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Although ecological stability has been widely studied in the fossil record, it has seldom been analyzed in
trilobite dominated communities. We test stability in these communities from the Upper Cambrian–Lower
Ordovician of the Cordillera Oriental, Northwestern Argentina. The studied interval spans approximately
5 ma. and for this analysis it was divided in four smaller scale informal intervals of approximately 1.5 to
2 ma. Sampling covers a wide geographic area of ~7000 km2 in each time bin. In order to analyze ecological
stability, we tested for patterns predicted from the hypothesis of coordinated stasis and habitat tracking.
For the analysis of coordinated stasis we studied taxonomic turnover. Migrations and evolutionary turnovers
based on the regional and global occurrence of taxa were assessed. Results indicate important rates of immi-
gration and emigration, highlighting the relevance of migration in the assembly of the meta-community. The
percentage of carryovers and holdovers was variable between intervals and did not show a bimodal pattern,
contradicting the coordinated stasis model. In addition, an ordination analysis performed with correspon-
dence analysis suggests that each interval has an idiosyncratic genus composition.
In order to test the model of habitat tracking, an analysis of the stability of biotic gradients and the environ-
mental fidelity of stenotopic taxa was conducted. We carried out a Mantel test to analyze the recurrence of
taxa present in different intervals. The results showed that taxa are grouped differently in every interval, in-
dicating instability of biotic gradients. We also performed a gradient analysis for each interval and compared
intervals with each other using a Procrustes analysis. Results of this analysis indicate that taxa respond indi-
vidualistically to environmental changes. Moreover, high Procrustes errors are present in rare taxa. Because
rarity is largely related to niche breadth, this result suggests that many stenotopic taxa had little environmen-
tal fidelity.
Overall, this study suggests that migration appears to be of great importance in the composition of local and
regional communities, and that the biotic gradients formed in each interval had a distinct composition and
structure. Such compositional and ecological instability do not show convincing evidence to support coordi-
nated stasis. Finally, the concept of individualistic habitat tracking is more clearly understood in light of
metacommunity processes such as dispersal and habitat preferences, rather than as a process by itself.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Discussions about the (in)stability of communities and the mech-
anisms underlying community assembly date back a long time. This
dispute has persisted for almost 80 yr in the field of ecology since
the competing views of Clements (1916) and Gleason (1926) were
first published. While Clements (1916) proposed that communities
were highly integrated entities, Gleason (1926) stated that communi-
ties were aggregated of sp that respond individualistically.

Despite the great deal of ecological research, the importance of
random vs. predictable assembly of communities is still a matter
of controversy in ecology (Hubbell, 2001; Ricklefs, 2008; Vellend,
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2010). Whittaker (1952, 1956) and Bray and Curtis (1957), pointed
out that along environmental gradients species abundances varied in-
dependently. Later, Ricklefs (1987, 2008) and colleagues (Ricklefs and
Schluter, 1993) showed that local communities also depend on
regional dynamics and historical processes. Finally, Hanski (1982),
Pulliam (1988, 2000), Hubbell (2001), and Leibold et al. (2004)
among others, showed how dispersal affects local community compo-
sition and interactions among species.

Although this neontological evidence mostly favor a “Gleasonian”
community dynamic at ecological time scales, it is still difficult to as-
certain what happens at evolutionary time scales. The debate about
stability of communities in the fossil record also dates back a long
time (see reviews of the subject in (Johnson, 1972; Hoffman, 1979;
Miller, 1990; Springer and Miller, 1990). The “Gleasonian” view has
been supported by several authors such as Hoffman (1979), Miller
(1990), Buzas and Culver (1994, 1998), Bambach and Bennington
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Fig. 1. Map of South America indicating the location of the Central Andean Basin and
Cordillera Oriental. Modified from Balseiro et al. (2011a).
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(1996); Bennington and Bambach, 1996), Olszewski and Patzkowsky
(2001), among others. According to these authors, relative abun-
dances vary continuously along the environmental gradients, with
communities representing an epiphenomena caused by the overlap
of the ranges of different species (Hoffman, 1979; Olszewski and
Patzkowsky, 2001).

Most claims about community stability in the fossil record are in
accordance with the “Clementsian” idea. Brett and colleagues (Brett
and Baird, 1995; Morris et al., 1995; Brett et al., 1996) called attention
to a pattern of stability in faunal composition and morphology
through several millions years which they termed coordinated stasis.
To explain these dynamics of stability and community replacement
through time, Morris et al. (1995) proposed the mechanism of eco-
logical locking. This mechanism assumed that interspecific interac-
tions generate the observed stability in relative abundance and
morphological evolution. Only when an event was important enough
to destabilize communities, did speciation occur in most taxa and a
new ecological structure in the composition and relative abundance
appeared. The process of ecological locking has been substantially
discussed and today it is no longer considered valid (Dimichele et
al., 2004; Brett et al., 2007b). However, how general the pattern of co-
ordinated stasis is and why does it pertain in some cases and not in
others is still a matter of discussion (Brett et al., 2009; Ivany et al.,
2009).

The authors defending long-term community stability claim that
the habitat tracking is a fundamental process (Brett et al., 1990,
2007b; Brett, 1998). This concept has been widely discussed and re-
vised over its history. At the beginning it referred to the tracking of
a particular environment by a given biofacies (i.e., a set of taxa)
along transgressive–regressive cycles of different orders (Brett et al.,
1990; Brett, 1998). Nevertheless, different studies provided a consid-
erable amount of evidence against the persistence of biofacies as ho-
mogeneous units (Bennington and Bambach, 1996; Holterhoff, 1996;
Olszewski and Patzkowsky, 2001) and highlighted the individualistic
response of taxa to environmental changes (Hoffman, 1979; Jackson
and Overpeck, 2000).

Brett et al. (2007b) suggested that habitat tracking is an important
mechanism that explains biotic replacements in certain shallow ma-
rine settings, and drew attention to the confusion between the pro-
cess of habitat tracking and the pattern of biofacies replacement
that such process explains. These authors remarked the notion that
some biofacies can recur with considerable fidelity in depositional cy-
cles related to sea-level changes. However, one significant point
emerging from the review by Brett et al. (2007b) is the emphasis
placed in the individualistic environmental preferences of taxa, with
habitat tracking of the biofacies as a whole only a consequence.
Upon this criterion, biofaces are not integrated entities that track
shifting environments, instead, they result from the grouping of spe-
cies with closely overlapping habitat preferences.

On the other hand, those authorswho favor amore dynamic view of
communities over time, emphasize dispersal as a major factor deter-
mining the composition of communities (Miller, 1990; Buzas and
Culver, 1998). This notion is tied to the concept of metacommunity, re-
cently proposed to explain the ecological dynamics at different scales
(Leibold et al., 2004; Chase and Bengtsson, 2010; Vellend, 2010). In
this context, interactions among species and their functional attributes
play an important role in community assembly, but composition is not
necessarily constant because the different taxa become locally extinct
and their presence depends on the dispersal from other local communi-
ties or from a taxon-pool (Buzas and Culver, 1994, 1998). From now on,
we will refer to such idea as assembly–disassembly.

Studies of communities stability in the fossil record are generally con-
centrated in the post-Middle Ordovician Paleozoic (e.g., Bennington and
Bambach, 1996; Patzkowsky and Holland, 1997; Olszewski and
Patzkowsky, 2001; Brett et al., 2007a; Ivany et al., 2009), Mesozoic
(Tang and Bottjer, 1996), and Cenozoic (e.g., Valentine and Jablonski,
1993; Jackson et al., 1996; Stanton and Dodd, 1997; Buzas and Culver,
1998; Jackson and Overpeck, 2000), while typically Cambrian trilobite
dominated communities have received little attention (Westrop,
1996). This is particularly relevant given that these communities differ
in many ecological characteristics with respect to post-Cambrian ones.
These are, among others, low alpha and beta diversity (Bambach, 1977;
Sepkoski, 1981, 1988), the simplicity of their taxon abundance distribu-
tions (Wagner et al., 2006), low evenness (Peters, 2004), low ecospace
occupation (Bambach et al., 2007) and the high evolutionary turnover
rates of trilobites which are the dominant group (Foote, 1988).

This contribution addresses the study of stability in trilobite com-
munities in the Cambrian–Ordovician boundary interval from the
Argentinian Cordillera Oriental (Fig. 1) during a time period close to
5 ma. from Late Furongian (Stage 10) to middle Tremadocian (Tr2).
This basin has a complex tectosedimentary history (Astini, 2003,
2008; Egenhoff, 2007), where high sedimentation rates and variabil-
ity in depositional environments represent an interesting challenge
to analyze ecological patterns. The advanced taxonomic study of the
trilobite faunas (Harrington and Leanza, 1957; Tortello and Esteban,
2003; Waisfeld and Vaccari, 2003) and the recent understanding of
ecological patterns at smaller scales (Balseiro et al., 2011a,b) provide
an excellent opportunity to study the stability of trilobite dominated
communities.
2. Geological setting

The Central Andean Basin corresponds to a retroarc foreland basin
located on the western margin of Gondwana during the Paleozoic
(Fig. 1; Astini, 2003, 2008; Egenhoff, 2007). It is made up of different
depocenters of a foreland basin, in which the Cordillera Oriental corre-
sponds to the peripheral bulge. Regionally the basin shows significant
variations in depositional environments along an east–west transect.
Towards the western sections exposed in the Puna, volcaniclastic
and turbidite systems are recorded (Buatois et al., 2009). In the central
belt, corresponding to the Cordillera Oriental, shallow marine
systems are present. Finally, towards eastern localities in the Sierras
Subandinas, deltas and estuaries become predominant (Astini, 2003,
2008; Egenhoff, 2007).

In particular, in the Cordillera Oriental a siliciclastic platform
corresponds to a low angle ramp, with high sedimentation rates
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recording deep to shallowmarine environments, alternating to a less-
er extent with the development of estuarine and deltaic systems
(Buatois et al., 2006; Egenhoff, 2007). Due to the complex facies mo-
saic present in this region, the lithostratigraphic nomenclature is ex-
tremely diverse. The most widely accepted unit is the Santa Victoria
Group (Turner, 1960). The lower part of this group corresponds to
the Santa Rosita Formation, which is the main unit studied in this
work.

The Santa Rosita Formation is subdivided into six members name-
ly the Tilcara, Casa Colorada, Pico de Halcón, Alfarcito, Rupasca, and
Humacha (Buatois et al., 2006). In western localities, where the se-
quences tend to be somewhat deeper, there are numerous equivalent
units (Fig. 2). The interval studied in this contribution, corresponds to
the lower five members of the Santa Rosita Formation and their
equivalents, and is constrained between the Cordylodus proavus
biozone (Late Furongian) and the Paltodus deltifer pristinus subzone
(Tr2, Bergström et al., 2009; Fig. 2).

The sequence stratigraphy of this interval is complex and has not yet
been definitively resolved. However, recent contributions from Astini
(2003, 2008), Buatois et al. (2006); see also Mángano and Buatois,
2003, 2004; Mángano et al., 2005) and Egenhoff (2007) provide a gen-
eralized framework for low-order sequences with basinwide signals.
The succession begins with deltaic systems to the east (Buatois et al.,
2006) and shoreface settings to the west (Buatois et al., 2003), namely
the Tilcara Member and Padrioc Formation respectively. A major re-
gional transgression is recorded across the Cordillera Oriental at the
base of Member Casa Colorada and its equivalent, the Lampazar Forma-
tion (Astini, 2003; Buatois et al., 2006). Above these units there is a
forced regression and the consequent shallowing is represented by
shoreface environments in the western sections and deltas towards
the east (Buatois et al., 2003, 2006).

Another major regional transgression is present at the base of
Alfarcito Member and equivalent units (Fig. 2; Astini, 2003; Mángano
and Buatois, 2003) and possibly coincideswith the Cambrian–Ordovician
boundary (Tortello et al., 2002). The Alfarcito Member records at least
four depositional sequences (Marengo, 2011) during the whole lower
Tremadocian (Tr1 of Bergström et al., 2009).

Finally, a third transgressive event of regional importance is
recorded at the base of the Rupasca Member in the eastern sections
(Buatois et al., 2006) and the Saladillo Member in the region of
Pascha-Incamayo (Tortello and Rao, 2000). The latter event would
have taken place during the Middle Tremadocian (Tr2) as it coincides
with the Paltodus deltifer pristinus subzone (Zeballo et al., 2005). In
its type section the Rupasca Member preserves a stepwise transgres-
sion subdivided into three depositional sequences (Buatois et al.,
2006). However, in other localities this trend is not evident and
shallower environments are recorded (Balseiro et al., 2011a). In the
Fig. 2. Correlation chart of the intervals used, regional biostratigraphy and lithostratigraphy.
Modified from Waisfeld and Vaccari (2008) and Vaccari et al. (2010).
western localities no stratigraphic record younger than early Tr1 is pre-
served due to development of the Tumbaya Tectophase represented by
a major regional unconformity (Moya and Monteros, 2000; Astini,
2003). This implies that the record of late Tr1 and Tr2 is restricted to
the central and eastern sections. In certain central locations this interval
is represented by shallow marine systems, conglomeratic wedges and
even deep marine environment (Astini, 2003, 2005; Tortello and Rao,
2000), evincing a complex paleotopography in the region (Astini,
2008). This contribution is focused on the Cambrian–Ordovician bound-
ary interval. To get a more refined chonostratigraphic framework we
considered four intervals based on trilobite, conodont, and graptolite
biostratigraphy. The boundaries between these intervals often corre-
spond with major sequence boundaries described in the Cordillera Ori-
ental. These intervals and their correlation with lithostratigraphic units
in the study areas are shown in Fig. 2.
2.1. Data

2.1.1. Dataset
Our dataset is based on presence–absence of trilobite genera.

More than one hundred samples were obtained from thirteen differ-
ent localities along the Cordillera Oriental. All samples were obtained
from fair-weather shale intervals not exceeding 20 cm thick. This
procedure intended to avoid, as far as possible, distortions due to
time averaging or other taphonomic signatures that can alter the bio-
logical patterns. In order to obtain as many samples as possible per in-
terval and greater geographic and environmental coverage, we added
to our dataset samples obtained from literature sources. We selected
contributions, which explicitly indicated that the samples were
obtained from shale intervals. The main source used was a mono-
graph by Harrington and Leanza (1957) from which 142 samples
were available. In addition another 56 samples were obtained from
Tortello et al. (1999), Tortello and Rao (2000), Zeballo and Tortello
(2005), and Esteban and Tortello (2007). Because literature sources
do not indicate relative abundances, the dataset is based on presence–
absence information. The final matrix has 307 samples and 1098 occur-
rences, 118 samples come from the Furongian, 86 from early Tr1, 49
from late Tr1, and 54 from Tr2.

While relative abundances provide crucial information for paleo-
ecological studies (Ludvigsen et al., 1986), results based on presence–
absence are also usually as reliable as those based on abundance
(Olszewski and Patzkowsky, 2001; Balseiro et al., 2011a). In turn, recent
reviews show that the proportion of occurrences at the regional level
(occupancy) is highly correlated with local abundance (Gaston et al.,
2000), so the first can be used as a reliable proxy for estimating the
second.
Stage slices based on Bergström et al. (2009), lithostratigraphy based on Astini (2003).
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Discussions concerning the stability of communities are typically
based on species as the taxonomic unit of analysis (Bonuso et al.,
2002a,b; Brett et al., 2007a; Ivany et al., 2009), while here we study
these patterns at the generic level. Recent studies show that biotic
gradients can be studied even at familial level (Terlizzi et al., 2009;
Forcino et al., 2010) and contributions using genera instead of species
have been very useful for the study of compositional stability in the
fossil record (Westrop, 1996; Olszewski and Patzkowsky, 2001;
Olszewski and Erwin, 2009). Since we are using genera, our analysis
is conservative in favor of stability. This means that we can be sure
of our result if we show that there is no stability in biotic gradients.
If our results suggest stability, it is still possible that a pattern of insta-
bility cloud exist at the species level.

2.1.2. Geographic and environmental coverage
Fig. 3 shows the geographical coverage of the dataset. Themaximum

geographical coverage is for the Furongian (~7750 km2). For the early
Tr1 the coverage decreases (~6750 km2), although the overall size of
the sampled area is notmuch smaller than for the Furongian.Most sam-
ples from these two intervals come from shelf and offshore environ-
ments, while fewer were obtained from the offshore transition and
none from the shoreface. During the late Tr1, there is also fairly good
geographic coverage (~7000 km2). However, the upper part of this in-
terval is not registered towards the west due to the “Tumbaya Break”.
Samples from the late Tr1 are concentrated in the offshore, while
shelf, offshore transition and shoreface contain few samples. Finally,
the Tr2 has a similar geographic coverage (~7000 km2). Although
there are a relatively high number of localities, they are concentrated
in the central region of the Cordillera Oriental. The environmental cov-
erage of the Tr2 samples ranges from shelf to lower shoreface.

3. Analytical methods

We used two different approaches to study faunal stability be-
tween intervals. First, we studied the number of taxa surviving and
migrating in each time interval. Second, we used multivariate tech-
niques to study the biotic gradients. We performed and compared dif-
ferent ordination analyses and conducted a Mantel test.

3.1. Migration and turnover

Using a similar approach to that of Buzas and Culver (1998), we
studied the number of taxa immigrating, originating, emigrating and
going extinct in each time interval. To calculate these indices we tab-
ulated the worldwide FAD and LAD of each genus. We constructed a
genus-level pool using the ranges of all taxa that are present in the
basin between the Upper Furongian and the Tr2. Genera pool for
each interval was calculated as the percentage of genera from the en-
tire generic pool. Originations, extinctions and migration in this study
are defined in the following way. Originating taxa have their regional
and global first appearance in the interval. Taxa going extinct have
their regional and global last appearance in the interval. Immigrating
taxa are those taxa that in a given interval were absent in the basin
but present elsewhere worldwide, and occur in the basin in later in-
tervals. Emigrating taxa are present in a given interval, regionally ab-
sent in the succeeding interval but present elsewhere in the world.

Carryover taxa are present in the basin in an interval and in the sub-
sequent one (i.e. those taxa that survive locally to the next interval).
Holdovers are those taxa present in the basin in an interval and in the
previous one (i.e. those taxa that survive from the previous interval).
The number of holdovers and carryovers for each interval are calculated
using diversity, originations, extinctions, immigrations and emigrations
in the following way:

Carryovers Diversity–Extinctions–Emigrations
Holdovers Diversity–Originations–Immigrations
Because in the Cordillera Oriental there is no Upper Cambrian
stratigraphic record previous to the latest Furongian, we assumed
that all taxa in the Furongian were either immigrants or originations,
and no surviving taxa are tabulated. Furthermore, emigrating taxa
were not calculated for the Tr2 because we did not analyze younger
intervals, although the stratigraphic record in the basin continues.

3.2. Analysis and comparison of ordinations

To display the spatio-temporal turnovers among intervals we carried
out an ordination analysis using a Correspondence Analysis (CA)
(Legendre and Legendre, 1998). Other ordination methods (namely
NMDS and DCA) are also commonly used in paleoecological literature
(Jackson et al., 1996; Holland and Patzkowsky, 2007). In our casewe pre-
fer to use CA because it has the fundamental advantage of superimposing
a priori species and samples in the same multidimensional space
allowing a direct comparison between them (Fall and Olszewski,
2010). In any case, performing the same analyses using NMDS or DCA
yielded qualitatively very similar results. A preliminary ordination anal-
ysis indicated that the sample S.Ros12–P13 was an outlier, hence it was
removed from all ordination analyses. For this study we analyzed the
dataset in two different ways. First, we conducted a CA with all samples
from all intervals to observe the relationship between temporal and spa-
tial turnovers at a large scale.

Second, we carried out an ordination analysis of each interval
alone. To analyze the stability in the structure of biotic gradients be-
tween intervals, we compared ordinations using a Procrustes analysis
(Legendre and Legendre, 1998). This analysis is typically used in geo-
metric morphometric studies (Zelditch et al., 2004), but has also been
implemented to compare ecological ordinations (Legendre and
Legendre, 1998; Peres-Neto and Jackson, 2001). The Procrustes anal-
ysis consists of finding a configuration where a given ordination has
the minimum difference to another one. To do this, one of the ordina-
tions is rotated, moved and scaled in relation to the other one which
is used as the reference (Legendre and Legendre, 1998). Both ordina-
tions must be composed of the same elements, since the differences
between ordinations are measured as the square of the distances be-
tween the homologous elements. Such differences between elements
are known as Procrustes errors. Comparisons should be performed
with the same number of axes in each ordination, because transfor-
mations can not be carried out if one space has more dimensions
than the other. This analysis was conducted comparing ordinations
of successive intervals. Each ordination was performed using all sam-
ples and taxa for each interval separately. We compared the position
in the multidimensional space of the genera surviving from one inter-
val to the other. Only the first 12 axes of the ordinations were used in
the analysis, which accumulated 85% of total inertia. The Procrustes
analysis is not symmetrical and the results differ when one or the
other ordination is used as the reference (Legendre and Legendre,
1998). Therefore, we performed each comparison twice with either
ordination as the reference and the Procrustes errors were calculated
as the geometric mean. For the sake of clarity, and because superim-
position plots between both analyses did not differ much, only those
using the younger interval as the reference are shown in the results.
To study the relationship between abundance and instability along
the gradient, we examined association of each genus' Procrustes
error with its occupancy. The occupancy is the proportion of the
total samples where a given taxon is present (McGeoch and Gaston,
2002) and it is a good proxy for estimating abundance (Gaston et
al., 2000). We calculated occupancy in each temporal interval. Be-
cause taxon occupancy changes between intervals, we used the geo-
metric mean of occupancy in both intervals being compared.

Prior to the analysis all singleton taxa and monospecific samples
were removed. Preliminary analysis showed that different outlier
taxa were present in each interval, obscuring the results of the ordi-
nations. These were removed prior to the analysis. In the Furongian



Fig. 3. Maps of Cordillera Oriental indicating localities studied in this contribution. Furongiano: (1) Taique, (2) Quebrada Vizcacha, Quebrada Azul, and Quebrada Llama, (3) Quebrada Totora, (4) El Moreno, (5) Azul Pampa, (6) Quebrada de
Yacoraite, (7) Jueya, (8) Quebrada de Arenal-Trancas, (9) Quebrada Casa Colorada and Quebrada San Gregorio, (10) Matancillas, (11) Cangrejillos, (12) Yavi, (13) Río Tres Lagunas, (14) Quebrada Colorada de Fundición, (15) Iruya, (16) Río
Mesón, (17) Rio Santa Cruz, Quebrada la Escalera, and Río Negrito. Early Tr1: (1) Quebrada de Arenal-Trancas, (2) Quebrada del Salto, (3) El Moreno, (4) Quebrada Amarilla, (5) Quebrada Río Santa Victoria, (6) Cerro Lozano, and Río de
Reyes, (7) Finca San José and Yacones, (8) Quebrada de la Cruz, and Quebrada del Pingüiyal, (9) Quebrada de Lampazar. Late Tr1: (1) Quebrada de Arenal-Trancas, (2) Quebrada de Moya, (3) Quebrada Amarilla, (4) El Moreno, (5) Azul
Pampa, (6) Quebrada Rupasca, and Quebrada San Gregorio, (7) Quebrada de Huichaira-Pocoy, (8) Quebrada de Yacoraite, (9) La Caldera, and Quebrada Los Canchos, (10) Río Nazareno, (11) Pascha-Incamayo, (12) Quebrada Río Mesón,
and Quebrada Río Santa Victoria. Tr2: (1) Angosto de la Chucalezna, (2) Quebrada de Arenal-Trancas, (3) Quebrada de Casa Colorada, Quebrada Rupasca, and Quebrada San Gregorio, (4) Ruta 9, (5) Azul Pampa, (6) Quebrada Río Santa
Victoria, (7) Río Nazareno, (8) Quebrada de Parani, (9) Pascha-Incamayo.
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the genera Leiostegium, Hapalopleura and Leiagnostus were eliminat-
ed from the analysis while Geragnostus was eliminated in the early
Tr1. In the early Tr2 a group of taxa present in a few samples were
also eliminated from the analysis, namely Pyrometopus?, Ceratopyge,
Dichelepyge, Illaenopsis, and Niobia. All analyses were performed in R
(R Development Core Team, 2011). We used the functions cca() for
the CA and Procrustes() for the Procrustes analysis both in the
vegan package (Oksanen et al., 2012).

3.3. Mantel test

We also carried out a Mantel test (Legendre and Legendre, 1998)
to analyze the stability in the structure of the gradients between
time intervals. The Mantel test is designed to test the correlation be-
tween two similarity matrices using a permutation method. Here we
used 5000 permutations and the Spearman correlation because it is
nonparametric and avoids problems related to non-linearity of the
data (Dietz, 1983; Sokal and Rohlf, 1995). Because matrices must be
composed of homologous data, we used only genera common to
both intervals being compared. We ran each test twice, once with
and once without singleton taxa. The similarity matrix was made
using the Jaccard similarity (Legendre and Legendre, 1998), other dis-
tances such as the Morisita–Horn yielded identical results. The dis-
tance matrix was created with vegdist() function and the Mantel
test was performed using the mantel() function, both available in
the vegan package (Oksanen et al., 2012) for R (R Development
Core Team, 2011).

4. Results

4.1. Migration and turnover

Table 1 shows the values of diversity, immigration, originations,
emigrations, and extinctions in each interval. In every interval the
percentage of taxa from the genera-pool that are present in the
basin is rather low. The mean percentage of taxa regionally present
is 65%, ranging from ~78% in the Furongian to ~45% in the early Tr1
(Table 1).

Survivorship between intervals is not very high. The mean per-
centage of holdovers is 63%, ranging from 64% to 40%. Carryovers
show a similar pattern, ranging from 60% to 40%. No relationship be-
tween carryovers and holdovers is seen (Fig. 4). The absolute values
depend on the diversity of the interval, while relative show a different
pattern. For example, the Furongian records low percentage of carry-
overs (~40%) while the early Tr1 shows high percentage of holdovers
(~63%) when in both cases the absolute value is 12 genera (Fig. 4).
This is because diversity in the Furongian (30 genera) is higher than
in the early Tr1 (19 genera).
Table 1
Absolute and relative values of diversity of the interval (Div). diversity of the
genera-pool (Pool). Immigration (Imm), origination (Ori), emigration (Emi), and ex-
tinction (Ext).

Absolute

Div Pool Imm Ori Emi Ext

Fur 30 38 17 13 14 4
E.Tr1 19 41 4 3 5 3
L.Tr1 27 40 10 6 6 5
Tr2 25 37 6 3 NA 8

Relative

Fur 30 0.79 0.57 0.43 0.47 0.13
E.Tr1 19 0.47 0.21 0.16 0.26 0.158
L.Tr1 27 0.67 0.37 0.22 0.22 0.18
Tr2 25 0.68 0.24 0.12 NA 0.32
Although immigration and emigration are usually low (Table 1),
they are always higher than origination and extinction respectively.
It is particularly interesting that immigrants are always at least 1/3
relative to survivors, and equal in the late Tr1. These results highlight
the importance of migration in the dynamics of regional diversity in
the basin.

There are 23 taxa common to all four genera-pools, of which only
7 are present in the Cordillera Oriental in all intervals. Only three gen-
era immigrate and/or emigrate several times, and they do not immi-
grate or emigrate in groups. Pharostomina immigrates in the early
Tr1 and Tr2, and Plicatolina in the Furongian and Tr2. Leiagnostus is
the only genus both immigrating and emigrating more than once, it
does so in the Furongian and late Tr1.
4.2. Correspondence analysis of all intervals

The result of the CA is shown in Fig. 5. We can observe that time
seems to be the main factor affecting the pattern of organization in
the multidimensional space. The CA1 vs. CA2 plot (Fig. 5A) shows a
clear segregation into three groups, each one corresponding a differ-
ent time interval. A first group is composed of Furongian samples,
which group at high values of the CA1 and low values of CA2. The
early Tr1 samples determine a second group with intermediate CA1
scores and high CA2 scores. Finally, late Tr1 and Tr2 samples define
a third group at low values of both the CA1 and CA2. This clustering
of late Tr1 and Tr2, however, does not hold when analyzing the CA3
axis (Fig. 5B). On this axis all Tremadocian samples are distributed
in a temporal arrangement. Along CA3, early Tr1 samples exhibit
low scores, late Tr1 intermediate scores and Tr2 high scores.

These ordination results indicate that compositional differences
between the intervals are more important than their similarities.
Hence, we can characterize these four groups compositionally using
occupancies of taxa. The Furongian is dominated by Parabolina
(Neoparabolina), Parabolinella and Angelina with occupancies of
0.98, 0.44, and 0.35 respectively. The early Tr1 is dominated by
Jujuyaspis with an occupancy of 0.91 followed by Parabolinella with
0.54. The late Tr1 is characterized by Kainella with 0.89, while both
Asaphellus and Leptoplastides have occupancies of 0.54. Finally, the
Tr2 is clearly dominated by Leptoplastides with 0.89 while three
other taxa have occupancies higher than 0.5, namely Asaphellus
with 0.61, Parabolinella with 0.59 and Bienvillia with 0.55.
4.3. Environmental and biotic gradients in each time interval

As mentioned above, boundaries of temporal intervals coincide
with major sequence stratigraphic surfaces and the internal strati-
graphic pattern of each interval is similar. Moreover, there is not
any major environmental change that modified the structure of the
siliciclastic ramp developed in Cordillera Oriental during the Cambrian–
Ordovician (Astini, 2003), and intervals record very similar facies and
depositional environments (Astini, 2003, 2008; Buatois et al., 2006).
Therefore, environmental gradients controlling the development of biot-
ic gradients, were very similar in all time bins. The latter is an important
variable for the analysis of community stability, because if the structure
of the environmental gradient changes, then we cannot expect to have
community stability.

The structure of biotic gradients has been previously described
and discussed by Balseiro and Marengo (2008) and Balseiro et al.
(2011a,b). These contributions indicate that gradients are structured
mostly along bathymetry. It should be noted, however, that ordina-
tions performed here are not identical to those discussed in previous
contributions. The main reason is that current results are based on a
larger and revised dataset and time intervals are not exactly equiva-
lent to those previously analyzed.
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4.4. Procrustes analysis between intervals

The results of Procrustes analysis indicate rather similar patterns
of change between all comparisons. In most comparisons there is a
wide range of values of Procrustes errors. However, in some compar-
isons within the Tremadocian, namely early Tr1–Tr2 and late Tr1–Tr2,
the range of Procrustes errors are smaller. Nevertheless, the magni-
tude of Procrustes errors in all six comparisons is similar (Fig. 6).

Regarding the genera individually, it is interesting that each one
has a particular pattern of Procrustes errors between comparisons.
Some genera (e.g., Micragnostus) usually have high errors, others
(e.g., Parabolinella) have low errors, others (e.g., Parakainella) inter-
mediate errors, and finally others (e.g., Onychopyge, Hapalopleura)
have very variable magnitude of Procrustes errors (Fig. 6). In the
A

Fig. 5. Results of the Correspondance Analysis using all intervals. Note clear separation betw
CA3.
case of the agnostidMicragnostus, high Procrustes errors are expected
based on hypothesis of its ecology as being planktonic and present in
a wide range of sedimentary environments (Robison, 1972). Howev-
er, this pattern should be also expected for other agnostids, as
Geragnostus and Gymagnostus, that typically have low Procrustes
errors indicating rather stable positions in the gradients. The opposite
pattern is seen in Hapalopleura. Although some authors have pro-
posed its restriction to deep environments (Fortey and Cocks,
2003), in our results it may show high Procrustes errors indicating
important changes in its position along biotic gradients.

In the superimposition plots (Fig. 7) we can observe that in most
cases the patterns of change between ordinations are different. It is
interesting that the comparisons of Furongian with the late Tr1 and
the Tr2 have very similar patterns (Fig. 7). In most superimposition
B

een groups of samples coming from the same time interval. A) CA1 vs. CA2. B) CA1 vs.
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Fig. 6. Procrustes errors of each genera in each of the six comparisons. Horizontal solid line indicates median and dashed lines lower and upper quartiles.
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plots we can observe that there are variable directions of change.
Those taxa with high Procrustes errors tend to have opposite or per-
pendicular directions, indicating that they do not respond in groups.

All in all, Procrustes analysis shows that taxa in general do not have
constant magnitude and directions of Procrustes errors between com-
parisons and that taxa with high Procrustes errors do not have similar
directions of errors. These patterns suggests that (1) taxa do not hold
stable patterns of response to environmental changes, and (2) taxa be-
have individualistically when facing environmental changes.

4.5. Procrustes errors and occupancy

Fig. 8 shows the results of the association between Procrustes
errors of the genera in each of the six comparisons between time in-
tervals vs. their mean occupancy in the same intervals. No clear corre-
lation is observed (Fig. 8). Several taxa with low occupancy values
have very different values of Procrustes errors (Fig. 8A and B). Only
in the late Tr1–Tr2, there seems a correlation (Fig. 8C). There is,
however, a particular feature shared by all six plots. Taxa having the
very high values of Procrustes error always have extremely low occu-
pancies, while those with high occupancies have usually very low
Procrustes errors (Fig. 8). Indeed, no genera plot in the upper right
corner of the graphs (Fig. 8).

4.6. Mantel test

Results of the Mantel test are shown in Table 2. We can see that
these results indicate intervals have very low correlation values, all
of which are not significant based on a sequential Bonferroni correc-
tion (Quinn and Keough, 2002). Even in the case of Late Tr1–Tr2,
when survivorship is quite high (Table 2), correlation is insignificant
indicating that taxa are not associated equally in successive intervals.
This means that each genus tends to occur with a different set of taxa
at each interval. We should note that these results do not mean that
at each interval a given set of taxa consistently co-occur without var-
iation and that these group(s) change between successive intervals. It
is possible that in both intervals the co-occurrences of taxa are ran-
dom. In such case, Mantel's test would indicate that intervals are
uncorrelated. Only a significant correlation would imply a clear inter-
pretation, i.e. that taxa are associated equally in both intervals. The
latter pattern is expected by community stability; hence by accepting
the null hypothesis we can assume that stability is not the rule here.
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Fig. 7. Superimposition plots of each comparison. Points indicate the position of the taxa in the younger interval and arrows in the older interval. The length of the arrow indicates
the amount of Procrustes error. Note the variability in the direction and magnitude of Procrustes errors in most comparisons. A) Furongian–Early Tr1. B) Early Tr1–Late Tr1. C) Late
Tr1–Tr2. D) Furongian–Late Tr1. E) Furongian–Tr2. F) Early Tr1–Tr2.
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5. Discussion

As explained above, community stability involves two distinct but
related variables. First, the composition between different intervals
should not change substantially (Brett and Baird, 1995; Brett et al.,
1996). Second, these species should conform to biotic gradients that
recur in time accompanying environmental changes (mainly sea
level changes) (Morris et al., 1995; Brett et al., 1996, 2007a).

The overall pattern of coordinated stasis is one of time intervals
where change is minimal, separated by short times of restructuring
and speciation (Brett et al., 1996). Such units, called Ecological Evolu-
tionary Subunits (EESUs), have approximate durations of 5 ma. (Brett
et al., 2009; Ivany et al., 2009). The four intervals analyzed in this
contribution have together an approximate duration of 5 ma., there-
fore comparable to a single EESU studied by Brett et al. (1996,
2009), Bonuso et al. (2002a,b), and Ivany et al. (2009) in the Middle
Devonian Appalachian Basin, where coordinated stasis was originally
defined.

5.1. Stability in faunal composition

Brett and colleagues (Brett and Baird, 1995; Brett et al., 1996,
2009; Ivany et al., 2009) argue that in the context of coordinated sta-
sis, the EESUs exhibit very low turnover and are separated by very
short intervals of high turnover. Hence, samples coming from similar
environmental settings tend to be compositionally very similar dur-
ing long time intervals (Brett et al., 2007a; Ivany et al., 2009). In
this study the results of the CA using all data suggest, at first glance,
that there is a clear differentiation between the intervals relative to
their composition.

The analysis of taxonomic turnover indicates a high degree of ge-
neric replacement among intervals. Such rates contrast with the pre-
dictions of coordinated stasis. The values we found at the boundaries
of the four time intervals are of the same magnitude as those at the
boundaries of EESUs (Brett et al., 2009). However, as mentioned
above, individual intervals are much shorter than most EESUs from
the Appalachian Basin. Eventually, we could have expected a single
event of high turnover while all other interval boundaries recorded
low turnover. However that is not shown in our results because all
boundaries have similar amount of turnover. The somewhat high re-
gional turnover observed in our results occurs regardless that many
taxa (23 genera) are present in the genera-pool in all four time inter-
vals, indicating the relevance of migration in the assembly of commu-
nities. Moreover, our results do not show a pattern of bimodal
turnover, which is expected in the scenario of coordinated stasis
(Brett and Baird, 1995).

Although this evidence favors compositional instability at time
scales of 5 ma., it could be possible that stability is present at a
lower temporal resolution. Each of the four ~1.5 to 2 ma. intervals an-
alyzed in this study could be analogous to Middle Devonian EESUs.
This could mean that blocks showing compositional stability were
shorter for the Cambrian–Lower Ordovician faunas than for the Mid-
dle Paleozoic. In fact, some recent results have shown that even a few
of the EESUs in the Middle Devonian last for approximately 1 to 2 ma.



Fig. 8. Genera Procrustes errors vs. their occupancy for each of the six comparisons. Note that no genera plot in the upper right corner of the graphs.
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(Brett et al., 2009). Unfortunately, the complicated regional strati-
graphic framework in the Cordillera Oriental prevents studies at
such fine scale. Hence, at this stage, we can only assert that commu-
nities in the Cordillera Oriental do not show stability at temporal
scales similar to most of the EESUs defined for the Middle Devonian
of North America (Brett et al., 2009).

On the other hand, the dynamics of immigration and emigration
also indicate instability in the composition of metacommunities. In
the context of coordinated stasis and habitat tracking, we might ex-
pect that taxa migrate in groups in and out of the basin, following en-
vironmental changes (Buzas and Culver, 1998). Our results do not
Table 2
Results of the Mantel test. Upper values indicate Spearman's correlation value. Lower
values indicate probabilities. All probability values are insignificant based on a sequen-
tial Bonferroni correction.

Without singletons

Furongian Early Tr1 Late Tr1 Tr2

Furongian – 0.1945 0.3415 0.04172
Early Tr1 0.32474 – 0.1422 0.07387
Late Tr1 0.0246 0.279 – 0.2398
Tr2 0.4046 0.3582 0.014 –

With singletons

Furongian – 0.2904 0.2012 0.1
Early Tr1 0.047 – 0.1704 0.2469
Late Tr1 0.0844 0.1816 – 0.2398
Tr2 0.253 0.0278 0.0152 –
support such a dynamic, as there is not even one pair of taxa that im-
migrate and emigrate together. As a consequence of such dynamics of
migration, each interval has an idiosyncratic generic composition al-
though most taxa persist in the genera-pool through more than one
interval.

Westrop (1996) discussed the possibility that communities domi-
nated by taxa with high turnover rates show temporal stability, com-
parable to that of coordinated stasis, at generic but not at specific
level. However, our results indicate that even at generic level, region-
al compositional stability is too low to be comparable to that expected
by coordinated stasis at time scales close to 5 ma. Moreover, our re-
sults also show that much of the generic turnover between intervals
is due to local/regional extinction and immigration and not to evolu-
tionary turnover. Hence, compositional stability is not only depen-
dent on whether taxa have high or low evolutionary turnover, but
on the openness of communities to immigration and emigration.
5.2. Stability of biotic gradients and habitat tracking

Despite the low recurrence of taxonomic composition between in-
tervals, we could expect that the few taxa surviving in different inter-
vals were arranged similarly along biotic gradients. In other words,
surviving taxa could show a pattern of biofacies recurrence similarly
to that discussed by Brett (1998; Brett et al., 2007b).

The first issue to be tackled is whether taxa respond in groups or
individually. The Mantel test and Procrustes superimposition indicate
that the taxa do not respond together to environmental changes,
being in conflict with the original conceptual framework of habitat
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tracking (Brett et al., 1990), but taxa respond individualistically as in-
dicated in other studies (Buzas and Culver, 1994, 1998; Jackson and
Overpeck, 2000; Olszewski and Patzkowsky, 2001). Once this individ-
ualistic response is established, the difficulty arises when trying to
decipher the nature of the processes underlying this pattern (Brett
et al., 2007b). There seem to be only a few ways to test if habitat
tracking is relevant or not (Brett et al., 2007b). Since it necessarily
means that the presence or absence of a taxon responds to determin-
istic processes, Brett et al. (2007b) identified five different fundamen-
tal lines of evidence in favor of it. Two of these are essential for our
study, namely; (1) the recurrence of similar biotic gradients at differ-
ent time intervals, and (2) the environmental fidelity of stenotopic
taxa.

Relative to the first test, our results indicate that surviving taxa
rarely maintain their relationships along biotic gradients. Both Pro-
crustes superimposition and Mantel tests showed that taxa are
grouped differently between intervals, not supporting a deterministic
response of biotic gradients. Hence, in each case the metacommunity
is not only reassembled by a new combination of taxa but also has a
different structure of the biotic gradient.

Second, it could be argued that the instability in biotic gradients is
caused by eurytopic taxa. Generalists can survive in awide range of con-
ditions, so they should be prone to change in their positions along the
gradients much more frequently than specialists (=stenotopes). Since
there is a positive relationship between niche breadth and abundance
of both fossil and extant taxa (Brown, 1995; McKinney, 1996; Gaston
and Spicer, 2001), we can suppose that rare taxa are themost stenotop-
ic ones. Given this scenario, we should expect that taxa having low oc-
cupancies also have little difference in their positions along gradients
(i.e. low Procrustes errors). Our results show some variability in the
magnitude of Procrustes errors, but in all cases we have found an in-
verse relationship between their maximum values and occupancy.
This relationship is in contrast to expectations for stenotopes in case
habitat tracking is an important process.
5.3. Metacommunity dynamics and habitat tracking

The observed pattern in the Cordillera Oriental could be explained
by different processes. One possibility is that the metacommunities
are governed only by strictly stochastic processes. This scenario
would match the neutral theory of biogeography and biodiversity
put forward by Hubbell (2001). However, Balseiro et al. (2011a,b)
showed that the biotic gradients in the Furongian and the Tr2 from
Cordillera Oriental were arranged along environmental gradients.
Such an arrangement is not expected by the neutral theory, but by
models that include some processes related to taxa's habitat prefer-
ences (Leibold et al., 2004; Cottenie, 2005; Chase and Bengtsson,
2010). Therefore, the possibility that metacommunities studied here-
in behave as neutral systems seems unlikely (Balseiro et al., 2011b).

A more probable scenario is one in which different groups of taxa
make up themetacommunity in each interval.Which taxawere present
or absent would be caused partially by stochastic processes such as
migration. The different combinations of taxa, coupledwith subtle envi-
ronmental changes, would yield different results of interspecific in-
teractions. This would modify the structure of the biotic gradients
(Jackson and Overpeck, 2000; Vázquez, 2005). Hence, the instability
of biotic gradients could be caused by both stochastic (migration) and
deterministic (habitat preferences and biotic interactions) processes.

Recent revisions of the concept of habitat tracking propose that
this mechanism occurs at the individual level (Brett et al., 2007b),
rather than at the community level (Brett et al., 1990; Brett, 1998).
However, by redefining this concept in an individualistic way, it
loses relevance in discussions about community stability. For exam-
ple, under such a dynamic it is quite possible that habitat tracking is
real but there is little or no recurrence of communities in time due
to small environmental changes unnoticeable in the sedimentary re-
cord (Jackson and Overpeck, 2000).

On the other hand, no one would reject the idea that taxa have a
preferred habitat and that their distribution will be somehow related
to that preference (Brown, 1995; Jackson and Overpeck, 2000;
Vázquez, 2005). As mentioned previously, the assembly–disassembly
hypothesis argues that migration plays an important role in commu-
nity composition, but never rules out the existence of deterministic
processes (Buzas and Culver, 1998). Hence, assembly–disassembly
should be envisioned as a metacommunity model taking into account
dispersal and niche related processes (species sorting, Leibold et al.,
2004), operating at larger spatial and temporal scales.

As explained by Vellend (2010) most, if not all, patterns in com-
munity ecology can be understood in light of four processes; namely,
ecological drift, dispersal, ecological selection, and speciation. Follow-
ing Vellend (2010, and references therein) ecological drift is defined
as the random changes in species relative abundances caused by pop-
ulation stochasticity, while dispersal refers to the movement of indi-
viduals across space. Ecological selection is the deterministic fitness
difference between individuals of different species, e.g. niche process-
es such as habitat preferences (Vellend, 2010).

Based on this framework, we should be able to understand habitat
tracking as a consequence of the interaction of one or more of these
four processes. As mentioned by Vellend (2010), the same pattern can
be explained by different combinations of these four processes and
many other possible explanations can be elucidated. For example, hab-
itat tracking could be a consequence of the interplay of species' dispers-
al and habitat preferences. If metacommunities were governed by
ecological selection and intermediate dispersal (i.e., species sorting
sensu Leibold et al., 2004); then with gradual environmental changes
(such as small rise and fall of sea level), we should expect at least
some species to track their preferred habitats. The latter dynamic
would yield as a result individualistic habitat tracking. However, when-
ever dispersal is limited, the assembly of local communities would not
be so deterministic (Hubbell, 2001; Leibold et al., 2004). This could hap-
pen, for example, in the case of important regional regressions and
transgressions where the whole regional community should be
reassembled based on dispersal from the species pool (Miller, 1990;
Buzas and Culver, 1998).

Since habitat tracking can be described as a result of a combination
of some of the four processes mentioned above, it seems best under-
stood as a pattern rather than as a process. There is no convincing signal
to support a dichotomy between individualistic habitat tracking vs.
assembly–disassembly (=metacommunity theory) as suggested by
Brett et al. (2007b). Finally, we should remark that the pattern of indi-
vidualistic habitat tracking is definitely present in some taxa, but the
question is how frequent it is and how deterministic the assembly of
communities is in the fossil record.

6. Conclusions

The metacommunities from the Cordillera Oriental show relatively
high compositional differences between time intervals. Such a pattern
contrasts with the expectations of coordinated stasis for time scales
close to 5 ma. Although mechanisms of community assembly are diffi-
cult to assess, the composition of the studied communities seems to de-
pend, in a large percentage, on migration. Following the trajectories of
community dynamics through time and space it becomes plausible
that in each interval many taxa migrate in and out of the basin,
reassembling the metacommunity. After such reassembling, biotic gra-
dients formed are unique and surviving taxa do not co-occur in similar
ways. In particular, the major differences are found in rare taxa which
are in turn the most stenotopic ones.

In a broad sense, the evidence suggests that migration and other
non-deterministic processes are of great importance in the com-
position of local and regional communities. Such a combination of
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processes and compositional instability is better understood in the
conceptual framework of assembly–disassembly dynamics. Finally,
the concept of individualistic habitat tracking is more clearly
interpreted as a consequence of metacommunity dynamics than as
a process by itself.

Appendix A. Supplementary information

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.palaeo.2012.11.019.
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