diagenetic permineraliza-
tion from the Upper Cretaceous Hell Creek Formation, Northeastern Montana: importance of dietary
calcium phosphate in preservation. Palaios. 2010; 25: 132—140.

Zaton M, Rakocinski M. Coprolite evidence for carnivorous predation in a Late Devonian pelagic envi-
ronment of southern Laurussia. Palaeogeogr Palaeoclimatol.Palaeoecol. 2014; 394: 1—11.

Khosla A, Chin K, Alimohammadin H, Dutta D. Ostracods, plant tissues, and other inclusions in copro-
lites from the Late Cretaceous Lameta Formation at Pisdura, India: Taphonomical and palaeoecological
implications. Palaeogeogr Palaeoclimatol Palaeoecol. 2015; 418: 90—100.

Ounis A, Kocsis L, Chaabani F, Pfeifer HR. Rare earth elements and stable isotope geochemistry
(813C and 6180) of phosphorite deposits in the Gafsa Basin, Tunisia. Palaeogeogr Palaeoclimatol
Palaeoecol. 2008; 268: 1-18.

Bajdek P, Owocki K, Niedzwiedzhi G. Putative dicynodont coprolites from the Upper Triassic of Poland.
Palaeogeogr Palaeoclimatol Palaeoecol. 2014; 411: 1-17.

Hollocher TC, Chin K, Hollocher KT, Kruge MA. Bacterial residues in coprolite of herbivorous dinosaurs:
role of bacteria in mineralization of feces. Palaios. 2001; 16 (6): 547-565.

Gill FL, Crump MP, Schouten R, Bull ID. Lipid analysis of a ground sloth coprolite. Quat Res. 2009; 72:
284-288.

Zaton M, Niedzwiedzki G, Marynowski L, Benzerara K, Pott C, Cosmidis J, et al. Coprolites of Late Tri-
assic carnivorous vertebrates from Poland: An integrative approach. Palaeogeogr Palaeoclimatol
Palaeoecol. 2015; 430: 21-46.

Chin K. Analyses of coprolites produced by carnivorous vertebrates. Paleontol Soc Pap. 2002; 8: 43—
50.

Jain SL. Spirally coiled “coprolites” from the Upper Triassic Maleri Formation, India. Palaeontol. 1983;
26: 813-829.

PLOS ONE | https://doi.org/10.1371/journal.pone.0196982 May 23,2018 23/26


http://www.ncbi.nlm.nih.gov/pubmed/12866547
https://doi.org/10.1371/journal.pone.0196982

@° PLOS | ONE

Exceptional coprolite association from Las Hoyas

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Chin K. Coprolites. In: Currie PJ, Padian K, editors. Encyclopedia of Dinosaurs. Academic Press, San
Diego; 1997. Pp.147-6150.

Rodriguez-de la Rosa RA, Cevallos-Ferriz SRS, Silva-Pineda A. Paleobiological Implications of Cam-
panian coprolites. Palaeogeogr Palaeoclimatol Palaeoecol. 1998; 142: 231-254.

Northwood C. Early Triassic coprolites from Australia and their palaeobiological significance. Palaeon-
tol. 2005; 48 (part 1): 49-68.

Knaust D. Remarkably preserved benthic organisms and their traces from a Middle Triassic (Muschelk-
alk) mud flat. Lethaia. 2010; 43: 344-356.

Pefalver E, Gaudant J. Limnic food web and salinity of the Upper Miocene Biocorb palaeolake (Eastern
Spain). Palaeogeogr Palaeoclimatol Palaeoecol. 2010; 297: 683—696.

Schmitz M, Binda PL. Coprolites from the Maastrichtian Withemud Formation of southern Saskatche-
wan: morphological classification and interpretation on diagenesis. Palaontol Z. 1991; 65: 199-211.

Eriksson ME, Lindgren J, Chin K, Mansby U. Coprolite morphotypes from the Upper Cretaceous of
Sweden: novel views on an ancient ecosystem and implications for coprolite taphonomy. Lethaia. 2011;
44: 455-468.

Niedzwiedzki G, Bajdek P, Owocki K, Kear BP. An Early Triassic polar predator ecosystem revealed by
vertebrate coprolites from the Bulgo Sandstone (Sydney Basin) of southeastern Australia. Palaecogeogr
Palaeoclimatol Palaeoecol. 2016; 464: 5-15. https://doi.org/10.1016/j.palae0.2016.04.003

Luo M, Hu S, Benton MJ, Shi GR, Zhao L, Huang J, et al. Taphonomy and palaeobiology of early Middle
Triassic coprolites from the Luoping biota, southwest China: Implications for reconstruction of fossil
food webs. Palaeogeogr Palaeoclimatol Palaeoecol. 2017; 474: 232-246. https://doi.org/10.1016/j.
palaeo.2016.06.001

Milan J, Rasmussen BW, Bonde N. Coprolites with prey remains and traces from coprophagous organ-
ism from the Lower Cretaceous (Late Berriasian) jydegaard formation of Bornholm, Denmark. In: Hunt
AP, Milan J, Lucas SG, Spielmann JA, editors. Vertebrate coprolites. New Mexico Museum of Natural
History and Science. Bulletin 57; 2012. Pp. 235-240.

Vajda V, Pesquero Fernandez MD, Villanueva-Amadoz U, Lehsten V, Alcald L. Dietary and environ-
mental implications of Early Cretaceous predatory dinosaur coprolites from Teruel, Spain. Palaeogeogr
Palaeoclimatol Palaeoecol. 2016; 464: 134—142.

Francischini H, Dentzien-Dias P, Schultz CL. A fresh look at ancient dungs: the Brazilian Triassic copro-
lites revisited. Lethaia. 2017; ?: 1-17. https://doi.org/10.1111/let.12251

Spagna P, Yans J, Schnyder J, Dupuis C. The paleoenvironment of the Bernissart Iguanodons: Sedi-
mentological analysis of the Lower Cretaceous Wealden facies in the Bernissart area. In: Godefroit P,
editor. Bernissart dinosaurs and early terrestrial ecosystems. Indiana University Press, Indiana, United
States of America; 2012. Pp. 87—96.

Bertrand CE. Les Coprolithes de Bernissart, Premiére Partie: Les Coprolithes qui ont eté attributes aux
Iguanodons. Mém. Musée Royal d’Hist. Natur.Belgique. 1903; 1: 1-154.

Poinar G, Boucot AJ. Evidence of intestinal parasites of dinosaurs. Parasitology. 2006: 1-5. https://doi.
org/10.1017/S0031182006000138 PMID: 16623965

Ash SA. Coprolites. In: Ash SA, editor. Geology, paleontology and paleoecology of a Late Triassic lake,
western New Mexico. Brig Young, Univ Geol Stud, Utah, United States of America; 1978. Pp. 75-87.

Hunt AP, Lucas SG, Klein H. Late Triassic nonmarine vertebrate and invertebrate trace fossils and the
pattern of the Phanerozoic record of vertebrate trace fossils. In: Tanner LH, editor. The Late Triassic
world, earth in a time of transition. Springer International Publishing AG, Cham, Switzerland; 2018. Pp.
447-544.

Hansen BB, Milan J, Clemmensen LB, Adolfssen JS, Estrup EJ, Klein N, et al. Coprolites from the Late
Triassic Kap Stewart Formation, Jameson Land, East Greenland: morphology, classification and prey
inclusions. In: Kear BP, Lindgren J, Hurum JH, Milan J, Vadja V, editors. Mesozoic Biotas of Scandina-
via and its Arctic Territories. Geological Society, London, Special Publication; 2015 ( 434): 21 pag.

Segesdi M, Botfalvai G, Réka Bodor E, Osi A, Buczké K, Dallos Z, et al. First report on vertebrate copro-
lites from the Upper Cretaceous (Santonian) Csehbanya Formation of lharkat, Hungary. Cretac Res.
2017; 74: 87-99.

Buscalioni AD, Fregenal-Martinez MA. A holistic approach to the palaeoecology of Las Hoyas Konser-
vat-Lagerstatte. In: Buscalioni AD, Fregenal-Martinez MA, editors. Mesozoic Terrestrial Ecosystems
and Biotas. Journal of Iberian Geology; 2010. Spec Vol 36 (2). Pp 297-326.

Buscalioni AD, Fregenal-Martinez MA, Bravo A, Poyato-Ariza FJ, Sanchiz B, Bdez AM, et al. The verte-
brate assemblage of Buenache de la Sierra (Upper Barremian of Serrania de Cuenca, Spain) with
insights into its taphonomy and palaeoecology. Cretac Res. 2008; 29: 687-710.

PLOS ONE | https://doi.org/10.1371/journal.pone.0196982 May 23,2018 24/26


https://doi.org/10.1016/j.palaeo.2016.04.003
https://doi.org/10.1016/j.palaeo.2016.06.001
https://doi.org/10.1016/j.palaeo.2016.06.001
https://doi.org/10.1111/let.12251
https://doi.org/10.1017/S0031182006000138
https://doi.org/10.1017/S0031182006000138
http://www.ncbi.nlm.nih.gov/pubmed/16623965
https://doi.org/10.1371/journal.pone.0196982

@° PLOS | ONE

Exceptional coprolite association from Las Hoyas

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Buscalioni AD, Poyato-Ariza FJ. Las Hoyas: A unique Cretaceous ecosystem. In: Khosla A, Lucas S G,
editors. Cretaceous Period: Biotic Diversity and Biogeography. New Mexico Museum of Natural History
and Science. Bulletin 71; 2016. pp 51-63.

Fregenal-Martinez MA, Meléndez N, Mufioz-Garcia MB, Elez J, de la Horra R. The stratigraphic record
of the Late Jurassic-Early Cretaceous rifting in the Alto Tajo-Serrania de Cuenca region (Iberian
Ranges, Spain): genetic and structural evidences for a revision and a new lithostratigraphic proposal.
Revista de la Sociedad Geoldgica de Espafia. 2017; 30 (1): 113—142.

Diéguez C, Martin-Closas C, Meléndez N, Rodriguez-Lazaro J, Tringao P. 1995. Biostratigraphy: Las
Hoyas: A Lacustrine Konservat-Lagerstatte. Field Trip guide book. Universidad Auténoma de Madrid.
Pp. 77-79.

Fregenal-Martinez MA, Meléndez N. The lacustrine fossiliferous deposits of the Las Hoyas subbasin
(Lower Cretaceous, Serrania de Cuenca, Iberian Ranges, Spain). In: Gierlowski-Kordesch EH, Kelts K,
editors. Lake Basins through Space and Time: AAPG Studies in Geology ( 46); 2000. pp 303-314.

Fregenal-Martinez MA, Meléndez N. Environmental reconstruction: a historical review. In: Poyato-Ariza
FJ, Buscalioni AD, editors. Las Hoyas: A Cretaceous wetland. Dr. Friedrich Pfeil Verlag, Munchen,
Germany; 2016. Pp. 14-28.

Poyato-Ariza FJ, Talbot MR, Fregenal-Martinez MA, Meléndez N, Wenz S. First isotopic and multidisci-
plinary evidence for nonmarine coelacanths and pycnodontiform fishes: palaeoenvironmental implica-
tions. Palaeogeogr Palaeoclimatol Palaeoecol. 1998; 144(1-2): 65-84.

Bailleul A, Ségalen L, Buscalioni AD, Cambra-Moo O, Cubo J. Palaeohistology and preservation of tet-
ratpods from Las Hoyas (Lower Cretaceous, Spain). Comptes Rendus Paleoevol. 2011; 10: 367-380.

Fregenal-Martinez MA, Mufioz-Garcia B, Buscalioni AD, Elez J, de la Horra R. The karstic habitat of
Spelaeogriphaceans from the Las Hoyas fossil site (Upper Barremian, Serrania de Cuenca, Spain):
STRATI. 2013; 1175-1179.

Mufioz Garcia MB, Fregenal-Martinez MA, Elez J, de la Horra R. The hidden face of the karst or the hid-
den karst phase in the Lower Cretcaeous of the Serrania de Cuenca basin (east-Central Spain). In:
31st IAS Meeting of Sedimentology, Krakow, Polish Geological Society; 2015. Pp. 367.

Briggs DEG, Pérez-Moreno BP, Sanz JL, Fregenal-Martinez M. The mineralization of dinosaur soft-tis-
sue in the Lower Cretaceous of Las Hoyas, Spain. J. Geol. Soc. London. 1997; 154: 587-588.

Gupta NS, Cambra-Moo O, Briggs DEG, Love GD, Frenegal-Martinez MA, Summons RE. Molecular
taphonomy of macrofossils from the Cretaceous of Las Hoyas Formation, Spain. Cretac Res. 2008; 29:
1-8.

Briggs DEG, Gupta NS, Cambra-Moo O. Molecular preservation. In: Poyato-Ariza FJ, Buscalioni AD,
editors. Las Hoyas: A Cretaceous wetland. Dr. Friedrich Pfeil Verlag, Minchen, Germany; 2016. Pp.
216-219.

Iniesto M, Lépez-Archilla Al, Fregenal-Martinez MA, Buscalioni AD, Guerrero MC. Involvement of
microbial mats in delayed decay: An experimental essay on fish preservation. Palaios. 2013; 28: 56—
66.

Iniesto M, Zeyen N, Lopez-Archilla Al, Bernard S, Buscalioni AD, Guerrero MC, et al. Preservation in
microbial mats: mineralization by a talc-like phase of a fish embedded in a microbial sarcophagus. Front
Earth Sci. 2015; 3: 11-13. https://doi.org/10.3389/feart.2015.00051

Iniesto M, Buscalioni AD, Guerrero MC, Benzerara K, Moreira D, Lépez-Archilla Al. Involvement of
microbial mats in early fossilization by decay delay and formation of impressions and replicas of verte-
brates and invertebrates. Sci Rep. 2016; 6: 1-12.

Buatois LA, Mangano MG, Frenegal-Martinez MA, Gibert JM. Short-term colonization trace-fossil
assemblages in a carbonate lacustrine Konservat-Lagerstétte (Las Hoyas fossil site, Lower Creta-
ceous, Cuenca, Central Spain). Facies. 2000; 43: 145-156. https://doi.org/10.1007/BF02536988

Buatois LA, Mangano MG. The paleoenvironmental and paleoecological significance of the lacustrine
Mermiaichnofacies: an archetypical subaqueous nonmarine trace fossil assemblage. Ichnos. 1995; 4:
151-161.

Buatois LA, Mangano MG. Invertebrate ichnology of continental freshwater environments. In: Miller W,
editor. Traces Fossils: Concepts, problems, prospects. Elsevier, Amsterdam; 2007. Pp. 285-323.

de Gibert JM, Moratalla JJ, Mangano MA, Buatois LA. Ichnoassemblage (trace fossils). In: Poyato-
Ariza FJ, Buscalioni AD, editors. Las Hoyas: A Cretaceous wetland. Dr. Friedrich Pfeil Verlag, Min-
chen, Germany; 2016. Pp.195-201.

de Gibert JM, Buatois LA, Frenegal-Martinez MA, Mangano MG, Ortega F, Poyato-Ariza FJ, et al. The
fish trace fossil Undichna from the Cretaceous of Spain. Paleontol. 1999; 42: 409-427.

PLOS ONE | https://doi.org/10.1371/journal.pone.0196982 May 23,2018 25/26


https://doi.org/10.3389/feart.2015.00051
https://doi.org/10.1007/BF02536988
https://doi.org/10.1371/journal.pone.0196982

@° PLOS | ONE

Exceptional coprolite association from Las Hoyas

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

73.

74.

75.

76.

77.

78.

79.

80.

Moratalla JJ, Lockeley MG, Buscalioni AD, Fregenal-Martinez M, Mélendez N, Ortega F, et al. A prelimi-
nary note on the first tetrapod trackways from the lithographic limestones of Las Hoyas (Lower Creta-
ceous, Cuenca, Spain). Geobios. 1995; 28: 777-782.

Moratalla JJ, Marugan-Lobén J, Martin-Abad H, Cuesta E, Buscalioni AD. A new trackway possibly
made by a trotting theropod at the Las Hoyas fossil site (Early Cretaceous, Cuenca Province, Spain):
Identification, bio-dynamics, and palaeoenvironmental implications. Palaeontol Electronica. 2017.
20.3.58A: 1-14.

Hunt AP, Lucas SG. Descriptive terminology of coprolites and recent feces. In: Hunt AP, Milan J, Lucas
SG, Spielmann JA, editors. Vertebrate coprolites. New Mexico Museum of Natural History and Sci-
ence. Bulletin 57;2012. Pp.153-160

Buatois L, Mangano MG. Ichnology: organism-substrate interactions in space and time. Cambridge
University Press; 2011.

Buscalioni AD, Poyato-Ariza FJ. From taphonomy to Palaeoecology. In: Poyato-Ariza FJ, Buscalioni
AD, editors. Las Hoyas: A Cretaceous wetland. Dr. Friedrich Pfeil Verlag, Miinchen, Germany; 2016.
Pp.232-238.

Wotton RS, Malmqyist B. Feces in aquatic ecosystems: feeding animals transform organic matter into
fecal pellets, which sink or are transported horizontally by currents; these fluxes relocate organic matter
in aquatic ecosystems. BioScience. 2001; 7 (1): 537-544.

Viitasalo M, Rosenberg M, Heiskanen AS, Kosi M. Sedimentation of copepod fecal material in the
coastal northern Baltic sea: Where did all the pellets go?. Limnol Oceanogr. 1999; 44 (6): 1388—1399.

Saba GK, Steinberg DK. Abundance, composition, and sinking rates of fish fecal pellets in the Santa
Barbara Channel. Sci Rep. 2012; 2 (716): 1-6. https://doi.org/10.1038/srep00716 PMID: 23056908

Ladle M, Griffiths BS. A study on the faeces of some chalk stream invertebrates. Hydrobiologia. 1980;
74:161-171.

Van del Valk AG. The biology of freshwater wetlands. Oxford University Press; 2006.

Gaiser EE, McCormick PV, Hagerthey SE, Gotlieb AD. Landscape patterns of periphyton in the Florida
Evergaldes. Critical Reviews in Environmental Science and Technology. 2011; 41(S1): 92—120.

Héntzschel W, El-Baz F, Amstutz GC. Coprolites: an annotated bibliography. Geological Society of
America. 1968. Memoir 108: 1-132.

Altig R, Whiles MR, Taylor CL. What do tadpoles really eat? Assessing the trophic status of an under-
studied and imperiled group of consumers in freshwater habitats. Freshw Biol. 2007; 52: 386—-395.

Owocki K, Niedzwiedzki G, Sennikov AG, Golubev VK, Janiszewska K, Sulej T. Upper Permian verte-
brate coprolites from the Vyazniki and Gorokhovets, Vyatkianregional stage, Russian Platform. Palaios.
2012; 27:867-877.

Stevens CE, Hume ID. Comparative physiology of vertebrate digestive system. 2" edition. Cam-
bridge. Cambridge University Press; 1995.

Hunt AP, Lucas SG, Milan J, Spielmann JA. Vertebrate coprolite studies: Status and prospects. In: Hunt
et al, editors. Vertebrate coprolites. New Mexico Museum of Natural History and Science. Bulletin 57;
2012. Pp.5-24.

Edwards PD, Yatkola D. Coprolites of White River (Oligocene) carnivorous mammals: origin and paleo-
ecologic and sedimentologic significance. Contributions to Geology. 1974; 13: 67-73.

Poyato-Ariza FJ, Martin-Abad H. Osteichthyan fishes. In: In: Poyato-Ariza FJ, Buscalioni AD, editors.
Hoyas Las: A Cretaceous wetland. Dr. Friedrich Pfeil Verlag, Mlnchen, Germany; 2016. Pp.114-132.

Milan J. Crocodylian scatology-A look into morphology, internal architecture, inter-and intraspecific vari-
ation and prey remains in extant crocodylian feces. In: Hunt AP, Milan J, Lucas SG, Spielmann JA, edi-
tors. Vertebrate coprolites. New Mexico Museum of Natural History and Science. Bulletin 57; 2012.
Pp. 65-72.

PLOS ONE | https://doi.org/10.1371/journal.pone.0196982 May 23,2018 26/26


https://doi.org/10.1038/srep00716
http://www.ncbi.nlm.nih.gov/pubmed/23056908
https://doi.org/10.1371/journal.pone.0196982

