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The mid-Cretaceous (late Albian) decapod crustacean fauna from the Koskobilo quarry in Spain is the most
diverse decapod fauna known thus far from the Cretaceous. This may be related to the coral reef environment
in which these decapods were found within the Aldoirar patch reef. This diversity hotspot was further inves-
tigated by a detailed paleoecological study focusing on variation in lithology throughout the quarry using car-
bonate rock hand samples, thin sections, and acetate peels; and by studying decapod-rich sites within the
quarry. The northern and stratigraphically oldest part of the Koskobilo quarry contained mostly wackestones
and biomicrites, themiddle to southern part containedfloatstones and biosparites or biomicriteswithmany sponge
remains, whereas the southernmost and stratigraphically youngest part consisted of coral-rich boundstones and
biolithites. Fossils were more abundant and generally larger in the southern part of the quarry. Decapod-rich
siteswere restricted to the southern part of the quarry, possibly in part because of an increasedpossibility for shelter
and food in a coral-rich area in the southernmost part of the quarry. Water depth was estimated to be between
20 and 80 m for at least the southern part, with energy levels apparently increasing from the northern to the south-
ern part of the quarry. Systematic collecting was performed at four decapod-rich sites in the quarry to investigate
differences in decapod diversity, composition, and size (width). The decapod fauna from the site within the
coral-rich boundstones and biolithites appears to be the most diverse based on several diversity measures, has a
statistically different faunal composition, contains species thatwere not found in other parts of the quarry, and con-
sists of smaller decapods compared to other sites. More specimens of species with a smaller maximumwidthwere
found here as well as fewer specimens with a large maximumwidth. Smaller, presumed juvenile specimens of the
crab Goniodromites laeviswere also excavated here. This shows that decapod size can vary within a reef. Paguroids
(hermit crabs) weremostly restricted to this coral-rich site. Some of themany decapods at this site may have been
obligatory associateswith themostly branching corals. One sitewithin thefloatstone and biosparite zone contained
hardly any decapods, which may be related to the abundance of hard-to-eat corallinacean red algae. A site in the
Olazagutía quarry in the same patch reef consisting of massive colonial corals did not yield any decapods, presu-
mably because of the inaccessible nature of the coral framestone leaving few places as shelter for decapods. The
results suggest that different decapod sub- and microenvironments existed within this patch reef, thereby
explaining at least in part the high diversity of decapods known from the Koskobilo quarry. This is one of the first
times that a detailed paleoecological study has been performed for decapods in a fossilized coral reef. These results
concur with modern reefs in that decapod communities also differ among subenvironments. The methodologies
introduced herein for studying fossil decapods in reef environments can be used as well to study the paleoecology
of decapods as well as other invertebrates from other periods in Earth's history.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Both extant and fossil decapods have exhibited a preference for
reef habitats, showing them to be important coral-reef inhabitants.
Examples of decapod-rich faunas associated with corals from the fossil
record are known from the Miocene of Malta (Gatt and De Angeli,
2010), the Eocene of Hungary (Müller and Collins, 1991), the Paleocene
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(Danian) of Denmark (Jakobsen and Collins, 1997), the Late Cretaceous
(Maastrichtian) of the Netherlands (Collins et al., 1995; Leloux, 1999),
and the Late Jurassic (Tithonian) of the Czech Republic and Austria
(e.g., Robins, 2008; Schweitzer and Feldmann, 2008, 2009a,b; Robins
et al., 2013). Diverse decapod faunas are also known from the Late
Jurassic (Oxfordian) sponge-microbial reefs of Poland (Collins and
Wierzbowski, 1985; Müller et al., 2000; Krobicki and Zatoń, 2008) and
the Late Jurassic of Germany (Wehner, 1988; Müller et al., 2000),
although the number of species is lower compared to faunas found in
coral reefs. This link between a high number of decapod taxa and
reefs is further supported by Fraaije (2003a) and Müller (2004), who
qualitatively suggested that reef-associated fossil decapods show a
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higher diversity than those living in other habitats. Coral reefs also
provide preferred habitats for many extant decapods. Abele (1974,
1976) found that decapods were especially diverse in a subtidal
Pocillopora coral community and in a rocky intertidal habitat in Panama,
part of which consisted of Porites corals. In addition, he noted that the
number of decapod species increased with increasing complexity of
the habitat; that is, with more substrates in a certain habitat (Abele,
1974). Abele (1979) also suggested that 80–96% of all macrofaunal
specimens and 76–89% of all species associated with live Pocillopora
coral heads off the Pacific coast of Panama were decapods. Austin et
al. (1980) found similar results for coral heads of Pocillopora damicornis
in the Great Barrier Reef as Crustacea, predominantly Decapoda, com-
prised 72% of the species and 86% of the individuals on the coral heads.

Studies on extant decapods have provided a variety of ecological
knowledge concerning decapods in coral reef habitats. Decapods use
reefs for numerous purposes including as a place of shelter, as a feeding
site, and as a source of nutrition (Abele, 1974). A coral reef contains dif-
ferent sub- andmicroenvironments, such as in between coral branches,
on the corals, distal to the corals themselves in unprotected parts of
the reef, etc. Grajal and Laughlin (1984) noted that shelters may not
only be used as resting places, but the commensal brachyuran Domecia
acanthophora Desbonne and Schramm, 1867 also uses them for repro-
duction and brood care. Many of the decapod species associated with
the Great Barrier Reef in Australia appear to be obligatory associates
with the branching coral Acropora by virtue of the fact that they live
on the coral (Patton, 1994), whereas facultative associates (ones that
can live in other habitats as well) were usually absent from the coral
heads. The same author also noted that the spaces between the branches
contained decapods.

Decapod communities are known to differ within extant reef envi-
ronments (e.g., Thomassin, 1974; Martínez Iglesias and García Raso,
1999). Different subenvironments may favor slightly different deca-
pod communities within the reefs, thereby in part explaining the
Fig. 1. A geologicalmap of the area north of Olazagutíawith an inset showing the location of the st
quarries: the abandoned Koskobilo quarry (K=southern part of this quarry) and the active Olaz
symbol NE of the Koskobilo quarry is not part of this quarry. The distance between 53′ and 54′ is
From: Mapa Geologico de España, E. 1:50,000, Salvatierra, Segunda serie— Primera edición, 1978
high decapod biodiversity of reefs in general. For example, Martínez
Iglesias and García Raso (1999) found that decapod species richness
was higher in the lagoon and on the slope than on the reef flat based
on three Cuban reefs. This low diversity on the reef flat was explained
by higher hydrodynamics and a lower diversity of substrates related to
fewer coral species. The decapod communities in these subenvironments
consisted of a combination of exclusive species and shared species
but differing in abundance per subenvironment. Interestingly, Edwards
and Emberton (1980) found that the number of decapod specimens
and species on the coral Stylophora pistillata was greater in reef flats
than in the smaller, deeperwater colonies, whichwas, in part, attributed
to the higher openness of the coral branches in deeper waters in the Red
Sea. Here, they argued, fishes would be better able to enter the coral
complex and prey upon the decapods. These observations are consistent
with the ecological “species-sorting hypothesis”, which postulates that
diversity is related to environmental gradients and thus the density of
niches within a given region (e.g., Whittaker, 1962, 1972; Leibold et al.,
2004). Similar results have been found for arthropods in tropical
rainforest environments relative to adjacent non-rainforest sites (Basset
et al., 2012), the only other type of environment known to rival the diver-
sity found in reef environments.

The goal of this paper is to investigate the high decapod crustacean
diversity found in the mid-Cretaceous (upper Albian) strata exposed
in the Koskobilo quarry (N 42.8823°,W 2.1990°) near Alsasua in north-
ern Spain. The number of decapod species found in the Koskobilo quar-
ry is currently unsurpassed for a single locality in the Cretaceous with
36 species (Klompmaker, 2013). This paper will test the hypothesis
that this high diversity in the Koskobilo quarry can at least in part be
explained by the presence of multiple sub- and microenvironments
that favored different decapod faunas. The systematics and taxonomy
of the decapods from this quarry have been investigated in detail recent-
ly (Fraaije et al., 2009, 2012a; Klompmaker et al., 2011a,b,c, 2012a,b; Artal
et al., 2012; Klompmaker, 2013) and provide the basis for this study.
udy area (red dot) in theNavarra region, northern Spain. The Aldoirar patch reef contains two
agutía quarry (O). An anticlinal structure can be found north of the patch reef. The hammer
1853 m.
.
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2. Geological setting and age

The Albinez Unit of the mid-Cretaceous Eguino Formation includes
six patch reefs that developed in an area of approximately 30 km2 in
what is nowwestern Navarra in northern Spain. The Koskobilo quarry
is located at the eastern edge of the Aldoirar patch reef as can be seen
on a geological map from the Salvatierra region of Spain (Fig. 1, K
is the southern part of the Koskobilo quarry). The Olazagutía quarry
(O) is located more centrally in the patch reef, approximately 500 m
northwest of the southwestern part of the Koskobilo quarry (Fig. 2).
Its northernmost part contains what appears to be the reef core con-
sisting of densely packed colonial coral communities and orbitolinid fo-
raminifera as the dominant fossils.

The Koskobilo quarry is located approximately 1 km south of the
axis of an east–west directed anticlinal structure (Fig. 1). Thus, a
southerly dipping direction of the layers in the Koskobilo quarry
may be inferred. However, the limestones in the Koskobilo quarry
could not be used for a strike and dip as the layers were obscured
by joints. The southerly dipping orientation of the strata could, how-
ever, be confirmed by two geopetal structures within in situ brachio-
pod shells from the southwestern corner of the Koskobilo quarry. One
part of the brachiopod shell typically contained a carbonate mud infill
and the rest was hollow surrounded by calcite crystals. The first
geopetal structure was found near site 25 (see Fig. 3 for sample num-
bers) and measured 80°/50°SSE, whereas the second one was found
approximately 25 m south of that site in the same quarry and mea-
sured 60°/45°SSE. The southerly direction was further confirmed by
another geopetal structure with a southerly dip, of which the exact
measurements could not be made. This one was found at site 17.
Additionally, layers of the reef core consisting of a dense network of
colonial corals in the Olazagutía quarry did show a southerly orienta-
tion of the layers. Thus, using the average orientation of the two
measured geopetal structures, the limestone layers in the Koskobilo
quarry are suggested to have a general orientation of 70°/47.5°SSE.
Hence, the limestones get progressively younger toward the southern
part of the Koskobilo quarry (see Fig. 3).

Turonian (argillaceous) limestones can be found stratigraphically
above the top part of the Aldoirar patch reef, followed by, Coniacian–
lower Santonian (argillaceous) limestones and marls. Middle Albian
Fig. 2. A Google Earth image of the Koskobilo quarry (K=southern part of this quarry) an
officially not part of the Koskobilo quarry and was not investigated.
sandstones, conglomeratic sandstones, and intercalated clays occur
stratigraphically below the Aldoirar patch reefs and other patch reefs
in the area (Mapa Geologico de España, E. 1:50,000, Salvatierra, 1978)
(Fig. 1). These patch reefs, including the Aldoirar patch reef, in the
Albinez Unit of the Eguino Formation were considered to be Albian–
Cenomanian in age by López-Horgue et al. (1996), based on ammo-
nites from underlying, overlying, and laterally equivalent strata.
However, Klompmaker (2013) argued that all of the decapods were
late Albian in age based on a reevaluation of evidence presented by
López-Horgue et al. (1996) and an ammonite found in the Koskobilo
quarry at site 17, which is the stratigraphically youngest part of the
Albinez Unit (see Klompmaker, 2013 for a more thorough discussion
on the age assignment). This late Albian age assignment also applies
to decapods from Monte Orobe and the Olazagutía quarry (Artal et
al., 2012; Klompmaker et al., 2012c).

3. Methods

3.1. Rock samples, thin sections, and acetate peels

To check whether the differences in carapace widths of decapods,
decapod diversity, and decapod communities are possibly related to
the particular environment in which the decapods were found, in situ
~20-cm2 samples were taken throughout the quarry and especially
from the sites where many decapods were encountered (13, 17, 23,
25, see Fig. 3). The samples were chosen so that they would best repre-
sent those particular parts of the quarry. If, upon inspection, some dif-
ferences existed, two hand samples were collected. All hand samples
were classified according to the limestone classification schemes of
Folk (1959, 1962) and the modified Dunham (1962) classification
(Embry and Klovan, 1971) after hand samples were cut and polished
to show the lithologic details. In the case of in situ coral accumulations,
the classification methodology of Insalaco (1998) was used to describe
the coral fabrics.

Nineteen thin sectionsweremade to study the carbonatemicrofacies
of the decapod-rich sites and the hand samples from other sites within
the quarry. The initial criterion used for selecting a hand sample for
a thin section was a change in the lithology based on the modified
Dunham classification performed on all the hand samples. Two thin
d the active Olazagutía quarry (O). The extension northeast of the Koskobilo quarry is

image of Fig.�2


Fig. 3. The Koskobilo quarry showing the locations of the samples. The black solid lines
are vertical quarry walls representing the quarry rim, whereas the dashed lines repre-
sent shorter vertical walls within the quarry.
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sections were made from each of the decapod-rich sites and one other
site that contained a significant amount of coarse biogenic material but
not many decapods, in order to account for possible lithologic variation
and to verify Dunham and Folk classifications (which was particularly
necessary for Folk classifications). Two thin sections proved to be suffi-
cient because analyses of the second thin section resulted in the same
modified Dunham and Folk classifications in the great majority of
cases. One thin section was made for each of the other sites. The
glass slides on which the rock thin sections were mounted were
46×27 mm long and wide, whereas the actual thin sections of the
carbonate rocks somewhat smaller. For each thin section, 100 points
were counted with a Leitz Wetzlar point stage counter, under the
cross-hairs of a Leitz Laborlux 11 pol microscope for quantitative analy-
sis of the thin sections, following the precedent of Martindale et al.
(2010) in their quantitative analysis of reef limestones. The spacing of
the points was 2 mm, which allowed counting most of the area of the
thin section. Every point was counted regardless of whether one skele-
tal grain had been counted previously, implying that larger grains will
not be underrepresented. If the cross-hairs were exactly on a boundary
between two grains or a grain-matrix contact, then the right or upper
part was chosen for identification. Spaces enclosed by a skeletal grain
(e.g. the open space inside a gastropod) were counted as part of the
skeletal grain. To see both fine details and also larger structures that
were not always evident under the microscope, points were studied at
4, 10, and 40 times magnification, and, in addition, the thin section as
well as the rock slab from which the thin section was sliced were stud-
iedwith the naked eye and hand lens to avoidmisidentification. Acetate
peels weremade for the remaining hand samples to verify the Folk clas-
sification for that particular rock and to identify the abundant fossils.

The results of the thin section, acetate peel, and hand sample study
were plotted on maps of the quarry: one map shows modified Dunham
classifications, another map shows Folk classifications, the third map
shows abundant fossils (here defined as ≥5% based on the thin section,
acetate peel, and hand sample study) and the common fossils (b5% but
>1%) based on the thin section study, and a last map shows fossils iden-
tified via qualitative field observations (see Fig. 4). Quantitative analysis
of the fossils in the thin sections proved not to be possible after 100 point
counts per thin section as too few fossils could be identified with confi-
dence beyond “fossil indet.”. This was partly due to fragmentation of
fossils, but also because of their variable degree of recrystallization
(see Table 1). Therefore, only a semi-quantitative comparison
among thin sections was feasible, as outlined above.

3.2. Systematic collecting at decapod-rich localities

In 2008 and 2009, four localities containing numerous decapods
were discovered in the Koskobilo quarry (13, 17, 23, 25, see Fig. 3). In
2010 more systematic collecting was performed at these four sites to
investigate: a) decapod diversity and evenness per site, b) which taxa
made up most of the fauna on the species and superfamily level, and
c) whether decapods were differently sized at these localities. The
superfamily level for b) was chosen so that the differences among the
sites can be seen most easily as fewer categories are present compared
to species rank. Pie graphs were made to illustrate this.

At each site, 9 h of collecting was conducted in an area of a few
squaremeters of the (sub)verticalwall. An equal amount of timewas de-
voted collecting from in situ limestones in the sunshine at the different
sites (~4 h); the rest of the time was collected under cloudy conditions.
Collecting an equal amount of time in the sunshinewas judged to benec-
essary because decapods can be observed more readily in the sunshine.
This ensured an equal possibility of finding decapods at these four
sites. To compare the decapods from the sites within the quarry some
other standardizationswere employed: a) only internalmolds and inter-
nal molds of carapaces with (part of) the cuticle preserved were used to
avoid double counting of specimens if externalmoldswere to be select-
ed; b) only carapaces were used because they are relatively well
preserved and this is a morphologically unique part of a decapod spec-
imen in contrast to appendages; c) the specimenswere collected by the
first author only to avoid biases in collecting strategies; d) because
decapods were usually similar in color to the surrounding sediment,
the limestones were held as close to the eye as possible and examined
under different angles to collect all decapods possible; and e) only
those specimens with the axial part of the cervical groove preserved
were selected for further analysis to avoid double counting of speci-
mens. This unique landmark of the specimen is located in the central
portion of the carapace, thus having a higher chance of preservation.
Biases such as potential breakage of larger specimens or specimens
with aweaker cuticle are largely circumvented by employing thismeth-
od. This further ensures that asmany as possible specimenswere incor-
porated in the study. In the case of the paguroids Annuntidiogenes worfi
Fraaije et al., 2009, Cretatrizocheles olazagutiensis Fraaije et al., 2012a,
andMesoparapylochelesmichaeljacksoni Fraaije et al., 2012a, the cervical
groove was often not preserved as the posterior portion of paguroids,
including the ones found at Koskobilo, is often poorly calcified, which
lowers the potential of preserving the axial part of the cervical groove,
if present. In this case, specimenswere selected only if the axial portion
of the anterior carapace was preserved.

In addition to the systematic collecting at the four decapod-rich
localities, large biogenic grains were also found at site 24, possibly
suggesting the presence of decapods. Therefore, approximately 2 h
of collecting was spent at this site to test this hypothesis. Two thin
sections were made from samples collected in situ at this site.

To verify the systematic collecting results from 2010 in terms of
number of species, genera, families, and superfamilies, all species for
which the exact site of collecting in the quarry was noted were includ-
ed. The additional specimens were collected by several people in 2009,
and the exact number of hours collected at each site is not known, but is
roughly comparable. This may also validate the question of whether or
not 9 h of collecting at each site was sufficient in terms of obtaining the
same qualitative results for diversity.

image of Fig.�3


Table 1
Folk andmodifiedDunhamclassifications, abundant and common fossils, relative skeletal grain size, and the amount of recrystallizationper sample. The bold samples are basedonhand samples
and thin sections, whereas the others are based on hand samples and acetate peels. Common fossils and the amount of recrystallization could not be determined for the latter.

Sample no. Folk (1962) Modified Dunham
(1962) by Embry
and Klovan (1971)

Abundant
(≥5%) fossils
(in area)

Common fossils other
than abundant fossils

Some fossil grains
very large compared
to average grain (Y/N)

Recrystallized fossils
(rare, common
or abundant)

1 Sparse biomicrite Floatstone Y
2 Sparse or packed biomicrite Wackestone Echinoderm N Abundant or

common
3 Sparse biomicrite Wackestone N
4a Fossiliferous biomicrite Wackestone N
4b Sparse biomicrite Wackestone Y
5 Intraclastic, sparse or packed biomicrite Wackestone Bryozoa, red algae,

echinoderm
N Common

6 Fossiliferous biomicrite Micstone N
7 Fossiliferous biomicrite Micstone Small, benthic

foraminifera
N N/A

(hardly any fossils)
8 Fossiliferous intra- or pelsparite Micstone N N/A

(hardly any fossils)
9 Packed biomicrite Floatstone Sponge Y
10 ?Pel- or intraclastic, sparse biomicrite Floatstone Sponge Y Abundant
11 Sparse biomicrite Floatstone Sponge Y
11b Pelletized, unsorted biosparite Packstone Echinoderm and red algae N Common
24a Intraclastic, unsorted biosparite Floatstone Red algae Sponge Y Common
24b ?Pel- or intraclastic, packed biomicrite Floatstone Sponge Echinoderm and red algae Y Abundant
23a Intraclastic, unsorted biosparite Floatstone Orbitolinid foraminifera,

gastropod
N Common or

abundant
23b Intraclastic, unsorted biosparite Floatstone Orbitolinid foraminifera,

echinoderm
N Abundant

12 Dismicrite or unsorted biosparite Crystalline carbonate
or floatstone

N

25a Intraclastic, poorly washed biosparite Floatstone Coral Y Rare
25b Intraclastic, unsorted biosparite Floatstone Coral and

red algae
Echinoderm, algae indet. Y Rare

13a Pel- or intraclastic, unsorted biosparite Floatstone Algae indet. Mollusk or brachiopod Y Abundant
13b Intraclastic, sorted biosparite Floatstone Mollusk or brachiopod N Abundant
14 Pelletized, sparse biomicrite Wackestone Echinoderm N Common or

abundant
15 Biolithite Baffle- (pillar)stone Coral Y
16a Biolithite Framestone Coral Y
16b Biolithite Boundstone indet. Coral Y
17a Biolithite Baffle- (pillar-) or framestone

(latter due to colonial corals)
Coral Y Abundant

17b Biolithite Baffle- (pillar)stone Coral Rudist Y Abundant
18a Biolithite Framestone Coral Y
18b Biolithite Framestone Coral Y
19 Poorly washed biosparite Floatstone Sponge Bryozoa Y Abundant
20 Packed biomicrite Floatstone Sponge Y
21 Intraclastic, packed biomicrite Wackestone Sponge Y
22 Pel- or intraclastic, sparse biomicrite Wackestone N Common
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3.3. Decapod diversity and evenness

To investigate possible diversity differences per site, multiple mea-
sures of diversity were employed. All specimens that could be deter-
mined to the species level were included in the analyses.

1. Taxa richness: the number of species, genera, families, and super-
families found at each site

2. Margalev's d=(S−1)/ ln(N), where S is the number of species
and N is the number of specimens found at the site to account
for the fact that more specimens yield more species in general.

3. Simpson's Index of Diversity=1−(∑n(n−1))/(N(N−1)), where
n is the number of specimens of a species and N again is the total
number of specimens found at the site. This measure accounts not
only for the number of specimens involved, but also for the number
of specimens per species. To discover whether the Shannon–Wiener
Indices of all four sites are statistically different from one another,
the t-test as described by Magurran (1988) was applied by using
the statistical program PAST 2.15 (Hammer et al., 2001).

4. Shannon–Wiener Index or Shannon Index or Shannon–Weaver
Index H=−∑pi(ln(pi)), where pi is the proportion of the ith spe-
cies, thus additionally taking into account the number of specimen
per species.
5. Individual rarefaction curves with 95% confidence intervals were
computed for each of the samples using PAST 2.15.

6. The Chao1 Index (Chao, 1984) estimator of the absolute number of
species in an assemblage: SChao1=Sobs+(F12/2 F2), where Sobs is
the number of species in the sample, F1 is the observed number of
species represented by one specimen, and F2 is the observed number
of species represented by two specimens. This measure calculates
the theoretical number of species if an infinite number of specimens
had been collected. This measure and the standard deviation thereof
were calculated using EstimateS 8.2.0 (Coldwell, 2009).

Pielou's evenness index was also calculated: E=H/ln(S), where E
is the evenness index and H is the Shannon Index (see above).

3.4. Comparison of decapod fauna compositions

The composition of the decapod faunas of sites 13, 17, 23, and 25
were compared quantitatively at the species level using three types
of methods. The first three formulas are only based on the number
of species in each sample and all species are weighted equally.
Formulas 4–7 also take into account the relative abundance of
each species. Fisher's Exact Test was used to compare the species
composition statistically with p-values. Once again, all specimens
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that could be determined to the species level were included in the
analyses.

1. Simpson Coefficient=100k/B, with k=the number of species com-
mon to sample A and B, and B=the total number of taxa found in the
smaller assemblage (B≤A).

2. Jaccard Coefficient=k/(A+B−k).
Fig. 4. The Koskobilo quarry with the samples classified according the modified Dunham c
and thin sections (C), and fossils present based on field observations only (D). A) F=Flo
C=Crystalline Carbonate, B(Ba)=Boundstone (Bafflestone), and B(Fr)=Boundstone (Fra
The uppercase, black letters are based on thin sections and hand samples, whereas the gray
the abundant (b5% in area) fossils in uppercase/black letters based on thin sections, acetate p
in gray, lowercase, italicized letters. S/s=sponge, A/a=algae indet., C=coral, e=echinode
g=gastropod, m/br=mollusk/brachiopod, and r=rudist; and D) a non-comprehensive ov
br=brachiopod, (?)s=sponge, f=foraminifera, a=algae indet., e=echinoderm, of=orbi
represent the boundaries between different zones.
3. Dice Coefficient or Sørensen similarity index=2 k/(A+B).
4. Morisita–Horn Index=1−2(∑(SA,i /n)(SB,i /m))/(∑(SA,i /n)2+

(SB,i /m)2), where SA,i=the number of individuals from assem-
blage A in the ith species, SB,i=the number of specimens
from assemblage B in the ith species, n=the number of speci-
mens in assemblage A, and m=the number of specimens in
assemblage B.
lassification (A), Folk classification (B), fossils present in hand samples, acetate peels,
atstone, W=Wackestone, M=Micstone (= micritic carbonate mud), P=Packstone,
mestone); B) M/m=biomicrite, S/s=biosparite, d=dismicrite, and B/b=biolithite.
, lowercase, italicized letters are based on acetate peels and hand samples; C) showing
eels, and hand samples, and the common (b5%, but >1%) fossils based on thin sections
rm, bz=bryozoan, ra=red algae, f=foraminifera indet., of=orbitolinid foraminifera,
erview of fossils found at the sample localities in the quarry. bi=bivalve, (?)c=coral,
tolinid foraminifera, o=ostracod, g=gastropod, and r=rudist. The gray dashed lines
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5. Relative Abundance Index=100(Ic /(IA+IB), where Ic=number of
specimens of the taxa in common, I1=number of specimens in
assemblage A, and I2=number of specimens in assemblage B.

6. Bray–Curtis Dissimilarity Index=1−2(∑(min(SA,i, SB,i)/(∑SA,i)+
(∑SB,i), where SA,i=the number of specimens in the ith species
of assemblage A, SB,i=the number of specimens in the ith species of
assemblage B, andwheremin (SA,i, SB,i) means theminimum number
of specimens for the species for both assemblages.

7. Yue and Clayton theta similarity coefficient=1−(∑St
i=1(aibi)/

((∑St
i=1(ai−bi)2+(∑St

i=1(aibi))), where St=the total number
of species in assemblages A and B, ai=the relative abundance of
species i in assemblage A, and bi=the relative abundance of spe-
cies i in assemblage B.

8. Fisher's Exact Test was used to compare the composition of the
decapod faunas statistically. This test was chosen instead of the χ2

test becausemany categories contain values of less than 5. The spec-
imens are collected randomly and the samples are independent.

3.5. Decapod size

Based on field observations in 2009 and 2010, the average size
of the decapods seemed to differ per site: in particular decapods at
site 17 appeared smaller. This was tested using measurements of
width instead of length for two reasons: 1) maximum width was
more frequently measurable than maximum length, because these
decapods are typically longer than wide, and are thus more frequent-
ly broken across their length than their width, and 2) their bilateral
symmetry means that widths can be calculated for broken specimens
as long as the axis and one side are preserved. The length and width
Fig. 5. Fossils commonly found in the thin sections. A) a recrystallized coral from site 17, B)
from site 13, D) several red algae from site 24, E) an orbitolinid foraminifer from site 23, an
are typically highly correlated in decapods, making measurement
of both axes redundant. Parametric statistics (One-way ANOVA and
the Tukey–Kramer multiple comparisons procedure) could not be used
to compare mean widths because the assumption of normal distribu-
tions was rejected: the Shapiro–Wilk and the Jarque–Bera tests both
returned p-values b0.05 for all four sites. Instead the non-parametric
Kruskal–Wallis test was used because the samples are independent
and the distributions of the data are similarly scaled and shaped
(right-skewed); normal distributions are not required for this test. The
null hypothesis was that the samples are taken from populations with
equal medians. Subsequently, the Mann–Whitney pairwise compari-
sons testwas used (with andwithout a Bonferroni correction) to discover
which decapod sample widths are different from one another. The statis-
tical program PAST 2.15 was used to perform the computations. A signif-
icance level of 5% was used for both tests.

It was also suspected that specimens of Goniodromites laevis were
relatively small at site 17 compared to the other sites. To test this, we
employed the Kruskal–Wallis test and the Mann–Whitney pairwise
comparisons test for the specimens collected in 2009 and 2010 to ob-
tain an as high number of specimens per site as possible. Once again, a
significance level of 5% was used.

4. Results

4.1. Quarry overview based on rock sample study

The northern (stratigraphically oldest) part of the Koskobilo quarry
exposures consists mainly of fine-grained wackestones and micstones
(=micritic carbonatemud), themid-southern part containsfloatstones,
a possible cross-section through an echinoid spine from site 17, C) an echinoderm plate
d F) a possible ostracod (left) and red algae (right) from site 25.
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Table 3
Diversity metrics and an evenness index for the four decapod-rich sites (highest values in
bold face).

Site 13 Site 17 Site 23 Site 25

# specimens 57 86 67 41
# species 13 20 13 13
# genera 11 19 10 12
# families 8 12 6 7
# superfamilies 7 9 5 6
Margalev's d 2.99 4.30 2.85 3.23
Simpson's Index of Diversity 0.78 0.85 0.80 0.88
Shannon–Wiener Index 1.95 2.27 1.96 2.23
Chao1 Index 19.3 30.0 17.2 14.6
Pielou's evenness index 0.76 0.76 0.76 0.87
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and the southernmost part of the quarry contains boundstones
(bafflestones and framestones) using themodified Dunham classification
(Fig. 4A). Using the Folk classification, biomicrites can bemost commonly
found in the northern part of the quarry, whereas biosparites are more
frequently present in the southern half of the southern part with the ex-
ception of the southernmost part, where biolithites dominate (Fig. 4B).
Based on the thin sections, acetate peels, and the accompanying hand
samples, it appears that abundant (≥5% in area) fossils are presentmostly
in the southern part of the quarry (Fig. 4C, Appendix 1). Corals dominate
the southernmost part of thequarry. Algal remains andespecially sponges
are abundant in the mid-southern part of the quarry where corals do not
dominate. Based on the thin sections, common fossils locally include
rudists (only at the southernmost part at locality 17), (red) algae (e.g.,
Agardhiellopsis cretacea, ?Paraphyllum, ?Lithophyllum), echinoderms,
bryozoans, sponges, (orbitolinid) foraminifera (Orbitolina and Textularia),
gastropods, and bivalves. Based on field observations (Fig. 4D), brachio-
pods (?Cyclothyris) and bivalves (such as pectinids and Neithea) were
found in the quarry. Corals (e.g., ?Calamophyllia) dominate the southern-
most part of the quarry. Fig. 5 shows someof the fossils found in the thin
sections, and Table 1 shows the underlying data for Fig. 4.

A network of in situ scleractinian corals was observed only around
site 17 in the Koskobilo quarry. The bafflestones at site 17 contain a
network of coral branches with an occasional cluster of massive colo-
nial corals. The branching corals produced most of the topography on
the sea floor at the time of deposition. Using the work of Insalaco
(1998: Fig. 11), the fabrics can be best described as an unbound
pillarstone because of the dominant vertical component of the corals
that do not rely on binding encrusters. Whether the corals at site 17
can be best classified as a dense or sparse pillarstone cannot be deter-
mined as Insalaco (1998) did not provide a quantitative boundary.

4.2. Decapod diversity and evenness

Using the data in Table 2, species, genera, family, and superfamily
richness all show that site 17 is most diverse (Table 3). The same
Table 2
Data for the number of specimens per species per site after 9 h of collecting in 2010.

Site
13

Site
17

Site
23

Site
25

Acareprosopon bouveri (Van Straelen, 1944) 0 2 1 2
Annuntidiogenes worfi Fraaije et al., 2009 0 1 0 0
Caloxanthus paraornatus Klompmaker et al., 2011a 3 2 2 2
Cretatrizocheles olazagutiensis Fraaije et al., 2012a 1 2 0 0
Decapoda indet. 0 1 0 0
Distefania incerta (Bell, 1863) 2 1 5 4
Distefania renefraaijei Klompmaker et al., 2012b 3 0 2 0
Distefania sp. 3 0 1 0
Eodromites grandis (von Meyer, 1857) 1 4 0 1
Eodromites grandis or Navarradromites pedroartali 0 2 0 0
Eomunidopsis navarrensis (Van Straelen, 1940) 9 24 26 9
Eomunidopsis orobensis (Ruiz de Gaona, 1943) 6 0 1 1
Faksecarcinus koskobiloensis (Klompmaker et al., 2011a) 0 1 1 0
Galatheoid 1 0 0 0
Gastrodorus cretahispanicus Klompmaker et al., 2011b 1 0 0 0
Glyptodynomene alsasuensis Van Straelen, 1944 0 1 0 2
Goniodromites laevis (Van Straelen, 1940) 24 10 6 2
Graptocarcinus texanus Roemer, 1887 3 2 11 10
Hispanigalathea pseudolaevis Klompmaker et al., 2012a 0 1 0 0
Laeviprosopon hispanicum Klompmaker, 2013 1 1 2 1
Laeviprosopon edoi Klompmaker, 2013 0 0 1 0
Laeviprosopon crassum Klompmaker, 2013 0 1 0 0
Laeviprosopon sp. 1 0 0 0
Mesoparapylocheles michaeljacksoni Fraaije et al., 2012a 0 6 0 2
Navarradromites pedroartali Klompmaker et al., 2012b 0 1 0 0
Navarrara betsieae Klompmaker, 2013 1 0 0 0
Navarrahomola hispanica Artal et al., 2012 0 1 0 0
Paragalathea ruizi (Van Straelen, 1940) 2 19 8 4
Rathbunopon obesum (Van Straelen, 1944) 0 2 1 1
Viaia robusta Artal et al., 2012 0 1 0 0
result was also obtained for Margalev's d, the Shannon–Wiener
Index, and the Chao1 Index, but for the Simpson's Index of Diversity
site 17 came in second after site 25 (Table 3). Site 12 was consistently
at the bottom of the list, whereas site 13 and site 25 alternated at the
second and third place. The t-test on the Shannon–Wiener Index
results showed that none of the diversities of the sites were different
based on this test (Table 4), although sites 17 and 13, and sites 17 and
23 were close to being different. The results of this test could be
influenced by the low number of specimens from each sample as
doubling all occurrences results in statistically different Shannon
diversities for these two pairs. The standard deviations of the Chao1
Index are given in Fig. 6, and suggest that site 17 may contain more
species than at least site 25 with infinite collecting. The slopes of
the rarefaction analyses also suggest that site 17 may yield the most
species (Fig. 7). Furthermore, Table 5 shows that site 17 contains
the most species when the collections of 2009 and 2010 are merged.
Thus, based on a variety of diversity measures site 17 can be considered
themost diverse, also given the fact that an equal number of hours was
spent collecting at each site. In terms of evenness, all sites have a rela-
tively high evenness ranging from 0.76 to 0.87, which implies that
more than one species are important contributors to the decapod
fauna at each site (Table 3).

Of special note is the low occurrence of decapods at site 24. After ap-
proximately 2 h of collecting, only one decapod specimen, Paragalathea
ruizi Van Straelen, 1940, was found. The thin sections showed that red
algae and sponges dominate the fossil content locally.

4.3. Decapod composition per site

As shown in the species-level pie diagram (Fig. 8), species that dom-
inate the fauna are a combination of Eomunidopsis navarrensis Van
Straelen, 1940, Paragalathea ruizi, Goniodromites laevis Van Straelen,
1940, and Graptocarcinus texanus Roemer, 1887, for all sites. Most nota-
ble in comparison to other sites are the presence of the small paguroid
Mesoparapylocheles michaeljacksoni at site 17, the abundant presence
of the galatheid P. ruizi at site 17, and the abundant presence of G.
laevis at site 13. At the superfamily level (Fig. 9), some combination
of Galatheoidea, Homolodromioidea, and Dromioidea (only repre-
sented by G. texanus) compose the majority of the fauna. Of note is
the abundance of the Paguroidea at site 17 compared to other sites.

The first seven quantitative analyses comparing the decapod com-
positions from the four sites indicate that in terms of species, sites 13
and 17 are most dissimilar, whereas sites 23 and 25 are most alike
Table 4
The p-values of the t-tests on the Shannon–Wiener Index results.

Site 17 Site 23 Site 13 Site 25

Site 17 – 0.12 0.12 0.71
Site 23 – – 0.90 0.26
Site 13 – – – 0.24
Site 25 – – – –



Fig. 6. The Chao1 Index giving the estimated number of species for each site and the
standard deviations.

Table 5
The species found at each sitewhen the collections of 2009 and 2010weremerged. ‘x’means
present.

Decapod taxon Site
13

Site
17

Site
23

Site
25

1 Acareprosopon bouvieri (Van Straelen, 1944) x x x x
2 Albenizus minutus Klompmaker, 2013
3 Annuntidiogenes worfi Fraaije et al., 2009 x x
4 Caloxanthus paraornatus Klompmaker et al., 2011a x x x x
5 Cretatrizocheles olazagutiensis Fraaije et al., 2012a x x
6 Cretamaja granulata Klompmaker, 2013 x
7 Distefania incerta (Bell, 1863) x x x x
8 Distefania renefraaijei Klompmaker et al., 2012b x x x
9 Eodromites grandis (von Meyer, 1857) x x x
10 Eomunidopsis aldoirarensis Klompmaker et al., 2012a x
11 Eomunidopsis navarrensis (Van Straelen, 1940) x x x x
12 Eomunidopsis orobensis (Ruiz de Gaona, 1943) x x x
13 Etyxanthosia fossa (Wright and Collins, 1972) x
14 Faksecarcinus koskobiloensis (Klompmaker et al., 2011a) x x x x
15 galatheoid Klompmaker et al., 2012a
16 Gastrodorus cretahispanicus Klompmaker et al., 2011b x x
17 Glyptodynomene alsasuensis Van Straelen, 1944 x x
18 Goniodromites laevis (Van Straelen, 1940) x x x x
19 Graptocarcinus texanus Roemer, 1887 x x x x
20 Hispanigalathea pseudolaevis Klompmaker et al., 2012a x
21 Hispanigalathea tuberosa Klompmaker et al., 2012a
22 Koskobilius postangustus Klompmaker, 2013 x
23 Laeviprosopon crassum Klompmaker, 2013 x x
24 Laeviprosopon hispanicum Klompmaker, 2013 x x x x
25 Laeviprosopon planum Klompmaker, 2013 x
26 Laeviprosopon edoi Klompmaker, 2013 x x x
27 Mesoparapylocheles michaeljacksoni Fraaije et al., 2012a x x x
28 Navarrara betsieae Klompmaker, 2013 x x
29 Navarradromites pedroartali Klompmaker et al., 2012b x
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(Table 6). This is also reflected in the pie diagrams (Fig. 8). The eighth
test, Fisher's Exact Test, shows that the taxonomic composition of
decapods at the species level of all sites are statistically different
from one another with the exception of sites 23 and 25 (Table 7),
also suggested by the other analyses.
30 Navarrahomola hispanica Artal et al., 2012 x
31 Nykteripteryx rostrata Klompmaker et al., 2012a x x
32 Paragalathea multisquamata Vía Boada, 1981 x
33 Paragalathea ruizi (Van Straelen, 1940) x x x x
34 Paragalathea straeleni (Ruiz de Gaona, 1943)
35 Rathbunopon obesum (Van Straelen, 1944) x x x x
36 Viaia robusta Artal et al., 2012 x x

Total number of species 18 27 18 17
4.4. Decapod widths

The Kruskal–Wallis test based on the decapods collected in
2010 shows that the medians of the decapod widths of the samples
are different (p=0.0000006) (Appendix 2). The subsequent Mann–
Whitney pairwise comparison tests shows that the decapod widths
Fig. 7. Rarefaction analyses for each site as well as the 95% confidence intervals as computed using PAST 2.15.
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Fig. 8. Pie diagrams of the species compositions per site. The numbers within the diagrams represent the number of specimens from each species.

265A.A. Klompmaker et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 374 (2013) 256–273
of all samples are different from one another with the exception of
those of sites 23 and 25 without the Bonferroni correction (Table 8).
When the Bonferroni correction was applied, site 13 was different
from all other sites (Table 8). Site 17 was not statistically different
from sites 23 and 25 anymore, although the p-value was close to
0.05 (p=0.06 and p=0.12, respectively). Larger sample sizes may
show that the decapod widths are different when comparing site 13
with sites 23 and 25. The medians of sites 17, 23, 13, and 25 are 4.1,
5.4, 7.9, and 4.9 mm, respectively. The results suggest that site 13
contains relatively many large specimens and site 17 relatively
small specimens compared to the other sites.

The same tests were performed for specimens of Goniodromites
laevis, grouping all specimens collected in 2009 and 2010 in this case.
This shows that the median of the decapod widths of the samples (Ap-
pendix 3) is different (p=0.001). The Mann–Whitney pairwise com-
parison tests show that sites 17 and 23, and 17 and 13 are statistically
different without the Bonferroni correction, but only 17 and 13 with
the Bonferroni correction (Table 8). Given the medians for each site
(5.5 mm for site 17, 10.7 mm for site 23, 10.2 mm for site 13, and
8.6 mm for site 25), site 17 appears to contain smaller specimens of G.
laevis. Results should, however, be interpreted with care as the sample
sizes are low with only 14 specimens for site 17, 13 for site 23, and 5
for site 25, whereas site 13 yielded 56 specimens (Appendix 3).

5. Discussion

5.1. General water depth, energy regime, salinity, and nutrients

Recently, cold-water corals and their ecosystems have been in-
creasingly investigated (e.g., Freiwald and Roberts, 2005; Hovland,
2008; Roberts et al., 2009). Roberts et al. (2006: p. 545) speculated
that “their biodiversity may be comparable to that found on tropical
coral reefs”. Turley et al. (2007) showed that these reefs were impor-
tant at depths usually ranging from 200 to 1000+m. Deep cold-
water corals typically do not exhibit the zooxanthellae that cause
the wide variety of colors that typify shallow, warm water corals. In
terms of areal extent, the United Nations Environmental Programme
website indicates that, “global coverage of cold-water coral reefs
could equal, or even exceed, that of warm-water reefs”, which is
284,300 km2 (http://unep.org/cold_water_reefs/comparison.htm). This,
then, begs the question of whether the reef strata of Koskobilo were
deposited in shallow, warm waters or in deeper, colder waters. Wendt
et al. (1997) and Belka (1998) proposed to answer the question using,
among other indicators, the presence or absence of algae, which rely
on photosynthesis and can only grow in water depths to ~100 m. In
the case of the Koskobilo quarry, numerous algae are found (see Figs. 4
and 5; Table 1), so this reef must have formed in shallow, warm waters.
The presence of warm waters (~20 °C) around Spain during the mid-
Cretaceous is supported by climate models (e.g., Barron et al., 1995;
Fluteau et al., 2007) and isotopic evidence (e.g., Barron and Washington,
1982). Based on a combination of the common presence of scleractinian
corals, orbitolinids, and especially corallinacean red algae the gen-
eral water depth can be estimated as being between 20 and 80 m
for at least the decapod-rich localities (see Flügel, 2004: p. 635).
The branching scleractinian corals in the stratigraphically youngest
part of the reef may been able to live at shallower waters as extant,
branching, colonial corals such as Porites porites and Acropora
palmata are known from very shallow waters, but the commonness
of corallinacean red algae at site 17 suggests a somewhat deeper
environment.

http://unep.org/cold_water_reefs/comparison.htm
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Fig. 9. Pie diagrams of the superfamily compositions per site. The numbers within the diagrams represent the number of specimens from each superfamily.
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The environment at the norther, oldest part of the quarry experi-
enced mainly a low intensity of waves or currents given the abundant
presence of biomicrites (see Flügel, 2004: Fig. 12.1). A band of mostly
biosparites just south (up section) of the biomicrites consists mainly
of unsorted biosparites, although a sorted biosparite was encountered
at site 13. These biosparites suggest a higher energy regime compared
to the biomicrites (see Flügel, 2004: Fig. 12.1), especially for site 13,
which contains many similar-sized biogenic fragments. However,
decapods from all sizes were not preserved in noticeably different
ways from decapods at other sites, suggesting that decapods were
not fragmented more due to higher energy levels. This interpretation
of higher energy levels assumes that no recrystallization took place
from biomicrites to biosparites, but this could have happened as re-
crystallization of fossils is abundant locally. The combination of
frame- and bafflestones in the southernmost part of the Koskobilo
quarry points to medium levels of physical disturbance (see Flügel,
2004: Fig. 8.1).

The common to abundant presence of the combination of
scleractinian corals, corallinacean red algae, sponges, and echino-
derms suggest a normal marine salinity between 30 and 40‰ (see
Flügel, 2004: Fig. 12.11). A combination of frame- and bafflestones
Table 6
Results of the quantitative analyses of the decapod species composition of the four decapo

17 vs 13 17 vs 23

Simpson Coefficient 69.2 76.9
Jaccard Coefficient 0.38 0.43
Dice Coefficient or Sørensen Similarity Index 0.55 0.61
|Morisita–Horn Index−1| 0.56 0.82
Relative Abundance Index 79.9 84.7
|Bray–Curtis Dissimilarity Index− | 0.41 0.63
|Yue & Clayton theta similarity coefficient−1| 0.29 0.57
are found at the southernmost part of the quarry. Using Flügel
(2004: Fig. 8.1), this could either mean a low or higher nutrient levels
at the time of deposition of these autochthonous carbonates.

5.2. Reef development and decapod abundance

The lithologic gradation from the oldest parts of the reef strata
to the youngest parts of the reef may be explained by the evolution
of the reef along the reef margin. In the oldest parts, the rocks may
have been part of the slope of the reef buildup and, thus, belong
to the slightly deeper parts of the patch reef. The abundance of
fragmented fossils points to transport. The fact that biomicrites do-
minate, indicating a low hydrodynamic regime (see Section 5.1), sup-
ports a deeper water interpretation. Although this part of the quarry
was not studied in detail for its decapod yield per time unit, the num-
ber of decapods (mainly galatheoids) that were encountered during a
survey in 2009 was limited.

The reefmay have become shallower at thefloatstone and biosparite
dominated part, allowing for more light to penetrate. A higher abun-
dance of organisms that photosynthesize such as red algae is in evi-
dence (Appendix 1). The fragmentary nature of the fossils including
d-rich sites. Values in bold indicate the lowest similarity for each test.

17 vs 25 13 vs 23 13 vs 25 23 vs 25

92.3 69.2 69.2 76.9
0.57 0.53 0.53 0.63
0.73 0.69 0.69 0.77
0.54 0.55 0.39 0.71

91.9 93.5 86.6 91.7
0.45 0.45 0.47 0.65
0.23 0.35 0.29 0.77
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Table 7
The p-values of the Fisher's Exact Test on the decapod species composition per site.
The p-values b0.05 are underlined.

Site 17 Site 23 Site 13 Site 25

Site 17 – 0.002003 3.88E−07 0.008154
Site 23 – – 1.30E−05 0.33688
Site 13 – – – 1.59E−05
Site 25 – – – –
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the sponges and the abundant presence of biosparite, suggest a higher
energy regime as mentioned in Section 5.1, which is consistent with a
shallower water depth. The wackestones at the eastern end of this
mid-part of the quarry may be explained by their location at the reef
margin (Fig. 1), where the finer material presumably accumulated, as
opposed to the coarser floatstones at the western end of the quarry,
which is more centrally located in the patch reef. The latter part of the
floatstone and biosparite zone is where decapod-rich localities 13, 23,
and 25 were encountered as well as the relatively decapod-poor site
24 (see Section 5.4.3). Overall, this part of the quarry contained more
decapods than the northern part, which could be explained by the in-
creased abundance of food for decapods.

The last phase of the reef as exposed in the Koskobilo quarry is do-
minate by coral biolithites and boundstones. These corals may have
become the dominant fossils because they formed in even shallower
waters compared to the previous sponge-dominated floatstone and
biosparite phase, assuming the sponges formed in situ. The shallower
nature of corals compared to sponges is also hinted at by Leinfelder
et al. (1996: Fig. 12), who indicated that Late Jurassic siliceous sponges
are found at greater water depths than corals based on numerous Late
Jurassic reefs across Europe. They also indicated that nutrient levels
may play a role as corals facies were said to be found in stable oligo-
to mesotrophic conditions, whereas these sponges could withstand
fluctuating nutrient levels. Thus, a change in nutrient level cannot be
excluded to explain the shift in facies. On the other hand, the presence
of corals in shallow, well-lit environments and the presence of sponges
in deeperwaters is also known for today's reefs (Wood, 1998). This part
of the quarry contains the richest decapod site within the quarry, site
17. Thus, it may be concluded that decapods become progressively
more abundant going from wacke- and micstones to floatstones and
finally to boundstones. Controls on the proposed water depth change
may be intrinsic (buildup of the reef itself to shallower depth) as well
as extrinsic (sea level change and tectonics) or a combination thereof.

5.3. On differences in taxonomic composition per site

The taxonomic composition per site (see Fig. 8), which appeared
statistically different for each site except when sites 23 and 25 are
compared, may reflect the composition at the time the decapods
Table 8
The p-values of the Mann–Whitney pairwise comparison test for all decapod widths
per site and for specimens of Goniodromites laevis. The p-valuesb0.05 are underlined.
The upper right are p-values without the Bonferroni correction, whereas the lower
left is with the Bonferroni correction applied.

All decapods Site 17 Site 23 Site 13 Site 25

Site 17 – 0.01065 2.49E−08 0.01951
Site 23 0.06392 – 0.00484 0.9819
Site 13 1.49E−07 0.02904 – 0.004243
Site 25 0.117 1 0.02546 –

Goniodromites laevis Site 17 Site 23 Site 13 Site 25

Site 17 – 0.01625 9.36E−05 0.2108
Site 23 0.09753 – 1 0.2369
Site 13 0.000561 1 – 0.1453
Site 25 1 1 0.8717 –
were alive. However, some biases may have affected the composition.
The degree of fragmentation of similarly sized and shaped decapods
may be different for strongly calcified decapods compared to weakly
calcified decapods. However, since the axial part of the cervical
groove was chosen as the reference point for counting a specimen
for all species except for paguroids, this possible bias is considered
to be minimal. Another possible bias is caused by a possible different
rate of molting of different species. All specimens found at Koskobilo
are taken into account including molts and possible corpses. Schäfer
(1972) and Bishop (1986a) recognized that molts would bias the
fossil record of decapods in that more specimens might be found
due to the molting process than actually were present. It would be
beneficial to be able to unambiguously determine whether a speci-
men represents a molt or actual corpse so that all molts can be eli-
minated from the count. Mertin (1941: p. 251) estimated that the
ratio of molts versus corpses was about 5 to 1 based 94 molts and
20 corpses of fossil lobsters. If a distinction were to be possible in
Koskobilo, this would result in a lower number of specimens, possibly
to the extent that even qualitative comparison may not be possible in
this case as decapod ecdysis produces numerous molts per live spe-
cimen. Moreover, distinction between molts and corpses is only pos-
sible for very well preserved faunas, which is not the case in
Koskobilo. Not a single specimen is found with the appendages, abdo-
men, or venter still attached to the carapace resembling the second
taphonomic model in Müller et al. (2000: Fig. 23). Additionally, al-
most all carapaces are broken to at least some extent, thereby ham-
pering the identification of possible molt indicators on the ventral
side of the carapace. Thus, distinction between molts and corpses is
not possible here. Hence, for the diversity measures Margalev's d,
Simpson's Index of Diversity, Shannon–Weaver Index, Chao1 Index,
and the comparisons of decapod widths among sites, it is assumed
that the preservation potential across decapod species is similar and
that the number of molts per species and per time unit is comparable.

5.4. Decapods per site

5.4.1. Site 17
Based upon the results, the immediate question arises why site

17 yields the most diverse decapod fauna (20 species arranged in
19 genera based on 86 specimens) in comparison to all other sites
(Table 3). This is most likely related to the particular subenvironment
of this site, which differs from the other sites from which decapod-rich
faunas are known in the quarry. General field observations indicate
that site 17 consists of a combination of in situ branching scleractinian
corals and massive colonial corals, the latter being less common than
the branching corals. The diameter of these branches ranges from
approximately 5 to 19 mm in cross section, with heights generally
>40 mm. The cement, matrix and skeleton percentages varies, but
50–70% matrix and cement is common (Fig. 10 for an example). The
decapods were found in between and in proximity of these branches.
Corals were less common or absent in other decapod-rich localities
and throughout the quarry. The largest bioclastic grains were generally
smaller in other sites and throughout the quarry aswell. Thus, the corals
could have provided a shelter and a feeding site that was not present at
other sites within the quarry. The preservation of the decapods at site
17 is similar to that at other sites, indicating that the higher diversity
at this site is not caused by a preservational bias within the framework
of corals. Also because of this similar preservation, it seems unlikely that
decapod remains were preferentially caught in the coral framework
during transport, thereby increasing the number of specimens and pos-
sibly also the number of species.

From modern occurrences it is known that the spatial separation of
the branches of corals and colonies may have an effect on the decapod
species richness (Edwards and Emberton, 1980; Lewis and Snelgrove,
1990). Future work on this part of the quarry may test whether this is
true for decapods in fossil reefs as well.



Fig. 10. A typical rock for site 17 of the Koskobilo quarry showing branches of corals,
which are outlined here. In between these branches numerous decapods were found
including Acareprosopon bouvieri (see arrow).

268 A.A. Klompmaker et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 374 (2013) 256–273
Paguroids were found predominantly at site 17. The posterior part
of the carapace and the abdomen are typically not preserved (see
Fraaije et al., 2012a), suggesting that they relied on protection for
this part of the body by mid-Cretaceous times. This is not surprising
given the fact that Late Jurassic paguroids often lack this part as
well (e.g., Van Bakel et al., 2008; Fraaije et al., 2012b,c, in press). How-
ever, not a single paguroid carapace was associated with a gastropod
(as is known from many extant paguroids), or any other type of
protection. Thus, these paguroids may not have relied on gastropod
shells as a protection, which is supported by the fact that gastropods
are rarely found in the Koskobilo quarry. Ammonite shells have been
used for protection by Cretaceous paguroids (see Fraaije, 2003b), but
are also unlikely in this case, as only one ammonite specimen is
known (see Section 2). Instead, these paguroids may have used the
abundant bivalve shells, algal remains, rock crevasses, or even parts
of decapod molts for additional protection for the posterior part of
the carapace and the abdomen (see Ďuriš, 1992: Fig. 9; McLaughlin
and Lemaitre, 1997). The corals at site 17 may have offered an addi-
tional protection against predators such as fish. Patton (1977) citing
Glynn et al. (1972) mentioned that the hermit crabs Trizopagurus
magnificus (Bouvier, 1898) and Aniculus elegans Stimpson, 1858 ate
the tissue of the coral Pocillopora by scraping of the tips the branches
using their chelipeds. The hermit crabs could have used a similar
method of feeding since they are most frequently associated with
corals in the Koskobilo quarry.

5.4.2. Sites 13, 23, and 25
These decapod-rich sites all yielded the same number of species,

but the number of specimens differed. In terms of the species compo-
sition, 23 and 25 are much alike (see Fig. 8), which may be related
to their close proximity in map view and their similar lithologies
as identified by both the Folk and modified Dunham classifications
(intraclastic, unsorted biosparite and floatstone, respectively). The
preservation in terms of recrystallized fossils and the common to
abundant fossils are, however, deviant. The lower number of speci-
mens at site 25 is not easily explained, especially since some corals
are present here based on field observations (Fig. 4D) and thin sections
(Fig. 4C) because corals can explain the peak diversity of decapods
at site 17 (see Section 5.4.1). However, corals are found infrequently
here in contrast to the mass occurrence of corals at site 17. The
paguroids at site 25 may have been associated with the corals, as for
site 17. Site 13 appears different from the other two in that the fossils
seem to be better sorted, but not better preserved compared to other
sites, which suggest that the decapods were not transported to this
site from far away. Moreover, the species composition is different in
that galatheoids and Graptocarcinus texanus are less common, whereas
Goniodromites laevis is more common.
5.4.3. Site 24
Even thoughmore collecting took place at decapod-rich sites (9 h)

compared to site 24, this still does not explain the relative difference
in the number of specimens found. The lowest number of decapod
specimens for the decapod-rich localities is 41 specimens, whereas
only one specimen was found at site 24 after 2 h of collecting. Assu-
ming the same rate of collecting decapods, only four to five specimens
would be expected after 9 h of collecting at site 24. Thus, decapod
abundance appears anomalously low at this site, despite the presence
of coarse-grained biogenic material at this site, which usually is an in-
dicator for the abundant presence of decapods in the southern part of
the Koskobilo quarry. The low abundance of decapods may be related
to the abundant presence of red algae. Even though certain red algae
are reported to be sources of decapod decoration (e.g., Wicksten,
1978; Mastro, 1981) or food for Crustacea (e.g., Kain and Norton,
1990), Wicksten (1993: p. 320) mentioned that red algae would be
“distasteful” and Kain and Norton (1990: p. 394) noted that “many
red algae contain a variety of potentially distasteful substances”.
Interestingly, the latter authors also mentioned that corallinacean
red algae have the most effective physical defense against being punc-
tured and consumed because of the tough outermost part of the thallus,
which is why these red algae are very resistant to grazing. These are ex-
actly the types of red algae that are abundantly present at this site. Thus,
this particular site may not have provided as much food as did other
parts of the reef, possibly explaining why decapods were largely absent
here. Fewer possibilities of shelter as a reason for the lack of decapods
seems unlikely because a high decapod diversity can be found at site
13 where not many possibilities for shelter were present either.
5.4.4. Decapods in the Olazagutía quarry
In 2009 and 2010, the Olazagutía quarry (Fig. 2) was visited and a

reef core consisting mostly of a very dense cover of massive colonial
corals and orbitolinid foraminifera was discovered (Fig. 11). Other
common fossils were bryozoans and echinoid fragments, whereas
bivalves, brachiopods, algae and serpulids were rarer. No decapods
were found upon inspection of the surfaces exposed after 1 h, suggesting
that decapod abundance is low here. This can be easily explained by the
dense, inaccessible nature of the coral framestone, leaving few places
as shelter for decapods. The only decapod remains were found adjacent
to this framestone in wackestones.
5.5. On sub- and microenvironments

Most diversity measures show that site 17 is more diverse than
other sites. Additionally, the taxonomic composition is also different
from all other sites, the size of decapod specimens appears smaller,
and some species are exclusively found at this site. This suggests
that the southernmost part of the quarry containing in situ corals, is
a different sub-environment within the reef, at least for decapods,
compared to the sites found in the floatstone zone. The taxonomic
composition of the decapods at site 13 is also different from all
other sites. In addition, the decapods are larger in size. Thus, site
13might represent a different microenvironment within the floatstone
zone sub-environment compared to the decapods found at sites 23 and
25. Site 13 did, however, not yield unique species unknown from other
sites, whereas site 17 did. The northern part of the quarry may be con-
sidered a separate subenvironment as well given the different lithology
and the scarcity of decapods. This applies also to the reef core of the
Olazagutía quarry.

image of Fig.�10


Fig. 11. The darker layers in the center represent the reef core of the Aldoirar patch reef as exposed in the Olazagutía quarry. This photo, taken toward the north, is directed
approximately perpendicular to the strike of the southerly dipping layers.
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5.6. On obligatorily associated decapods

Patton (1994), in a study of decapods from the Great Barrier Reef,
referred to taxa found only on living Acropora as “obligate associates”
of that coral. Furthermore, Bruce (1998) noted that almost all shrimp
were obligate associates of scleractinian corals in the Indo-West
Pacific. Abele (1976) provided quantitative data on obligatorily asso-
ciated decapods for a Pacific Pocillopora damicornis habitat in Panama.
He noted that 15% of the decapod species were obligatory associates
with Pocillopora. In terms of specimens, 28% of the specimens were
obligatory associates including the 4th through 6th most abundant
species. Furthermore, 27% of the decapods appeared to be obligatory as-
sociates with corals off the coast of West Australia (Black and Prince,
1983, see also their Table 2), and an online database on extant Central
Pacific decapods (http://decapoda.free.fr) showed that 76/222 (=34%)
of all coral associated decapods were obligatory associates of corals.
Patton (1977: p. 16) suggested that decapod–coral associations may
have originated with small species feeding on the sediment that settled
on the coral and coral mucus, secreted to remove the sediment.

Since many decapods are known to be obligatory associates of
corals today, this type of behavior may also be expected to have
been present in the past. Therefore, decapod remains of those fossil
species should only be found on or in the very close proximity of
the corals and be small sized, in accordance with extant decapods
that are obligatory associates with corals. This behavior is not well-
known from the Mesozoic, but perhaps better from the Cenozoic.
Some possible exceptions are known from the Mesozoic. Schweitzer
and Feldmann (2009b) noted that one specimen of Cyclothyreus
cardiacus Schweitzer and Feldmann, (2009b), was closely associated
with corals and suggested that it may have lived on or near the coral
heads. The specimen from the Late Jurassic (Tithonian) Štramberk
Limestone of the Kotouč Quarry in the Czech Republic is 10.4 mm
long and 13.4 mm wide. Müller et al. (2000: p. 67) speculated that
small, Late Jurassic prosopid crabs from Germany and the Czech
Republic may have used the reef as a shelter and possibly would have
lived in symbiosis with corals (“commensalism?”). Furthermore, a
close association of Late Jurassic (Oxfordian) decapods from Poland
with sponge-microbial reefs was postulated by Müller et al. (2000)
and Krobicki and Zatoń (2008) as many crabs were discovered in cavi-
ties of the reef framework. Cenozoic representatives from the often
coral-associated members of the Palaemonidae and Xanthidae are also
known (see Schweitzer et al., 2010), but coral-associated examples
from the Mesozoic are unknown with the possible exception of the
?xanthid Cretichlorodius enciensis Fraaye, 1996, from the Maastrichtian
Maastricht Formation (Meerssen Member) of the Netherlands. Mem-
bers of the coral-associated Trapeziidae have been found in the fossil
record dating back to the Eocene (see Schweitzer, 2005; Schweitzer
et al., 2010). Unfortunately,members of the coral-inhabiting,millimeter
sized Hapalocarcinidae (e.g., Shen, 1936; McCain and Coles, 1979) are
not known from the fossil record (see Schweitzer et al., 2010).

Site 17 from the Koskobilo quarry may provide more insight into
decapods that are obligatory associates with corals as this site contains
a branching framework of in situ corals, unlike other decapod-rich sites
from this quarry. Unfortunately, the extant families containing the
coral-associated decapod species asmentioned abovewere not present,
which does not exclude the possibility of obligatorily associated deca-
pods at site 17. Diminutive decapods found exclusively at this site
may be obligate associates as small sized decapods can more easily
access the dense framework of corals and can more easily find a place
to retreat into cavities in corals and the branching framework. In
terms of size, Patton (1994: Table 2) found that the largest mean length
of adult shrimp species was 19 mm and 12 mm for the mean width
for the largest adult crab species based on a collection of obligatorily
associated decapods from the Great Barrier Reef. Based on all species
found at the different sites when collections from 2009 and 2010 are
merged (Table 5), Cretamaja granulata Klompmaker, 2013, Koskobilius
postangustus Klompmaker, 2013, Navarrahomola hispanica Artal
et al., 2012, Navarradromites pedroartali Klompmaker et al.,
2012b, Hispanigalathea pseudoleavis Klompmaker et al., 2012a, and
Etyxanthosia fossa (Wright and Collins, 1972) were found exclusively
at site 17. The majoid C. granulata is quite large for an obligatory
associate with a maximum width of 11.3 mm (see Klompmaker,
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2013). The smaller K. postangustus may not be an obligatory associ-
ate either as Breton (2009: p. 513) noted that “most living majoids
are not known to have a cryptic habitat”. Moreover, the first des-
cribed priscinachid was not mentioned to be associated with corals
(Breton, 2009). On the other hand, Black and Prince (1983) noted
that themajidMenaethius monoceros (Latreille, 1825), is a facultative
symbiont on the coral Pocillopora damicornis off the coast of West
Australia, and Patton (1977: p. 18) mentioned some majid-coral
associations. Furthermore, Glynn (1963) noted that the Caribbean
majid Mithrax sculptus Lamarck, 1818, fed on the polyps of Porites
furcata. This species can be as large as 5 cm. Thus, the possibility of
the obligatory association of the two Spanish priscinachid species
with corals cannot be excluded. Etyxanthosia fossa was also found
in the Cenomanian sands of England (Wright and Collins, 1972), in
the calcareous sandstones and chalks of the Cenomanian of France
(Breton and Collins, 2011), and in the Albian reef limestones of
Monte Orobe in Spain (Fraaije et al., 2008). Therefore, Klompmaker
et al. (2011a) concluded that E. fossa inhabited a wide variety of
environments. Hence, it cannot be considered an obligatory associ-
ate with corals. The goniodromitid N. pedroartali is represented
by some relatively large specimens (width range 2.3–9.0 mm, see
Klompmaker et al., 2012b). Members of the goniodromitid family are,
however, often associated with coral reef deposits (e.g., Klompmaker
et al., 2012b). As for the latter species, the homolid N. hispanica is a
species with quite a large maximum size (width ranges from 7.7 to
15.1 mm), and, therefore may not have been obligatorily associated
with corals. Extant homolids live primarily in deep waters (Guinot and
Richer de Forges, 1995: Fig. 76; Schweitzer et al., 2004), and, thus, are
unlikely to be associated with corals. Homolids probably moved early
on in their evolutionary history into deeper water as Schweitzer et al.
(2004) noted that Cenozoic homolids are rare. Indeed, Cretaceous
homolids are quite commonly encountered in shallow water sediments,
where they inhabited a variety of environments including some coral
reef environments (see Collins, 1997). Since specimens of N. hispanica
were also encountered in other parts of the quarry (P. Artal, pers.
comm. January 2012), N. hispanica cannot be considered an obligatory
associate with corals. Hispanigalathea pseudolaevis could be the most
likely candidate to be an obligatory associate with corals, as Patton
(1977), citing Johnson (1970), noted that at least several extant species
of galatheids and porcellanids are obligatory associates with living corals
in the Singapore region.Moreover, specimens ofH. pseudolaevis are small
sized (2.0–3.0 mm width range, see Klompmaker et al., 2012a). Even
though hermit crabs have been found primarily at site 17, especially
Mesoparapylocheles michaeljacksoni, they have also been found at other
sites that do not contain in situ corals (Table 5). Therefore, they are not
likely to have been obligatory associates of corals, but merely species
which often occur near or on the corals and were also able to survive in
other areas of the reef. In conclusion, only a few, uncommon species
found at the Koskobilo quarry (4/36, 11%) may have been obligatorily
associated with corals, which could indicate that this behavior had not
fully developed yet in the mid-Cretaceous. In turn, this may suggest
that decapods in reefs were less vulnerable to extinction at that time.

5.7. Decapod widths

Surprisingly few large decapods were found at site 17 as shown
in the results. This is, in part, due to a different decapod species com-
position of the fauna as a relatively large number of specimens of spe-
cies with a small maximumwidth were found at site 17. Examples are
Eomunidopsis navarrensis (width range based on all sites collected
from in 2010=2.0–10.5 mm; median (m)=4.4 mm; n=68),
Paragalathea ruizi (width range=1.9–6.1 mm; m=3.4 mm; n=
33), and Mesoparapylocheles michaeljacksoni (width range=
2.5–5.2 mm; m=3.5 mm; n=8). Specimens of species with a large
maximum size, such as Graptocarcinus texanus (width range=
3.4–27.9 mm; m=11.5 mm; n=26) and Distefania spp. (width
range=2.4–48.5 mm; m=14.5 mm; n=17) comprise only a small
part of the fauna at this site.

A special case is Goniodromites laevis, specimens of which have
a maximum width up to 20.9 mm when all samples are merged.
This species is common at site 17 (10 out of 86 specimens). However,
the specimens at site 17 seem relatively small compared to other sites
(width range site 17=4.1–9.7 mm; m=5.3 mm; n=9 (10th mea-
surement could not be made due to incomplete preservation of the
specimen) versus width range of sites 13, 23, and 25=3.9–20.9 mm;
m=10.0 mm; n=29). This was confirmed by the Kruskal–Wallis test
and subsequent Mann–Whitney comparison tests, although sample
sizewas low for all siteswith the exception of site 13.With the inclusion
of more specimens, the hypothesis that specimens of G. laevis are juve-
niles at site 17, where the protection from the corals be used, could
be better supported. If found correct, then this habitat with many
branching corals may have served as a nursery for juveniles. This was
also suggested for extant fish. Costello et al. (2005: p. 793) indicated
that modern deep-water coral reefs “may act as a nursery habitat” for
fish, suggesting that juveniles were protected by the corals.

In conclusion, the decapods at site 17 are small because of the
abundant presence of species with a small maximum width and the
relative rarity of species with a large maximum width, but also be-
cause of the common presence of possible juvenile specimens of
G. laevis. Thus, decapod size can vary within a reef environment.

Decapod size may also vary across environments. A small size of
decapods within fossil coral reefs has been suggested qualitatively
by other workers. Müller (2004: p. 240) remarked that, “reef-
dwelling decapods are generally small sized”, which was supported
by Gatt and De Angeli (2010). The average size of anomuran and
brachyuran decapods in the Maastrichtian type area in the Nether-
lands is reported to be less than 10 mm (Fraaije, 2003a). Further-
more, Müller et al. (2000: p. 67) mentioned that “for the small
forms of prosopids living or finding a shelter in reef cavities was pro-
bably a defense mechanism against predators, especially when crabs
were losing their carapaces in molt periods”. Additionally, Müller et
al. (2000: p. 65), referring to Wehner (1988), noted for Late Jurassic
(Kimmeridgian) prosopid crabs from southwestern Germany that
“small crabs may sometimes be found within the center of massive
Thecosmilia corals because the small Jurassic prosopids could probab-
ly find a refuge”. Although the decapod-rich fauna from the Lower
Cretaceous (Albian) Glen Rose Limestone (Bishop, 1983) was not
directly associated with a dense coral cover, Bishop (1986b) reported
the limestones in which the numerous decapods were found to repre-
sent back-reef carbonates. He also noted that decapods were small.

The small size is also true for decapods in modern coral reefs.
Abele (1976) studied decapod communities of several habitats in
Panama including sandy beaches, mangrove swamps, rocky intertidal
habitats, and a Pocillopora damicornis coral habitat. He (p. 271) noted
that “the adult size of species of the coral community is greatly
reduced compared to that of other habitats. The mean carapace length
of sexually mature adults of 80% of the fauna is 5.4 mm (range 1.7 to
9 mm). This is significantly smaller than the mean size of species in
other habitats (11 to 41 mm)”. The mean carapace width of specimens
found at the coral-rich site 17 of the Koskobilo quarry is 5.1 mm, which
is comparable to the results of Abele (1976). A similar size pattern was
found by Reaka (1986) for other crustaceans, stomatopods. Reef species
had a smaller adult body size than those in level-bottom environments.
Further, Reaka-Kudla (1991) suggested that bioeroded holes were
an important factor in the evolution of diversity in coral reefs as the
cryptofauna that can hide in those holes tends to be of limited size,
have a limited dispersal, and, hence, a high rate of evolution. Thus, crus-
tacean size may depend on the habitat today and in the past. Whether
the decapods from the Aldoirar patch reef differ in size from decapod
faunas collected at other, non-reef environments in the same region
is not known due to the scarcity of decapods from these other environ-
ments. Future work may elucidate this.
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6. Conclusions

This study on mid-Cretaceous (late Albian) decapod crustaceans
from the Koskobilo quarry in northern Spain can at least in part ex-
plain the occurrence of this highly diverse, coral-associated decapod
fauna. Decapod diversity and composition differ among decapod-
rich sites. The most diverse decapod fauna was found in the southern-
most, stratigraphically youngest part of the quarry consisting of coral-
rich boundstones and biolithites and also contained some species
unknown from other sites within the quarry. The decapods here
could have experienced an increased possibility for shelter and food.
The decapods found at this part of the quarry seem to exhibit the
smallest width compared to decapod-rich sites found in the
floatstones and biosparites. These other decapod-rich sites show
lower decapod diversities and different compositions. One site within
the floatstone and biosparite zone contained hardly any decapods,
which may be related to the abundant presence of hard-to-eat
corallinacean red algae. The lowest decapod diversity was found to
be present in the northern, stratigraphically oldest part of the quarry
consisting of wackestones and biomicrites. This is one of the first
times that such a detailed paleoecological study was performed for
decapods in a fossilized coral reef. These results concur with results
from modern reefs in that decapod communities also differ among
subenvironments. The diversity in these decapod faunas is likely
greater in reef environments relative to contemporaneous non-reef
environments as a result of the greater number of niches present, a
result consistent with the ecological “species-sorting hypothesis”.
The methodologies introduced herein for studying fossil decapods in
reef environments can be used as well to study the paleoecology of
decapods and other invertebrates from other periods in Earth's
history.

Supplementary data (Appendices A-C) to this article can be found
online at http://dx.doi.org/10.1016/j.palaeo.2013.01.024.
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Appendix 1. Results counting 100 spots in thin section. 

  site 2 5 7 8 10 11 24a 24b 23a 23b 13a 13b 25a 25b 14 17a 17b 19 22 

micrite 51 52 46 2 43 12 3 46 6 11 20 3 7 1 61 26 36 40 68 
intramicrite or fecal pellets 3 15 23 57   14 3 6 2 3 29 13 7 2 21     1 16 
sparite 1 8 8 40 13 40 77 6 56 39 22 53 51 52 4     27 1 
intraclast         1 17 3   7 20   14 9 8 2         
vug 2 2 8 1 2 1       5 2 2 1     2 2     
recrystallized calcite or calcite 
vein 17   1     1                 1 43 26     
stylolite 1                                     
hematite 1   4                                 
fossil indet. 21 15 7   21 12 5 28 21 15 14 11 14 3 9 17 17 17 14 
foram   1 3                               1 
mollusk or brachiopod 1                   3 2   1           
algae indet.                   1 8     4           
rudist                                 2     
coral                         10 17   9 16     
mollusk                     1                 
bivalve   1                                   
green algae   1                   1   1           
sponge   1     19   3 3     1             13   
bryozoa   2           1 1             1   2   
echinoderm 2 1       2 1 2 1 2   1   4 2 1       
brachiopod   1                                   
orbitolinid                 3 4     1             
red algae           1 5 2           7     1     
gastropod                 2                     
ostracod                               1       
crinoid         1                             
sponge or algae               6                       
?decapod                 1                     



 



Appendix 2. Decapod widths (in mm) per site after systematic collecting in 2010. 

 

  locality 13 (decapod widths in mm) 
 Caloxanthus 

paraornatus  6 5.0 6.1                 
 Eodromites grandis 6.5                     
 Eomunidopsis 

navarrensis 11 10.0 5.5 8.4 3.4 5.2 2.4 1.7 6.2     
 Eomunidopsis 

orobensis 5.6 6.1 7.9 3.8 4.3 4.4           
 Gastrodorus 

cretahispanicus 3.5                     
 

Goniodromites laevis 
14 14.0 6.1 13.8 12.8 12.3 8.2 5.3 10.0 14.7 13.4 

 5.3 20.9 8.8 9.3 14.4 15.5 9.8 15.6 4.1 9.4 6.9 
 Graptocarcinus 

texanus 14 27.9 14.0                 
 Laeviprosopon 

hispanicum 4.8                     
 Laeviprosopon sp. 7.1                     
 Navarrara betsieae 4.9                     
 Distefania incerta 32 22.0 10.4 15.1               
 Distefania sp. 31                     
 Paragalathea ruizi 6 4.2                   
 Galatheoid 5.9                     
 Cretatrizocheles 

olazagutiensis  3.6                     
 AVG 10.0                     
 STDEV 6.7                     
 Number of specimens 57                     
 

              
 
 
 
 
 
 
 
 
 
 
 
 
 

            



 

  locality 17 (decapod widths in mm) 
Annuntidiogenes 
worfi  1.5                       
Caloxanthus 
paraornatus  4.7 5.2                     
Eodromites grandis 2.1 7.1 13.5 4.1                 
Navarradromites 
pedroartali 3.4                       
Eodromites grandis or 
Navarradromites 
pedroartali 11.0 5.2                     
Eomunidopsis 
navarrensis 

4.1 4.8 3.5 5.9 2.4 6.0 2.5 6.1 6.5 2.9 4.0 6.6 
6.2 4.2 3.4 4.3 4.1 6.4 6.7 3.0 3.2 3.6 7.3 2.6 

Eomunidopsis 
orobensis                         
Hispanigalathea 
pseudolaevis 2.5                       
Gastrodorus 
cretahispanicus                         
Glyptodynomene 
alsasuensis 7.8                       
Goniodromites laevis 4.1 7.6 5.3 8.2 4.3 4.3 9.7 4.1 8.9       
Graptocarcinus 
texanus 11.8 10.0                     
Viaia robusta 10.5                       
Navarrahomola 
hispanica 10.1                       
Laeviprosopon 
hispanicum 1.4                       
Laeviprosopon edoi                         
Laeviprosopon 
crassum 10.4                       
Laeviprosopon sp.                         
Navarrara betsieae                         
Distefania incerta 4.1                       
Distefania sp.                         

Paragalathea ruizi 
2.2 2.5 2.6 4.9 3.8 3.4 3.4 3.7 2.2 4.3 6.1 2.2 
1.9 4.3 3.0 2.7 5.8 2.6 3.0           

Galatheoid                         
Acareprosopon 
bouvieri 3.3 3.4                     
Rathbunopon obesum 5.4 6.0                     
Faksecarcinus 
koskobiloensis 20.1                       



Mesoparapylocheles 
michaeljacksoni  4.7 5.2 3.0 2.5 3.7 3.2             
Cretatrizocheles 
olazagutiensis  3.8 2.6                     

AVG 5.1                       
STDEV 3.0                       

Number of specimens 84                       

             
              
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

            



  locality 23 (decapod widths in mm) 
 Caloxanthus 

paraornatus  4.6 6.6                   
 

Eomunidopsis 
navarrensis 

4.0 8.3 3.8 4.5 4.4 5.4 2.6 5.8 3.9 3.2 2.0 
 5.3 2.4 2.9 9.4 6.8 3.4 4.9 7.4 6.0 5.6 2.9 
 5.1 2.8 3.7 3.7               
 Eomunidopsis 

orobensis 6.5                     
 Goniodromites laevis 5.4 6.5 13.8 3.9 14.4             
 Graptocarcinus 

texanus 8.7 20.4 21.1 23.8 3.6 6.8 12.4 11.1 9.3 16.1 17.1 
 Laeviprosopon 

hispanicum 7.6 2.7                   
 Laeviprosopon edoi 3.5                     
 Distefania incerta 49 34.4 14.5 11.6 7.2 8.8           
 Distefania sp. 2.4                     
 Paragalathea ruizi 4.1 4.2 3.5 2.6 5.9 3.4 4.1 2.6       
 Acareprosopon 

bouvieri 3.7                     
 Rathbunopon obesum 7.1                     
 AVG 7.9                     
 STDEV 7.8                     
 Number of specimens 65                     
 

             
              
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

            



  locality 25 (decapod widths in mm) 
    Caloxanthus 

paraornatus  5.6                   
  Eodromites grandis 5 5                 
  Eomunidopsis 

navarrensis 5.9 4.4 4.1 6.2 4.2 4.8 4.9 2.3 3.1   
  Eomunidopsis 

orobensis 5.6                   
  Glyptodynomene 

alsasuensis 9.8 12                 
  Goniodromites laevis 12 4.4                 
  Graptocarcinus 

texanus 5.2 3.4 4.7 10 21 11 12 4.5 10 19 
  Laeviprosopon 

hispanicum 4.1                   
  Distefania incerta 11 21 23 5             
  Paragalathea ruizi 4.5 3.5 2.5 3             
  Acareprosopon 

bouvieri 3.2 3.3                 
  Rathbunopon obesum 4                   
  Mesoparapylocheles 

michaeljacksoni  2.6 4.8                 
  AVG 7.2                   
  STDEV 5.4                   
  Number of specimens 41                   
   



Appendix 3. Decapod widths (in mm) per site for Goniodromites laevis after the collections of 2009 and 

2010 were merged. 

site 13 site 17 site 23 site 25 
12.8 7.5 15.6 5.5 10.7 8.6 
11.7 11.7 4.1 6.1 11 7.9 
13.6 8.9 9.4 4.1 5.4 12 
14 10.7 6.9 7.6 6.5 4.4 
6.1 15 13.4 5.3 13.8 9.8 

13.8 10.8 7.4 8.2 3.9 4.8 
12.8 8.2 15.3 4.3 14.4 8.6 
12.3 4.3 4.9 4.3 15.7   
8.2 8.3 4.2 9.7 9   
5.3 8.9 10.4 4.1 5   
10 4.9 9.1 8.9 10.7   

14.7 11.1 22.4 5.7 6.4   
13.4 6.7 15 5.1 20.6   
5.3 9.3 17 4.6 17.1   

20.9 15.5 8.1 7.6 14.3   
8.8 9.7 12 5.9     
9.3 15.6 9.8       

14.4 5.7 15       
15.5 18.8         
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