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Abstract

The Titanosauria were much diversified during the Late Cretaceous, but paleobiological information concerning these
sauropods continues to be scarce and no studies have been conducted utilizing modern methods of community analysis to
infer possible structural patterns of extinct assemblages. The present study sought to estimate species richness and to
investigate the existence of structures in assemblages of the South American Titanosauria during the Late Cretaceous.
Estimates of species richness were made utilizing a nonparametric estimator and null models of species co-occurrences and
overlapping body sizes were applied to determine the occurrence of structuring in this assemblages. The high estimate of
species richness (n = 57) may have been influenced by ecological processes associated with extinction events of sauropod
groups and with the structures of the habitats that provided abundant support to the maintenance of large numbers of
species. The pseudocommunity analysis did not differ from that expected by chance, indicating the lack of structure in these
assemblages. It is possible that these processes originated from phylogenetic inertia, associated with the occurrence of
stabilized selection. Additionally, stochastic extinction events and historical factors may also have influenced the formation
of the titanosaurian assemblages, in detriment to ecological factors during the Late Cretaceous. However, diagenetic and
biostratinomic processes, influenced by the nature of the sedimentary paleoenvironment, could have rendered a random
arrangement that would make assemblage structure undetectable.
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Introduction

Sauropods constituted a group of Saurischian dinosaurs that

were highly diversified, attaining large dimensions and wide

geographic distributions [1]. These herbivorous giants appeared in

the fossil record during the Late Triassic and persisted up until the

Late Cretaceous [2–3]. These dinosaurs probably had a common

ancestor related to the basal sauropodomorphs, or ‘‘prosauro-

pods’’ – a globally widespread paraphyletic group of dinosaurs

from the Late Triassic and Early Jurassic [2–5].

Titanosauria constituted the most diverse sauropod lineage,

represented by more than 30 known genera, widely distributed on

nearly all continental landmasses during the Late Cretaceous [6–

7]. However, it is in South America where titanosaurs remains are

more common and most diverse in terms of species richness in

relation to the other continents [7]. Its diversification and

radiation were probably influenced by the global extinction of

diplodocoid sauropods in the Late Coniacian during the

fragmentation of Gondwana [8–12]. Included in this radiation

were, for example, saltasaurids, nemegtosaurids, and related

forms, such as the genera Isisaurus and Diamantinasaurus [8–10].

Studies of Late Cretaceous South American Titanosauria have

dealt predominantly with taxonomic and biochronological aspects,

paleogeographic distributions, strategies of locomotion and

behavior, reproductive and developmental biology, appendicular

morphology, cranial morphology and phylogenetic systematics

[4,7,9,13–20]. Research on the paleoecology of Titanosauria has

been scarce and no studies have been carried out utilizing modern

methods of ecological analysis (with estimators of species richness

and null models, based on a pseudocommunity analysis) to infer

the occurrence of structural patterns in assemblages of South

American sauropods or other groups of extinct vertebrates. In

general, ecological considerations such as species richness,

morphological patterns, strategies of resource utilization, distribu-

tions over time and space, and historical and biogeographical

factors that could structure species assemblages in a given area

have not been examined [21]. The size and the overlapp of
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ecological niches among sympatric and syntopic species can play

important roles in this structuring [22–24].

The structure of a vertebrate assemblage can be defined as

nonrandom patterns in resource utilization among individuals that

coexist in time and space [25–26], with species composition and

richness having important roles in this structuring [27]. The co-

occurrence of vertebrate species in time and space will therefore be

determined and structured by their interspecific relationships [28].

Within this context, studies have shown that co-occurrence

patterns are commonly attributed to competitive interactions or to

environmental filters, and these patterns can be generated by

historical factors, habitat associations, and/or species dispersal

limits [29–31]. The development of null models using pseudo-

communities generated by randomizations of the original infor-

mation by Monte Carlo simulations has provided an important

tool for studying biological assemblage structures [32–36].

Considering the hypothesis that species co-occurrence in time

and space will be determined and structured by their interspecific

relationships, the present work sought to estimate the species

richness of the South American Titanosauria during the

Campanian and Maastrichtian ages (83.5–65 Mya) and to

investigate the occurrence of structuring in this assemblage with

respect to species co-occurrences and overlapping body sizes.

Materials and Methods

The list of sauropods presented in this work (Table S1) was

prepared based on records of species that coexisted geographically

and stratigraphically in the South American fossiliferous forma-

tions of the Late Cretaceous (Lower Campanian to the Upper

Maastrichtian) as described in the literature ([1–9,37–41] and see

references in Table S1) and in the databanks of the website

Paleobiology Database [42]. We chose to utilize only those records

identified to the species level, excluding citations of supraspecific

taxonomic groups – thus constructing an assemblage of sympatric

and presumably competitive species for analysis. The body size

estimates of the different sauropod species (Table S1) were

obtained from the literature [1–3,5–8,42–46].

The nonparametric estimator Chao1 was utilized to

estimate sauropod species richness based on abundance data:

SChao1 = Sobs+F2
1/2F2, where Sobs is the number of species

recorded in the assemblage sampled, F1 is the number of species

represented by only one individual (‘‘singletons’’), and F2 is the

number of species represented by two individuals (‘‘doubletons’’)

[47–49]. The values obtained from the richness estimator, based

on 1,000 randomizations without replacement, were plotted

indicating the estimated species richness (with 95% confidence

intervals) that probably exists in the stratigraphic formations of the

Lower Campanian to the Upper Maastrichtian (83.5–65 Mya).

The analyses were performed using Estimates 7.5 software [49].

The EcoSim Module of co-occurrence was utilized to test the

occurrence of nonrandom patterns of co-occurrence of the

Titanosauria species recorded in the stratigraphic formations

corresponding to the Lower Campanian to the Upper Maas-

trichtian in South America [27,50]. The data for this analysis

consisted of a presence (1) absence (0) matrix in which each species

corresponded to a line and each stratigraphic formation a column

(Table 1). The presence/absence data of the matrix were

randomized to produce patterns that would be expected in the

absence of competitive interactions between the species. The

following EcoSim options were utilized: C-score index [50–52] as a

quantitative co-occurrence index, fixed row and column totals and

column constraints, and algorithms of the ‘‘Sequential Swap’’

matrix randomization, with 10,000 randomizations. C-scores

measure the mean numbers of units in a single block (checker-

board units – CU) for all pairs of species [27,36,51–52].

In a structured assemblage, the mean numbers of units in a

single block should be significantly higher than the score expected

by chance, according to a null model [51–52]. The number of

units in a single block for any pair of species is calculated by:

CU = (ri–S) (rj–S), where ri and rj correspond to the totals in a row,

and S is the number of sites occupied by both species. The

utilization of fixed row and column totals and column restrictions

generate null matrices with the same number of occurrences of

sites per species (row totals) and the same number of species per

stratigraphic formation (column totals) as observed in the original

data. The algorithm of sequential change repeatedly rearranges

the original matrix, changing the sub-matrices that preserve the

row and column totals, and is not very inclined toward type I or

type II errors [27,36]. The stratigraphic formations utilized for this

analysis of co-occurrence are found in Table 1 and Table S1.

The EcoSim Module of Size Overlap was utilized to determine

the presence of nonrandom patterns of body size overlapping

among species [27]. In this analysis, the estimated total size

utilized (log10 transformed) for each species was derived from data

available in literature [1–3,5–9,42–46]. The original matrix was

then reformulated to produce random patterns that would be

expected in the absence of competitive interactions. The following

options were utilized in EcoSim: Variance in segment length as a

size-overlap metric, logarithmic transformation, no rounding, and

all species in the matrix included in the source pool, with the

colonization weights set to 1. Because of the occurrence of

variations in segment length, minimum segment length values

were utilized.

Segment length was calculated by the ordination of size

estimates of the different species. These values represent the

differences in body size between two consecutive species. Utilizing

the variance in segment length as the size overlap metric, the

overall tendency for the observations can be measured. A

structured assemblage would have an observed variance signifi-

cantly smaller than that seen in random assemblages (pseudo-

communities). When the minimum segment length values (in

meters) are selected, the smallest segment of the assemblage can be

calculated by measuring the difference between the closest pair of

species. This measure determines whether a minimum space

between species is necessary for their coexistence in an assemblage.

Thus, in a structured assemblage, the minimum segment length

should be significantly greater than that expected by chance

[27,36,53].

Results

A total of 23 species were recorded in fourteen fossiliferous

strata ranging from the Lower Campanian to the Upper

Maastrichtian in different localities in South America (Table 1

and Table S1). In relation to the total number of species, eight

(34.78%) were restricted to the Campanian, five (21.73%) to the

Maastrichtian, and 10 (43.47%) were distributed in both the

Campanian and Maastrichtian (Table S1). The Chao1 richness

estimator indicated a richness of 57 species during the Late

Cretaceous, with a 95% confidence interval of 36 to 115 species

(Fig. 1).

Evaluations of the species encountered in each stratigraphic

formation indicated that the Anacleto and Allen formations were

the richest, with seven and six species distributed among the

Campanian and Maastrichtian, respectively (Table 1 and Table

S1). The analyses of species co-occurrence in fourteen stratigraph-

ic formations indicated that all of the species formed checkerboard

Species Richness and Co-Occurrence in Assemblages of Titanosauria
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units in the presence-absence matrix. The observed C-score index

was 1.96, which did not differ significantly from the mean

expected by chance (1.91, Fig. 2). The result is consistent with the

hypothesis that coexistence of South American Titanosauria

species during the Late Cretaceous was not structured by

deterministic processes.

The species themselves showed great variability with respect to

their estimated sizes. Rocasaurus muniozi had the lowest estimated

size (8 m long), whereas Puertasaurus reuili was estimated to be

30 m long [14,37] (Table S1). Size-overlap analyses, based on

minimum segment lengths, indicated that no mean overlap

significantly larger than expected was observed in the titanosaur-

ian assemblages (Fig. 3). The size-overlap analysis based on the

variance of segment length showed that no mean overlap

significantly smaller than random occurred in the titanosaurian

assemblages (Fig. 3). Therefore, both analyses indicated a lack of

structuring in the assemblages.

Discussion

The fossil record points to the South American continent as

having had a diverse assemblage of Titanosauria, and estimators of

species richness indicate an even greater species richness during

the Late Cretaceous (Early Campanian-Late Maastrichtian). This

high species richness was possibly influenced by the availability

and occupation of ecological niches left by the diplodocoids

sauropods after their extinction in the Late Coniacian, resulting in

a rich diversity of forms and sizes within the clade Titanosauria

[10,12]. Additionally, other ecological factors such as the

association of titanosaurs with inland environments and a diet

adapted to ingesting angiosperms may have contributed to clade

Titanosauria diversification during this period [54].

The species richness could also have been related to the

structural complexity of the habitats occupied by titanosaurian

assemblages during the Late Cretaceous. Dinosaurs that coexisted

during the Late Jurassic exhibit close associations with the

characteristics of environments in which they lived, indicating

the occurrence of structural patterns in those assemblages [55]. In

modern ecosystems, structurally more complex habitats provided

greater support for the maintenance of larger varieties of

coexisting species as compared to more spatially homogeneous

environments [55–56], and the richness and distributions of

species that coexisted in time and space, when associated with

environmental characteristics, can give rise to nonrandom patterns

in ecological interactions and structured assemblages [25–26].

The results obtained by co-occurrence analyses of species

richness demonstrated that the observed numbers of checkerboard

units did not differ from random. This pattern is consistent with

the hypothesis that the local coexistence of Titanosauria species

during the Campanian and Maastrichtian in South America was

not structured by ecological factors existing during the Late

Cretaceous, such as resource limitations in the environment,

interspecific competition, or predator-prey relationships.

The coexistence of species in an assemblage can be limited by

ecological interactions known to be negative, such as interspecific

competition for spatial and trophic niches, the occurrence of

Figure 1. Estimates of species richness represented by rarefaction curves calculate with data of fossil records. The curves were
generated from 1000 randomizations with replacement and the sampling units corresponding to the total of fossil record (n) in the stratigraphic
formations of Late Cretaceous in South America (Campanian–Maastrichtian). Sobs: richness observed.
doi:10.1371/journal.pone.0108307.g001
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aggressiveness between individuals of the assemblage, species that

develop specific preferences for certain types of habitats on a wide

geographic scale, or predator-prey relationships [54–55,57–61].

Random patterns in coexistence of Titanosauria species during

the Late Cretaceous could have originated not through compet-

itive interactions between species but through the influence of

species showing specificity for a particular habitat type on a

reduced spatial scale, distributions restricted to a particular period,

endemism, or low abundances of some species [55,57–58].

Additionally, the lack of structure in species assemblages can be

driven by the stochastic nature of extinction events, and would be

demonstrated by decreasing numbers of checkerboard units in the

co-occurrence analyses [36].

Another important issue regarding the lack of structure in South

American titanosaurian assemblages is the fact that species records

in any particular formation can be influenced by factors such as

taphonomic processes, the types of sedimentary paleoenviron-

ment, and sampling efforts in fossil collecting. This latter aspect

will be influenced by the numbers of paleontological explorations

in each stratigraphic formation and by the environmental

conditions at the sites where the fossiliferous strata are found (for

example, sites located in forest areas that make fossil discovery

more difficult in contrast to sites in arid environments with scarce

vegetation cover that facilitates exploration).

Paleoecological studies should emphasize the importance of

taphonomic processes for the different types of sedimentary

paleoenvironments, since these factors can influence the fossil

records of one or more species in stratigraphic formations.

Diagenetic and biostratinomic processes, influenced by the nature

of the sedimentary paleoenvironment at the site where the animal

died (which can hinder fossilization) and the transport carcasses to

different assemblages, will determine the number of specimens

preserved in place and, consequently, estimated species richness

[62–65] – but may also generate random patterns of species

distributions. Thus, fossiliferous formations with low species

richness or a set of under-sampled taxa could provide insufficient

paleoecological data, making any structuring of assemblages of

extinct species undetectable.

The analysis of size-overlapping in this study indicated a lack of

structure in the Titanosauria assemblage, suggesting that the sizes

of these dinosaurs were not a determinant factor for species

coexistence in time and space. The random patterns attributed to

body size overlapping among vertebrates in general may be due to

local extinctions, non-limited food availability, or reduced

population sizes [36]. Other factors such as genetic drift, invasion,

or colonization by other species can also cause these patterns in

terrestrial vertebrate assemblages [66].

Ecological differences between sauropod lineages could also

have been associated with certain morphological attributes, such

as body size and differences in dentition, shape of the necks and

cranial morphology [7,14,67–68]. Morphological variations be-

tween species that coexisted in a given area can direct the

utilization of certain types of resources, establishing guilds of

morphologically similar species and determining the levels of

overlap between them [61].

Figure 2. Frequency distribution of checkerboard C-scores obtained from 10,000 simulations produced by randomizations of
titanosaurian assemblages. Arrow indicates the observed mean and P is the probability of the observed mean to be statistically greater than that
expected.
doi:10.1371/journal.pone.0108307.g002
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Competitive interactions for food resources and habitat

utilization in bird assemblages can become reduced through

morphometric variations related to the size and shape of the beak,

the length of metatarsus, or body size [69]. The morphological

differences between phylogenetically closely related species in

lizard assemblages in Central America contributed to their

segregation with respect to microhabitat utilization [70]. Thus,

morphological variations will significantly contribute to niche

segregation between species, making assemblage coexistence

Figure 3. Observed and expected size overlap of Titanosauria species during the Late Cretaceous in South America. The dimensions
used were minimum segment length and variance in segment length, with values log transformed. The arrows indicate observed means and P
indicates the probability that the observed value is greater than the expected value (10,000 simulations).
doi:10.1371/journal.pone.0108307.g003
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possible and determining how available resources in the environ-

ment will be utilized by each species [71].

Another important aspect that should be taken into consider-

ation concerns possible historical effects on South American

titanosaurian assemblages that occurred during the Late Creta-

ceous. The preference for, and utilization of, particular resources

by Titanosauria lineages could have been strongly influenced by

the evolutionary histories of the different clades. Phylogenetic

effects include important processes that will determine the

ecologies of large numbers of species (as opposed to putative

interactions between members of the assemblage in terms of the

utilization of available resources), reflecting the evolutionary

histories of different lineages that diverged over millions of years

[72–73]. Body size is strictly related to phylogenetic structures in

different clades, suggesting that stabilizing selection processes may

have been involved in the evolution of this character – which

would be expected, as body size correlates with various ecological

attributes and the life histories of the species [74].

Conclusions

It is possible to conclude that the species richness of

Titanosauria during the Late Cretaceous in South America was

influenced by various ecological processes associated with the

extinction events of various sauropods groups during this period

and habitat structures that provided support for the maintenance

of high species diversity in the assemblage. The observed patterns

of co-occurrence and size overlapping suggest the existence of

random processes and a lack of structuring in this assemblage. It is

likely that these processes originated from phylogenetic inertia,

associated with the occurrence of stabilizing selection, and that

extinction events and historical factors had important roles in the

formation of titanosaurian assemblages during the Late Creta-

ceous, more than did strictly ecological factors. Nonetheless,

diagenetic and biostratinomic processes (influenced by the nature

of the sedimentary paleoenvironment) can cause random species

distribution patterns, making structuring of those undetectable.

Supporting Information

Table S1 Species of Titanosauria recorded in the
stratigraphic formations of the Late Cretaceous in South
America. The number of recorded fossils (n) and whole

information were obtained from the matrix of data available in

the Paleobiology Database [1] and in the literature.
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41. Martinelli A, Forasiepi AM (2004) Late Cretaceous vertebrates from Bajo de

Santa Rosa (Allen Formation), Rı́o Negro province, Argentina, with the
description of a new sauropod dinosaur (Titanosauridae). Rev Mus Argen Cienc

Nat 6(2): 257–305.
42. Paleobiology Database (2000) Available: http://www.paleodb.org/cgi-bin/

bridge.pl. Accessed 25 January 2013.

43. Peczkis J (1995) Implications for body-mass estimates for dinosaurs. J Vert
Paleontol 14: 520–533.

44. Mazzetta GV, Christiansen P, Fariña RA (2004) Giants and bizarres: Body size
of some southern South American Cretaceous dinosaurs. Hist Biol: 1–13.

45. Wedel MJ (2005) Postcranial pneumaticity in sauropods and its implications for

mass. In: Rogers KA, Wilson JA, Editors. The Sauropods: Evolution and
Paleobiology. 201–228.

46. Sander PM, Christian A, Clauss M, Fechner R, Gee CT, et al. (2011) Biology of
the sauropod dinosaurs: the evolution of gigantism. Biol Rev 86: 117–155.

47. Colwell RK, Coddington J (1994) Estimating terrestrial biodiversity through
estrapolation. Phil Trans R Soc B 345: 101–118.

48. Walther BA, Moore JL (2005) The concepts of bias, precision and accuracy, and

their use testing the performance of species richness estimators, with literature
review of estimator performance. Ecogaphry 28: 815–829.

49. Colwell RK (2005) EstimateS: Statistical estimation of species richness and
shared species from samples, version 7.5. Available: http://purl.oclc.org/

estimates. Accessed 20 June 2013.

50. Behrensmeyer AK, Kidwell SM, Gastaldo RA (2000) Taphonomy and
paleobiology. Paleobiology, 26: 103–147.

51. Stone L, Roberts A (1990) The checkerboard score and species distributions.
Oecologia 85: 74–79.

52. Gotelli NJ (2000) Null model analysis of species co-occurrence patterns. Ecology
81(9): 2606–2621.

53. Simberloff DS, Boecklen W (1981) Santa Rosalia reconsidered: Size ratio and
competition. Evolution 35: 1206–1228.

54. Mannion PD, Upchurch P (2010) A quantitative analysis of environmental

associations in sauropod dinosaurs. Paleobiology 36(2): 253–282.

55. Noto CR, Grossman A (2010) Broad-Scale Patterns of Late Jurassic Dinosaur
Paleoecology. PLoS ONE 5(9): 1–11.

56. Lieberman SS (1986) Ecology of the leaf litter herpetofauna of a neotropical rain
forest: La Selva, Costa Rica. Acta Zool Mex 15: 1–72.

57. Connor EF, Simberloff D (1979) The assembly of species communities: Chance

or competition. Ecology 60: 1132–1140.

58. Gotelli NJ, Buckley NJ, Wiens JA (1997) Co-occurrence of Australian land birds:

Diamond’s assembly rules revisited. Oikos 80(2): 311–324.

59. Farlow JO, Pianka ER (2002) Body size overlap, habitat partitioning and living
space requirements of terrestrial vertebrate predators: implications for the

paleoecology of large theropod dinosaurs. Hist Biol 16(1): 21–40.

60. Horner-Devine MC, Silver JM, Mathew AL, Bohannan BJM, Colwell RK, et al.

(2007) A comparison of taxon co-occurrence patterns for macro- and
microorganisms. Ecology 88(6): 1345–1353.

61. Tiho S, Josens G (2007) Co-occurrence of earthworms in urban surroundings: A

null model analysis of community structure. Euro J Soil Biol 43: 84–90.

62. Behrensmeyer AK, Kidwell SM, Gastaldo RA (2000) Taphonomy and

paleobiology. Paleobiology, 26: 103–147.

63. Fiorillo AR, Eberth DA (2004) Dinosaur taphonomy. In: Weishampel DB,
Dodson P, Osmólska H, editors. The Dinosauria, 2nd ed. Berkeley and Los

Angeles: University of California Press. 607–613.

64. Edinger EN (2003) Fossilization Processes: Bioerosion. In: Briggs DEG,

Crowther PR, editors. Palaeobiology II: Blackwell Publishing company, Berlin,
Germany. 273–277.

65. Behrensmeyer AK (2003) Taphonomy: Terrestrial Vertebrates. In: Briggs DEG,

Crowther PR, editors. Palaeobiology II: Blackwell Publishing company, Berlin,
Germany. 318–321.

66. Strong DR, Szyska LA, Simberloff DS (1979) Tests of community-wide
character displacement against null hypotheses. Evolution 33: 897–913.

67. Sereno PC, Wilson JA, Witmer LM, Whitlock JA, Maga A, et al. (2007)

Structural Extremes in a Cretaceous Dinosaur. PLoS ONE (11): 1–9.

68. Whitlock JA (2011) Inferences of Diplodocoid (Sauropoda: Dinosauria) Feeding

Behavior from Snout Shape and Microwear Analyses. PLoS ONE 6(4): 1–20.

69. Piratelli AJ, Melo FP, Caliri RF (2001) Dados morfométricos de aves de sub-
bosque da região leste de Mato Grosso do Sul. Rev Bras Zool 18(2): 305–317.

70. Losos JB (1992) The evolution of convergent structure in Caribbean Anolis
communities. Syst Biol 41: 403–420.

71. Miller JR, Cale P (2000) Behavioral mechanisms and habitat use by birds in a

fragmented agricultural landscape. Ecol Appl 10: 1732–1748.

72. Vitt J, Pianka ER (2005) Deep history impacts present-day ecology and
biodiversity. PNAS 102(22): 7877–7881.

73. Colston TJ, Costa GC, Vitt LJ (2010). Snake diets and the deep history

hypothesis. Biol J Linn Soc 101: 476–486.

74. Diniz-Filho JAF, Vieira CM (1998) Padrões e processos na evolução do tamanho

do corpo em carnı́voros (Mamalia) da América do Sul. Rev Bras Biol 58(4): 649–
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