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Spatial variability in modern brachiopod assemblages:
paleoecological and geochemical implications

David L. Rodland

ABSTRACT

An accurate understanding of global patterns through geologic time depends upon multi-

scale analyses of spatial variation within narrow temporal intervals. This work

investigates geochemical and paleoecological patterns in modern brachiopod faunas

which may serve as analogues for ancient brachiopod assemblages. The paleoclimatic

utility of δ18O in the phosphatic phase of lingulid brachiopod shells requires valve

secretion in equilibrium with seawater, an assumption tested (and rejected) when

analyzed at scales ranging from millimeters to kilometers. By contrast, biological

encrustation of the brachiopod fauna of the Southeast Brazilian Bight shows strong

sensitivity to microenvironmental conditions such as host identity, shape, and size, and

may prove useful for studies of ancient planktonic productivity. Comparison of

encrustation patterns on naturally occurring brachiopods and bivalves collected from the

same sites, and occupying the same size range, demonstrates that the results of

encrustation studies on modern bivalves cannot be directly applied to ancient

brachiopods. However, careful comparisons may reveal patterns of epibiont selectivity

and the impact of changes in the relative abundance of host shells through geologic time.

Finally, neither epibiont abundance nor diversity increase with host age as indicated by

dated brachiopod shells from the past 1000 years. These results suggest that the temporal

resolution of epibiont assemblages matches their spatial resolution, and strengthen

evidence for competition among encrusting taxa. By documenting geochemical and

paleoecological variation within shells and across a continental shelf, this work

demonstrates the importance of understanding spatial variation across all scales before

interpreting trends through time.
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CHAPTER ONE: INTRODUCTION

This dissertation incorporates elements of several studies revolving around a

single broad theme: analysis of the patterns of spatial variation present in modern marine

invertebrates and the implications of these variations for the fossil record. These are

largely actuopaleontological studies covering a range of scales from intra-shell to across

the continental shelf. Whether the focus of a study is the geochemical patterns

incorporated within shells, or the colonization of a given area by marine invertebrates,

broad scale patterns are a sum of their parts, and a full understanding of these patterns

can only be reached through analysis of spatial variation at all scales.

The second chapter of this dissertation deals with the stable oxygen isotope record

preserved in modern and fossil lingulid brachiopods, a long-ranging, common and

evolutionarily conservative lineage with phosphatic shells which could potentially be less

susceptible to diagenetic alteration than biogenic carbonates. This chapter examines the

isotopic composition of lingulid shells at sub-millimeter resolution, and uses the results to

explain variations among specimens separated by meters, kilometers, or millions of years.

The remaining chapters discuss the results of research on epibiont communities

from the southeast Brazilian Bight, a veritable ‘Lost World’ where articulate

(rhynchonelliform) brachiopods are the most abundant elements of an open marine

subtropical shelf fauna analogous to those once dominated by their Paleozoic relatives.

The third chapter focuses on variations in encrustation among different brachiopod

genera, on a single brachiopod genus across the inner and outer shelf, and between

modern and Paleozoic brachiopods. The focus in this chapter is the documentation of

large scale patterns in the distribution of brachiopods and their encrusters, and the

analysis of factors that influence these patterns, including the exposure history of hosts,

sediment size, shell size, water depth, and oceanographic conditions.

The fourth chapter turns to bivalve mollusks from the same region, comparing

and contrasting encrustation patterns between the brachiopod Bouchardia and the bivalve

Macoma at scales ranging from millimeters to kilometers apart. Notable parallels can be

drawn between the colonization patterns observed for epibionts encrusting small shells

and the theory of island biogeography, and these parallels have implications for the
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analysis of competition and ecological interaction in the fossil record. Moreover, despite

common environmental parameters and similar shell sizes, encrustation patterns are

distinctly different between brachiopods and bivalves inhabiting a modern subtropical

shelf. While it remains unclear whether the two taxa studied here are truly representative

of bivalves and brachiopods as a whole over geologic time, the results suggest that the

macroevolutionary history of host taxa may influence that of their epibionts.

The fifth chapter addresses the fourth dimension of brachiopod encrustation: the

temporal resolution of epibiont assemblages. Time averaging is well documented for soft-

substrate marine faunas, but the direct-dating techniques that have been used to

demonstrate this for bivalves and (recently) brachiopods can be used to investigate

epibiont assemblages as well. This chapter analyzes the abundance and diversity of

epibionts encrusting dated shells, and supports the widely held view that most

encrustation, even that which occurs after the death of the host, takes place within a

narrow window of opportunity before the host is buried. While reworking clearly allows

the encrustation of previously buried shells (otherwise the infaunal bivalve Macoma

would never be colonized), the oldest shells observed do not have significantly greater

amounts of encrustation than young shells from the same locations.

In terms of format, each chapter is laid out as a separate manuscript that can be

submitted individually for publication. This format was chosen to accommodate Chapter

Two, which is currently in press in the Journal of Geology, and Chapter Three, a previous

draft of which has been submitted to PALAIOS. The original data spreadsheets used for

both the encrustation study and the stable isotope work are exceedingly large (one runs to

293 printed pages alone). I have therefore decided against incorporating these into the

dissertation as appendices, with the full support of my committee chair. The original data

can be provided upon request.

This dissertation incorporates specimens collected from four countries, two

oceans and a sea, two continents, and spanning a range of 250 million years. This

research was conducted at four separate universities (University of Arizona, University of

New Mexico, Universidade Estadual São Paulo, and Virginia Polytechnic Institute and

State University), using cutting edge technology including mass spectrometers, an

ultraviolet laser, the Global Positioning System, computer assisted statistics, and
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absolutely no lifejackets. Obviously, such a broad ranging course of work is beyond the

ability of any one person to conduct alone, and I do not wish to diminish the roles played

by many wonderful collaborators. I am deeply indebted to a great many people, and hope

that the pages to follow serve as an adequate synthesis of their knowledge and expertise

as well as my own. Beyond all else, I hope that this work illustrates the critical need for

analysis of spatial variation in paleontological and geochemical problems, at all scales,

whatever one’s research agenda may be.
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CHAPTER TWO: HIGH RESOLUTION ANALYSIS OF δδδδ18O IN THE BIOGENIC
PHOSPHATE OF MODERN AND FOSSIL LINGULID BRACHIOPODS

Laser ablation and silver phosphate procedures were used to measure the oxygen

isotope composition in organo-phosphatic shells of lingulid brachiopods at a variety of

scales: within valves, between valves from the same individual, between individuals

collected at the same location at the same time, between localities, and between modern

and fossil specimens. Specimens included modern lingulids from several patches in the

northern Gulf of California (Mexico) and the Gulf of Nicoya (Costa Rica), and fossil

specimens from the Lower Triassic Dinwoody Formation. All specimens display a high

degree of intrashell variability, frequently exceeding 4‰. This variability is not

symmetrical within the shell, does not appear to reflect growth bands, and is not

consistent with a published lingulid phosphate oxygen isotope thermometer. Shells

analyzed using silver phosphate preparations have similar variability (>3.5‰) as shells

analyzed using the laser ablation technique, ruling out the influence of organic carbon

contamination. We interpret this variation as primary, representing a vital effect,

possibly the result of enzymatic fractionation near mantle canals and muscle scars or in

vivo mineralogical changes in shell composition. In contrast, oxygen isotope analysis of

carbonate from these shells are repeatable and appear to represent equilibrium values.

While oxygen isotope analyses from laser ablation and silver phosphate methods indicate

that the phosphate in lingulid valves is an unreliable recorder of oxygen isotope ratios in

seawater, it may be possible to derive paleoclimate data from the carbonate fraction.



5

INTRODUCTION

The stable isotope compositions of biogenic phosphates in vertebrates have been

intensely researched in recent years (e.g., Kolodny et al., 1983; Barrick and Showers,

1996; Fricke et al., 1998; Sharp and Cerling, 1998), but marine invertebrates have

received less attention. This is unfortunate, as the oxygen isotope composition of benthic

marine organisms with phosphatic hard parts could provide a record of seawater

composition through time independent of the carbonate record (e.g., Longinelli and Nuti,

1968; Lécuyer et al., 1996).

Lingulid brachiopods have a long fossil record, are frequently found in modern

and fossil benthic assemblages, and are among the best studied of extant brachiopods

(e.g., Rudwick, 1970). Lingulids secrete two valves in stratiform, alternating layers of

organic material and a fluorine-bearing carbonate-hydroxyapatite previously described as

francolite or dahllite (e.g., Williams and Rowell, 1965; Watabe and Pan, 1984; Puura and

Nemliher, 2001). Because of the strength of the phosphate-oxygen bond, previous

workers have suggested that the oxygen isotope composition of lingulid shells should be

robust with regard to diagenesis (e.g., Longinelli and Nuti, 1968; Lécuyer et al., 1996).

Brachiopods are thought to be a physiologically conservative group, and the

“articulate” (Rhynchonelliform) brachiopods generally secrete low-Mg calcite valves in

equilibrium with seawater (e.g., Lowenstam, 1961; Buening and Spero, 1996; Veizer et

al., 1997; but also see Carpenter and Lohmann, 1995). Lingulids such as Glottidia

palmeri appear to live as long as five years (e.g., Batten and Kowalewski, 1995,

Kowalewski, 1996, Kowalewski and Flessa, 2000), with no sign of seasonal variation in

growth rates (e.g., Mahajan and Joshi, 1983; Kenchington and Hammond, 1978;

Worcester, 1969; Culter, 1979; see also Emig, 1997). Therefore, like articulate

brachiopods, lingulids might record multi-year records of seasonal variation in isotopic

composition useful for paleoclimatic reconstruction, if physiological influences can be

ruled out.

Despite their potential utility, the oxygen isotope composition of lingulid

brachiopods has received limited study.  Lécuyer et al. (1996) analyzed modern lingulids
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and used a least-squares method to derive the following equilibrium equation relating

oxygen isotopic compositions to the mean temperatures of a study area:

T (ºC) = 112.2±15.3 – 4.20±0.71(δ18OPO4 - δ18OH2O).

However, Wenzel et al. (2000) interpreted measurements of δ18O values in

Silurian linguloid brachiopod shells as excessively variable when compared to conodonts

from the same horizon, and ascribed the variation in δ18O values to diagenesis.

In this study, we analyzed the oxygen isotope composition of lingulid brachiopod

shells using laser ablation, silver phosphate, and carbonate techniques. Extensive

collections of modern lingulids (Glottida palmeri) from the northern Gulf of California

were used to examine oxygen isotope composition at scales ranging from intra-valve

variations within individuals to variations between localities separated by tens of

kilometers. Specimens of Glottidia audebarti from the Gulf of Nicoya in Costa Rica were

analyzed via silver phosphate preparations and compared with previously published

values (Lécuyer et al., 1996). Finally, fossil specimens of Triassic Lingula borealis were

analyzed for comparison to modern lingulids.

The primary aim of these analyses was to test the applicability of high resolution

stable isotopic techniques to lingulid brachiopods, an understudied but potentially

valuable group for stable isotope geochemists. In addition, we assessed potential causes

of variation in the oxygen isotope composition of both modern and ancient lingulid

brachiopod shells in order to determine whether the variations are environmental,

physiological, or diagenetic in origin.

METHODS

Study Locations and Collections. Specimens of Glottidia palmeri Dall were

collected from the tidal flats of the lower Colorado River Delta, near San Felipe, Baja

California, Mexico (see Kowalewski, 1996 for details on localities and sampling

techniques). Live individuals were collected from four separate patches in the lower

intertidal zone: Patches 1, 2 and 3 were collected in March of 1993; Patch 1 was revisited
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in November of 1993 and in February of 1994; and Patch 4 was collected in February of

2001. Specimens collected in 1993 and 1994 were stored intact in ethanol, while the 2001

specimens were stored in water.

Tides in the northern Gulf of California are semi-diurnal and achieve amplitudes

as high as 10 m (Thompson, 1968), and thus the intertidal zone is relatively broad.

Temperature loggers from a site in the intertidal zone of nearby Isla Montague recorded

air and water temperatures ranging from 3.3°C to 40.6°C during a 12 month period, with

an annual mean temperature of 21.3°C (Goodwin et al., 2001). Salinity in the study area

varies from 36-39 ppt, as a function of evaporation, and δ18O values of water fluctuate

between a winter low of 0.2 ‰ and a summer high of 1.0 ‰ (Goodwin et al., 2001). 

Specimens of the modern Costa Rican lingulid Glottidia audebarti were collected

from the Gulf of Nicoya in 1995 by J. Vargas (Universidad de Costa Rica). They were

stored dry and analyzed using conventional silver phosphate preparations for comparison

to both Gulf of California lingulids, and to the work of Lécuyer et al. (1996).

Fossil lingulid specimens of Lingula borealis were collected from the lowermost

Triassic Dinwoody Formation of southwestern Montana. L. borealis is an extremely

common component of lowermost Triassic faunas and occurs in a variety of preservation

states in open marine, storm dominated shelf sediments (Rodland and Bottjer, 2000).

Some specimens retain primary coloration, including tan growth bands perpendicular to

the growth axis, suggesting that these specimens have resisted diagenetic alteration. The

specimens were removed from the rock matrix using a microdrill apparatus and binocular

microscope in order to provide sufficient aliquots of powdered material for silver

phosphate preparation. A single whole valve was used for laser ablation measurements.

Isotopic Analysis

 We analyzed stable oxygen isotope ratios of modern and fossil lingulid

brachiopods at a variety of scales of resolution, using several complementary methods.

The modern lingulid species G. palmeri and G. audebarti were analyzed using silver

phosphate preparations based on the technique described by O’Neil et al. (1994), as were

fossil specimens of L. borealis. Laser ablation (Sharp and Cerling, 1998) was used to
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refine the spatial resolution of intrashell variations in G. palmeri and L. borealis,

complementing the silver phosphate method. Finally, conventional orthophosphoric acid

extractions were performed on the carbonate component of G. palmeri in order to

evaluate the role of carbonate oxygen for values of δ18O obtained by laser ablation.

Oxygen isotope measurements were made at the University of Arizona during the

summer of 1999, using a modified version of the silver phosphate technique of O’Neil et

al. (1994). For live-collected specimens, tissue was physically removed and dorsal valves

crushed to a powder by mortar and pestle, while fossil valves were removed from the

matrix using a drill and a binocular microscope. In order to obtain enough material to

analyze for the fossil samples, aliquots were made by combining several valves from a

single bed. Split samples of G. audebarti were produced in a similar manner to test the

reproducibility of isotope measurements. Organic matter was removed from powdered

valves by soaking in 30% H2O2 solution in an ultrasonic bath in excess of 24 hours.

Samples were centrifuged, rinsed, dried, re-weighed, and dissolved with 1 mL 2N HF per

30 mg of phosphate. Crystals of silver phosphate were precipitated, filtered, and rinsed

three times in distilled water. Graphite was added to the sample in stoichiometric

amounts for conversion to CO2, and then the samples were dried on a vacuum line at

560°C, sealed and combusted for 3 minutes at between 1170°C - 1180°C.

Samples of G. palmeri and L. borealis were analyzed at the University of New

Mexico using the laser ablation technique described by Sharp and Cerling (1998). In

order to remove organic matter, each specimen was soaked in 30% H2O2 for a minimum

of 15 days, with replacement of H2O2 as needed. Specimens from Patches 1, 2 and 3 in

the Gulf of California were soaked for 21 days, while specimens 1112 and 1199 were

soaked for approximately six months. This procedure was used to evaluate the role of the

remaining organic matter on laser ablation measurements.

Valves were divided into portions small enough to fit in the sample chamber

(usually two or three sections), and CO2 gas was produced through thermal dissociation

using a 25W laser. The gas produced was entrained in He carrier gas and passed through

water traps and a cryogenic focusing system before release through a capillary gas

chromatograph into the mass spectrometer. A reference gas was measured between every

sample shot in order to recalibrate the measurements for drift.
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In order to test the degree of intrashell variation in Glottidia, along with its

reproducibility, we ran several sets of parallel profiles both along the growth axis of the

valve, and transversely across the valve. Values for dorsal and ventral valves from the

same individual were compared to confirm the reproducibility of δ18O values between

valves (which might not be identified as the same individual in the fossil record).

We also analyzed the oxygen isotope composition of carbonate in valves of G.

palmeri, using facilities at the University of New Mexico. The resulting carbonate δ18O

measurements and mass balance calculations allow us to infer the contribution of the

carbonate component of lingulid apatite to the δ18O measurements derived by laser

ablation. Whole valves were powdered and reacted in vacuum at 40°C with

orthophosphoric acid, noncondensible gases extracted on a vacuum line, and CO2

measured by mass spectroscopy (McCrea, 1950). A reference standard of Carrera marble

was used to assess CO2 yields and, through mass balance calculations, estimate the

amount of carbonate in these valves.

Measurements and Sampling Resolution

A total of 451 measurements of δ18O values were made from 8 individuals of G.

palmeri and one individual of L. borealis using the laser ablation technique. Each shot

measures approximately 0.5 mm in diameter, with 18 to 20 shots counted per centimeter

of valve length. Whole specimens of G. palmeri reach valve lengths up to 41 mm, with

most individuals collected reaching at least 35 mm for both valves.

Silver phosphate preparations were used to determine δ18O values for 9

individuals of G. palmeri, and combined samples were used for G. audebarti and two

separate sample sites for L. borealis. The oxygen isotope composition of carbonate was

analyzed in five individuals of Glottidia palmeri. In total, four localities are represented

for G. palmeri, one for G. audebarti and two for L. borealis. G. palmeri shells from Patch

1 were collected on three occasions over an interval of one year.

δ18O values of phosphates were corrected for drift by finding the mean difference

between reference gas samples run before and after each sample, relative to the known
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value of the reference gas, and then adding this value to the initial measurement. A

texturally homogeneous block of Solnhofen limestone was also analyzed at the beginning

and end of sample runs, providing a normal distribution of 58 measurements with a mean

of 26.5‰ vs VSMOW, and a standard deviation of 1.7‰.

RESULTS AND DISCUSSION

Measurements of δ18O values for phosphate derived by laser ablation, corrected

for drift, are presented in Table 2.1. Mean values for each valve are presented in Table

2.2, along with whole valve values determined using the silver phosphate method and

carbonate extractions. All δ18O values are reported relative to VSMOW.

Variation within individuals and between valves

Parallel profiles were run along the growth axis of specimen FebD, (Fig. 2.1)

collected in February of 2001, as well as for specimens 1199 and 1112, collected from

Patch 1 in March of 1993. In addition, transverse parallel profiles were run perpendicular

to the growth axis of specimen 1199 to test for bilateral symmetry of isotopic profiles

across the shell (Fig. 2.2). Figure 2.3 combines both approaches, displaying the results of

three parallel profiles along the anterior portion of specimen FebD as a contour plot of

δ18O across the valve.

Based on the measurements taken from these parallel profiles, it appears that

variations in δ18O values in excess of 4‰ can occur within 1 mm along the growth axis.

Transverse profiles from the specimen 1199 (Fig. 2.2) parallel each other, but are not

symmetrical across the growth axis, do not provide equal values, and show a high degree

of isotopic heterogeneity across the valve.

Stable oxygen isotope profiles were measured for both dorsal (brachial) and

ventral (pedicle) valves of individual animals collected in February of 2001 and March of

1993. As seen in Figure 2.4, the composition of dorsal and ventral valves is not the same.
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Variation among individuals

Individual specimens of Glottidia collected alive in March of 1993 from Patch 1

were used to examine variation in isotopic composition from the same locality and

representing the same period of growth. A wide range of oxygen isotope compositions

were obtained, although large excursions occur in similar positions among valves (Figure

2.5). Even correlated to a best visual fit between profiles, δ18O values vary over 4‰

among equivalent growth segments from different individuals.

Similar variations were found using either laser or silver phosphate techniques.

Glottidia collected from Patch 1 in March of 1993 varied by 3.6‰ using the silver

phosphate technique, while mean values using laser ablation varied by 3.8‰. Measured

δ18O values for specimens 1112 and 1199 are not consistently offset relative to the profile

measured for specimen 1108, nor are they less variable, despite much longer duration of

treatment by H2O2.

Specimens collected in March of 1993 at Patch 2 and Patch 3 were analyzed for

comparison to those collected from Patch 1, and the resulting δ18O profiles are presented

in Figure 2.6a. Profiles can be correlated visually between patches based on the

distribution of isotopic excursions, but the absolute values of each profile are highly

variable. Specimens from Patch 2 and 3 record lower δ18O values than those of Patch 1

with a mean difference of 3.6‰. Temperature estimates (Figure 2.6b) were calculated

assuming equilibrium with seawater oxygen isotope compositions for the region from

Goodwin et al. (2001), using the lingulid thermometer equation of Lécuyer et al. (1996).

We compared δ18O values determined for both modern Glottidia and Triassic L.

borealis using silver phosphate and laser ablation techniques. The range of δ18O values

determined for a single fossil lingulid varies within the same range as modern lingulids

(Figure 2.7). A total range of 5‰ is recorded (from 17‰ to 22‰) using the laser ablation

technique. Silver phosphate preparation of aliquots of apatite from multiple fossils

provided δ18O values ranging from 15‰ to 17‰.

The results of the carbonate preparation are shown in Table 2.2. Unlike the values

determined for phosphate, the carbonate δ18O values varied by less than 1.5‰, ranging
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from 30.8‰ to 32.2‰. We determined that 5% of the apatite in these shells was

composed of carbonate, by weight, accounting for an estimated 1.6‰ increase in δ18O

values from laser ablation data relative to δ18O values from silver phosphate extractions.

This means that temperatures derived from the laser ablation data will be cooler than

those experienced by the animal unless this is taken into account.

The δ18O values of lingulid carbonate are consistent with equilibrium values for

the region. The aragonitic bivalve mollusk Chione cortezi records fluctuations of

approximately 2.8‰ for Colorado River delta, primarily within the optimal temperature

range (17-26°C) for valve secretion (Goodwin et al., 2001). When converted to V-PDB,

δ18O values for G. palmeri range from -0.10‰ to 1.25‰, compared to values of -2.05‰

to 0.73‰ reported for Chione (Goodwin et al., 2001). As the oxygen isotope composition

of carbonate in Glottidia was determined from whole valves, we do not expect to see the

same range of annual variation seen in high resolution sampling of Chione.

Equilibrium ranges of δ18O values

The regional climate data (Goodwin et al., 2001) and lingulid thermometer

equation derived by Lécuyer et al. (1996) can be used to estimate the range of δ18O

phosphate values representing mineralization in equilibrium with seawater. This range is

necessarily a maximum estimate of δ18O values, based upon the assumption that G.

palmeri continuously secretes shell phosphate at equal rates under all environmental

conditions. Although maximum and minimum temperatures are likely to represent

occasions when the temperature loggers were exposed subaerially (Goodwin et al., 2001)

they indicate the climatic extremes that intertidal lingulids may experience.

Assuming maximum summer temperatures of 40.6°C with δ18O water values of

1‰, the lowest values we should expect for G. palmeri are approximately 18‰. Winter

temperatures of 3.3°C and δ18O values for water of 0.2‰ should result in δ18O values for

phosphate of 26.1‰. Thus, a total range in excess of 8‰ is possible for δ18O phosphate

in equilibrium with seawater from the Colorado River delta, if Glottidia secretes shell

phosphate throughout the entire year. Phosphate δ18O values rarely exceed 26‰ for G.
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palmeri, and may reflect winter temperature minima. However, lingulid δ18O values

below 18‰ exceed the expected range for apatite secreted in equilibrium with seawater

and imply temperatures above the lethal threshold for animal life.

Intravalve variability in temperature estimates

Calculated temperatures for lingulid valves are highly variable (Figure 2.6b).

Three parallel profiles in FebD suggest that growth zones reaching calculated

temperatures in excess of 42°C lie within 1 mm of zones secreted below 32°C. Greater

temperature ranges were indicated in other individuals; 2181 (Patch 3, 3/93) preserves a

range of 34°C, between a high of 56°C and a low of 22°C. Temperatures of 56°C clearly

cannot represent environmental equilibrium, given the climate data of Goodwin et al.

(2001), and are biologically implausible.

Variation among individuals within the same patch

The oxygen isotope composition of G. palmeri specimens collected at the same

place and time should reflect growth over the same interval, and record similar

environmental fluctuations. However, the δ18O values measured in similar growth zones

among individuals imply that temperatures varied by more than 8°C (sometimes > 20°C)

within the same patch (Figure 2.6b). Silver phosphate preparations showed a similar

range of variation, but yield much higher calculated temperatures.

A similar silver phosphate technique was used to establish the thermometer of

Lécuyer et al. (1996), and specimens of G. audebarti from the Gulf of Nicoya in Costa

Rica were used in that study as well as in ours. We found less than 0.5‰ variation for

duplicate silver phosphate preparations on a split sample derived from several powdered

specimens of G. audebarti, with recorded δ18O values of 21.9‰ and 22.4‰. Values of

19.5‰ and 19.6‰ were reported by Lécuyer et al. (1996) from this location.

While neither study involved a detailed examination of variability between

individuals of G. audebarti, we take the reproducibility of each study to indicate that their
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differences are a function of the material analyzed, rather than analytical error. A larger

sample size would be needed to determine whether within-patch variation in Costa Rican

G. audebarti is as extensive as that which we observed in the Gulf of California.

Variation among patches from the same geographic region

Specimens from Patch 2 and 3 have δ18O values 3.6‰ lower than specimens from

Patch 1, suggesting temperature differences in excess of 10°C. Despite this difference,

the relative position of isotopic excursions can be correlated readily between shells

collected from different patches (Figure 2.6a). As these shells were collected at the same

time, the anterior margin of each valve should correspond in time even if the individuals

are of different ages. Thus, despite the great degree of intravalve variation in the δ18O

values of lingulids, a common pattern in these variations may reflect a common

physiological origin.

IMPLICATIONS

Oxygen isotope compositions of lingulids provide temperature estimates in excess

of 40°C which cannot be explained through local or regional environmental variations.

Temperature estimates exceed known values from local climate data and freshwater

influence from rainfall can be safely discarded for the study area, as the region only

receives ~60 mm in precipitation annually (Hastings, 1964). Colorado River runoff is an

unlikely influence, as the delta currently receives only a small fraction of the riverine

input it did before the completion of Hoover dam in 1935. While controlled releases have

occurred since 1980 (see Rodriguez et al., 2001), Patches 1, 2 and 3 are more than 30 km

from the river mouth and are beyond the now normal mixing zone (Lavin and Sanchez,

1999). Lingulids tolerate brackish water for brief intervals, but require normal marine

conditions for long term growth (Hammen and Lum, 1977). Thus, we do not believe that

Glottidia would have secreted valve phosphate under conditions of osmotic stress.

Using a fluorination technique, Longinelli and Nuti (1968) reported the same

oxygen isotope composition in a fossil freshwater crustacean as from marine Lingula and
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Obolus fossils, and their δ18O values were consistent with equilibrium secretion in

rainwater at room temperature. A similar range of variation in δ18O values was found for

marine invertebrate taxa such as the phosphatic brachiopod Discinisca (13.4‰ - 22.7‰)

and the bivalve mollusk Ostrea (15.6‰ - 23.4‰), and was ascribed to diagenetic

alteration (Longinelli and Nuti, 1968). However, this interpretation cannot be invoked for

live-collected modern lingulids.

Our favored explanation for the isotopic variation detected in lingulid phosphate

invokes vital effects. Given the critical role of phosphate in metabolic processes, we

suggest that phosphate exchange continues between the valve and lingulid mantle tissue

during life, and that this exchange is not of constant magnitude across the valve, nor

between valves. Carpenter and Lohmann (1995) observed a similar phenomenon in

calcitic brachiopods. In the case of our data, the distribution of isotope excursions on the

valve contour plot might reflect the presence of mantle canals or muscle scars. Lingulids

are the most active brachiopods known, constructing vertical burrows and moving within

them through the muscular rotation of the valves (e.g., Thayer and Steele-Petrovic, 1975).

Thus, the isotopic composition of the lingulid valve near mantle canals and muscle

attachment scars may be particularly susceptible to physiological effects, but this requires

further study.

Another possible explanation for the observed δ18O patterns in lingulid

brachiopods incorporates recent work on variation in apatite composition within

individual shells. Puura and Nehlimer (2001) demonstrated heterogeneity in the lattice

parameters and composition of apatite in the valves of Lingula anatina collected alive

from the same patch in the Phillipines, and related it to in vivo apatite “maturation” or

alteration, particularly the replacement of hydroxyl ions with fluorine. If different parts of

the shell “mature” in composition at different rates, this may affect δ18O values.

Analytical Implications

Lingulid valves include significant organic matter and carbonate phases, both of

which complicate the interpretation of δ18O values derived by laser ablation. However,
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silver phosphate preparations should not be affected by these problems, given the correct

cleaning procedure. Despite this, δ18O values for the chemically isolated phosphate phase

are similar to those obtained by laser ablation, and range from 12.8‰ to 22.4‰. The

most likely explanation for the wide range of δ18O values derived from both techniques is

primary variability in the oxygen isotope composition of lingulid apatite. Environmental

variations in temperature and seawater δ18O values cannot account for the entire range of

δ18O observed in lingulid shells, and imply the influence of other factors.

Laser ablation measurements show that similar, large variations occur at the

millimeter scale, asymmetrically within individual lingulid shells, and do not appear to be

consistent with environmentally controlled growth banding. Dorsal and ventral valves

from the same animal yield different patterns in δ18O values along the growth axis.

However, regularly spaced δ18O excursions can be correlated between individuals,

suggesting both an overall analytical reliability of the technique and the presence of a

primary, biologically controlled signal in lingulid δ18O values.

Conventional orthophosphoric acid extractions on the carbonate fraction of

lingulid apatite, on the other hand, provide replicable δ18O values. Unlike the phosphate

phase, the carbonate fraction yields oxygen isotope compositions in equilibrium with

seawater, and may be a useful source of paleoclimatic data.

Geological Implications

The Triassic specimen of Lingula borealis examined here shows stable oxygen

isotope variation of similar magnitude and within the same range as modern specimens.

Unlike the modern samples, the Triassic specimen was preserved in inner-shelf sediments

below fairweather wave base (Rodland and Bottjer, 2000), but like the modern study

area, the Dinwoody basin has been interpreted as a warm, shallow embayment in an arid

environment (Paull and Paull, 1986). The deeper water setting of the Dinwoody

Formation should have experienced less variation in temperature and oxygen isotope

composition than the intertidal zone which G. palmeri inhabits today. Therefore, the
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preservation of a similar range of variation in the composition of L. borealis strongly

suggests that we observe a primary, biological signal.

Highly variable phosphate δ18O values in Silurian linguloid brachiopods have

been ascribed to diagenesis, even though phosphatic conodonts from the same horizon

have much lower variability in δ18O values (Wenzel et al., 2000). Our data suggests that

this variation is a primary feature, and not a diagenetic consequence. While much of the

variation seen in δ18O values of biogenic phosphate from other marine invertebrate fossils

may be due to diagenesis (e.g., Longinelli and Nuti, 1968), this should be evaluated

against modern taxa. However, if diagenesis plays a limited role in alteration of lingulid

valves, this vital effect on the oxygen isotope composition of biogenic phosphate (like

nearly everything else about lingulids) has been evolutionarily stable for hundreds of

millions of years.

CONCLUSIONS

Any attempt to interpret the stable isotope record preserved within skeletal material,

modern or fossil, must be based on a rigorous understanding of the natural variability

within the system being studied. In the case of lingulid brachiopods, we present

measurements of phosphate δ18O values across a variety of scales, ranging from the intra-

valve variability of single specimens to variations among specimens across hundreds of

millions of years. From this work we can conclude the following:

1. Lingulid phosphate δ18O values have a wide range of variation, in excess of 3.5‰ for

whole valves from the same locality and time of growth, using either laser ablation

(Sharp and Cerling, 1998) or silver phosphate (O’Neil et al., 1994) preparations.

2. Within a single valve, lingulid phosphate δ18O values may vary by more than 5‰

along the growth axis. These variations are not symmetrically distributed laterally

across the axis of growth, and the δ18O values of dorsal and ventral valves from single

individuals are not the same.

3. Mean values of δ18O in modern lingulid valves collected from the same patch and

representing growth through the same period of time vary in excess of 3‰.
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4. Mean values of δ18O in modern lingulid valves collected from different patches and

representing growth through the same period of time can vary by 6‰, but have

similar patterns of variation in oxygen isotope composition along the growth axis.

5. Laser ablation measurements of Triassic lingulids that preserve primary coloration

provide the same range of δ18O values as modern representatives.

6. δ18O values from the phosphate of modern lingulids are highly variable, do not reflect

secretion in equilibrium with seawater, and are probably influenced by vital effects.

Similar variation in fossil lingulids does not necessarily indicate diagenetic alteration.

7. Large ranges of δ18O values have been found in phosphatic brachiopods using

multiple analytical techniques, suggesting that organic matter in the lingulid valve

does not account for the variability in δ18O values obtained by laser ablation.

8. The oxygen isotope composition of the carbonate phase of apatite in lingulid valves

can be readily extracted using conventional techniques, and the carbonate fraction

appears to be secreted in isotopic equilibrium with seawater.
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Table 2.1

Laser ablation δ18O measurements for lingulid brachiopods, by patch, collection date and specimen. All

values reported relative to VSMOW after correction for drift versus reference gas. Mean values per valve

reported at bottom of table.
Locality Patch 1 Patch 1 Patch 1 Patch 1 Patch 1 Patch 1 Patch 1 Patch 2 Patch 3 Patch 4 Patch 4 Patch 4 Patch 4 Dinwoody

Collection Mar-93 Mar-93 Mar-93 Mar-93 Mar-93 Nov-93 Feb-94 Mar-93 Mar-93 Feb-01 Feb-01 Feb-01 Feb-01 Triassic
Specimen 1108d 1112d 1112v 1199vA 1199vB 2202d 3144d 2111d 2181v FEBDv FEBD1 FEBD2 FEBD3 Dinwoody

1 21.1 23.7 20.0 22.9 24.9 18.0 18.3 16.9 16.0 19.8 19.5 20.5 20.1 20.1
2 21.2 24.2 19.9 23.2 24.4 18.2 18.1 17.8 16.6 21.0 19.2 17.1 16.8 22.1
3 21.5 23.8 19.9 23.0 25.1 17.7 19.6 18.1 17.0 22.3 19.5 17.1 16.4 22.7
4 22.3 24.4 20.1 24.2 24.5 17.7 19.5 18.5 17.8 21.8 19.3 19.8 17.7 19.6
5 22.4 24.8 20.3 23.8 25.8 18.3 20.1 18.1 17.8 23.3 19.6 18.8 18.7 21.2
6 23.0 24.8 19.7 24.1 25.6 18.3 20.9 18.4 17.5 23.7 18.6 19.5 16.5 22.3
7 23.2 25.2 19.3 24.2 25.1 18.6 21.1 18.4 18.4 22.4 19.1 19.4 18.1 19.8
8 22.8 25.0 19.4 24.4 25.7 18.8 18.9 18.3 18.7 23.8 19.5 20.1 16.8 19.7
9 22.5 25.1 20.1 24.1 25.0 18.4 19.6 18.6 18.9 24.1 19.9 19.4 18.9 18.3
10 23.1 25.3 22.7 24.5 25.8 18.3 20.2 17.7 19.5 24.6 19.2 21.4 19.9 17.1
11 23.1 24.9 22.4 25.9 25.1 17.7 20.2 18.4 19.8 28.4 20.5 21.2 19.0 17.0
12 24.1 25.8 22.1 25.2 25.7 17.7 19.7 18.6 19.3 28.4 21.0 18.4 20.7 18.0
13 23.2 25.6 21.9 26.9 26.4 19.0 20.0 19.4 17.9 27.1 20.5 19.8 18.5
14 23.3 27.0 21.8 25.2 25.1 22.1 20.1 19.5 18.6 27.0 21.8 20.8 21.0
15 23.6 22.2 24.6 25.9 22.5 20.1 19.5 19.1 18.9 24.6 20.4 20.7
16 24.0 22.0 25.0 25.0 22.5 20.7 19.8 19.3 20.0 23.8 19.9 21.2
17 23.2 22.5 25.9 24.9 20.6 20.9 19.8 19.0 20.7 22.9 18.3 21.1
18 20.5 23.2 25.8 25.7 20.6 20.8 19.8 19.6 21.0 23.3 17.8
19 21.5 22.8 25.3 26.1 21.0 21.0 16.8 19.8 18.3 22.2 18.7
20 21.7 20.4 21.6 25.3 22.0 20.8 17.6 20.1 18.9 23.5 20.0
21 22.3 23.0 26.0 26.4 22.3 21.4 18.1 13.9 21.9 24.2 20.1
22 22.2 23.6 21.4 22.0 18.2 17.5 18.3 25.9 21.2
23 22.2 22.7 19.4 23.4 18.2 18.0 22.0 24.5 18.8
24 21.4 23.5 24.1 20.6 18.8 18.5 24.7 18.9
25 22.9 21.2 24.7 24.2 18.9 19.1 25.9 18.4
26 23.1 24.2 25.7 24.5 18.7 19.7 22.6 20.4
27 23.5 25.5 22.7 18.9 17.5 28.4 18.4
28 23.3 26.2 25.1 19.9 19.7 21.9
29 24.0 26.3 24.9 20.5 20.1
30 21.4 25.9 22.9 20.7 20.5
31 22.2 25.6 24.7 21.1 18.5
32 22.8 25.7 23.7 21.4 19.8
33 22.6 26.5 24.3 21.7 20.2
34 22.2 24.3 24.9 22.3 20.1
35 22.0 21.7 24.4 21.7 20.8
36 19.8 20.7 24.4 18.9 20.7
37 20.2 21.9 24.3 21.1 21.5
38 21.0 22.4 24.8 21.5 21.8
39 21.0 23.3 20.0 21.7 16.7
40 21.5 24.1 19.6 16.8 17.6
41 21.9 20.3 17.3 18.1
42 21.7 20.7 18.2 18.1
43 22.2 21.1 18.7 18.4
44 21.5 20.8 19.3 19.8
45 22.2 20.9 19.5 19.8
46 24.8 22.3 19.7 19.5
47 19.8 21.5 19.5 20.3
48 22.5 22.6 19.9 19.4
49 22.0 22.5 20.8 21.9
50 22.5 22.9 20.1 21.2
51 22.7 20.0 20.1
52 20.4 21.5
53 21.1 21.6
54 20.7 22.1
55 21.2 21.8
56 22.2 21.4
57 22.1 22.0
58 22.4 22.0
59 23.0 21.9
60 22.9
61 22.7
62 23.3

Mean δ18O 22.3 25.0 21.6 24.6 25.4 21.6 21.7 19.7 19.4 22.5 19.6 21.9 19.1 20.0
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Table 2.2

Comparison of mean δ18O values measured by laser ablation, silver phosphate preparations and δ18O carbonate

determined by orthophosphoric acid preparation, from several brachiopod valves.

Locality Collection Silver Phosphate Laser Carbonate
Patch 1 Mar-93 19.5 ‰ 23.8 ‰ 31.5 ‰
Patch 1 Nov-93 17.5 ‰ 21.6 ‰
Patch 1 Feb-94 16 ‰ 21.7 ‰
Patch 2 Mar-93 19.7 ‰ 30.8 ‰
Patch 3 Mar-93 19.4 ‰ 30.9 ‰
Patch 4 Feb-01 20.8 ‰ 32.2 ‰

Costa Rica Recent 22.2 ‰
Dinwoody Triassic 16.4 ‰ 20 ‰
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Figure 2.1

Intrashell variation in stable oxygen isotope measurements, parallel to the growth axis. A, Three parallel
profiles for a specimen of Glottidia palmeri collected in February, 2001. Profiles were measured from
valve anterior towards the posterior along the growth axis at 0.5 mm intervals. B, Inset digital image of
specimen after laser ablation analysis. The anterior portion of the shell is towards the left, and the image
has been rotated to a position parallel to the profiles plotted in 2.1A. Each profile is labelled according to its
position on the shell as shown. Scale bar is 2 mm. C, Cartoon illustrating the orientation of the lingulid
specimen shown in 2.1B, with growth in the direction indicated by the arrow.
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Figure 2.2

Intrashell variation in stable oxygen isotope measurements, perpendicular to the growth axis. A, Two

parallel profiles run transversely across the growth axis of Glottidia palmeri specimen 1199v, showing left-

to-right asymmetry in δ18O measurements. B, Inset digital image of specimen after laser ablation analysis.

The anterior portion of the shell is towards the upper right hand corner, and profiles were run from upper

left to lower right. Profile 1199v transverse A records variation along the upper right hand profile, towards

the shell anterior. Scale bar is 2 mm. C, Cartoon illustrating the orientation of the lingulid specimen shown

in 2.2B, with growth in the direction indicated by the arrow.
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Figure 2.3

 A, Contour plot of δ18O values within the anterior portion of the dorsal valve of lingulid specimen FEBD.

Contours are spaced at 2‰ intervals, and show the distribution of isotopic anomalies across the valve. B,

Inset digital image of the specimen after laser ablation analysis, rotated and resized to approximate the

correspondence between individual laser shots and the measurements plotted in 2.3A. Scale bar is 2 mm.

The valve anterior is again towards the left hand side. C, Cartoon illustrating the orientation of the lingulid

valve and location of the sampled area, with growth in the direction indicated by the arrow.
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Figure 2.4

Variation between valves within the same individual. Profiles from both dorsal and ventral valves of two

lingulids collected from different patches and at different times, measured down the axis of growth from

the anterior margin. Dorsal and ventral valves are not readily identified as having come from the same

animal through comparison of profiles. Ventral valves are plotted as triangles, and dorsal valves are plotted

as circles.
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Figure 2.5

Variation between specimens collected from the same patch at the same time. Profiles from three

specimens of Glottidia palmeri collected from Patch 1 in March, 1993, measured down the axis of growth

from the anterior margin. Both dorsal and ventral valves are plotted for 1112, while parallel profiles are

plotted for 1199.



26

Figure 2.6

Variation between specimes collected from different patches in the same region. A, Stable oxygen isotope

profiles for specimens of Glottidia palmeri collected from three patches in March, 1993. Arrows indicate

excursions at similar points in shell growth (~1 cm and 2 cm from anterior margin) in specimens from

Patch 2 and 3. B, Temperature profiles interpreted from measured δ18O values using the lingulid

thermometer equation of Lécuyer et al. (1996), assuming mean water values of 0.6‰ as suggested by

Goodwin et al. (2001). No attempt was made to correct these temperature estimates for the contribution of

carbonate oxygen during the laser ablation process, but the estimated 1.6‰ mean offset would increase the

estimated temperatures by > 6º C.
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Figure 2.7

Modern versus fossil lingulids. A, Stable oxygen isotope profile for the Triassic lingulid Lingula borealis

compared to a profile measured for a modern Glottidia palmeri specimen. B, Inset digital image of Lingula

borealis, with anterior of valve towards upper left. Scale bar is 2 mm. C, Cartoon illustrating the orientation

of the lingulid specimen shown in 2.7B, with growth in the direction indicated by the arrow.
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CHAPTER THREE: COLONIZATION OF A ‘LOST WORLD’: ENCRUSTATION
PATTERNS IN MODERN SUBTROPICAL BRACHIOPOD ASSEMBLAGES

Encrustation patterns of Paleozoic rhynchonelliform brachiopods have been studied for

decades, but until recently, modern brachiopod assemblages have not been the focus of

similar analyses. The discovery of abundant modern subtropical brachiopods from the

Southeast Brazilian Bight provides an unprecedented opportunity to assess epibiont

abundance, diversity, encrustation patterns and frequencies in brachiopod assemblages

across the shelf.

 Across the outer shelf, encrustation frequencies vary widely among taxa, from

mean values of 0.45% for Platidia to 9.3% for Argyrotheca. Mean encrustation

frequencies of Bouchardia rosea increase towards shallow water: mean encrustation

frequencies are only 1.6% on the outer shelf, but 84% on the inner shelf. Encrustation

frequencies increase with mean host size at each site, and are significantly higher for

valve interiors than exteriors. Increased encrustation on the inner shelf may be the result

of random settling on larger hosts, longer exposure of dead shells, water mass

characteristics, sedimentation rates, productivity, or other factors that vary with depth.

Inner shelf brachiopods are colonized at frequencies comparable to those

reported for tropical epifaunal bivalves, and as with bivalves, the epibiont fauna is

dominated by bryozoans and serpulids, with minor and variable roles played by

spirorbids, bivalves, barnacles, foraminifera, algae and other taxa. Epibiont abundance

is highly variable within a small study area, and Spearman rank correlation of

abundance at each site can be used to distinguish between northern and southern study

areas, although mixing between areas is likely.

A different, less diverse, and largely extinct suite of epibionts colonized Paleozoic

brachiopods, but similar patterns of encrustation have been observed, including

preferential settlement according to valve morphology. This study provides an

actuopaleontological framework for interpreting ancient brachiopod encrusting

assemblages, and suggests that bivalve and brachiopod encrustation may be directly

comparable. Such studies may elucidate the macroevolutionary history of epibionts and

their relationship to their hosts.
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INTRODUCTION

Paleozoic fossil assemblages are commonly dominated by rhynchonelliform

(former Class Articulata, informally ‘articulate’ or ‘articulated’) brachiopods, but their

modern representatives tend to be restricted to cool and deep water niches and cryptic

habitats (Rudwick, 1970; Jackson et al., 1971; Tunicliffe and Wilson, 1988; James et al.,

1992; Richardson, 1997; Wilson, 1998). However, recent work has shown that the

tropical and subtropical shelf of the Southeast Brazilian Bight harbors large numbers of

articulate brachiopods, in places exceeding gastropod and bivalve abundance combined

(Kowalewski et al., 2002). This region provides a better analogue to Paleozoic

subtropical and tropical shelf assemblages. From an actuopaleontological approach, the

Southeast Brazilian Bight is a classic pipe dream: a refuge for taxa representing the

dominant fauna of a bygone era, as in “The Lost World” of Sir Arthur Conan Doyle’s

1912 story. It provides an opportunity for unprecedented actualistic studies on this long-

ranging phylum, including biogeographic, taxonomic, ecologic and taphonomic

approaches  (e.g. Kowalewski et al., 2002; Carroll et al., 2003; Simões et al. in press).

Brachiopods have been subject to neontological and paleontological research

from perspectives as disparate as functional morphology (e.g. Thayer, 1975; Alexander,

1984), predation (e.g. Kowalewski et al., 1998; Leighton, 2001), paleocommunity

ecology (e.g. Ziegler et al., 1968; Patzkowsky and Holland, 1999), experimental

taphonomy (e.g. Emig, 1990; Daley, 1993, Torello et al., 2002), macroevolution (e.g.

Gould and Calloway, 1980), and molecular phylogenetics (e.g. Cohen and Gawthrop,

1997). However, studies of encrustation of modern brachiopods are practically non-

existent, and provide limited quantitative data (e.g. Paine, 1963; Ruggiero, 1996;

Fagerstrom, 1996). This stands in contrast to extensive work on the encrustation of

Paleozoic brachiopods (e.g., Richards, 1972; Kesling et al., 1980; Watkins, 1981; Alvarez

and Taylor, 1987; Alexander and Scharpf, 1990; Bordeaux and Brett, 1990; Meyer, 1990;

Gibson, 1992; Lescinsky, 1997).

Biomineralized epibionts (encrusters) have colonized hard substrates since the

Early Cambrian (Kobluk and James, 1979; Kobluk, 1981a, 1981b; Brett et al., 1983;

Kobluk, 1985), and by the Ordovician, articulate brachiopods were frequently encrusted
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(e.g. Alexander and Scharpf, 1990). Encrusters possess a good fossil record, and their

unique preservational characteristics have been subject to a wide array of taphonomic

studies (e.g. Lescinsky, 1993; Parsons-Hubbard et al., 1999; Best and Kidwell, 2000a,

2000b; Lescinsky et al., 2002). Epibiont assemblages have extraordinarily high spatial

fidelity and resolution and the potential for high temporal resolution (e.g., Alexander and

Brett, 1990; Lescinsky, 1997), and thus can be used to address paleoecological questions

beyond the scope of soft-substrate benthic faunas. Previous workers have used epibionts

to investigate interaction within and between species, larval settlement patterns, and

taphonomic pathways in past and present communities (e.g. Alexander and Sharpf, 1990;

Bordeaux and Brett, 1990; Meyer, 1990; Gibson, 1992; Fürsich & Oschmann, 1993;

Lescinsky, 1993, 1997; and numerous references therein). Some have suggested that

encrustation patterns may reflect productivity or nutrient levels through time (e.g.,

Vermeij, 1995), but many fundamental questions must be addressed before this can be

evaluated.

Despite a great deal of research on the preservation of modern bivalves and their

encrusters (e.g. Parsons-Hubbard et al., 1999; Best and Kidwell, 2000a, 2000b; Lescinsky

et al., 2002), these taphonomic patterns may not be readily applicable to brachiopods.

Bivalves and brachiopod shells exhibit many differences in the mineralogy, periostracum,

microstructure, shape, and size, each of which can influence epibiont colonization

patterns. In addition, Paleozoic brachiopod body fossils (and presumably their encrusters)

are more frequently preserved due to their composition: low-Mg calcite is less subject to

dissolution than aragonite, which is a major component of many mollusk shells (e.g.,

Cherns and Wright, 2000; Wright et al. 2003). Therefore, brachiopods may represent a

better model system for investigating encrustation through the Phanerozoic. Ideally,

encrustation in naturally occurring, modern brachiopod communities should be

documented for comparison with the encrustation of both present-day mollusks and

ancient brachiopods if the results are applied to paleoenvironmental and paleoecological

questions.

 Finally, an increasing understanding of encrustation on brachiopods from the

present day allows important macroevolutionary questions to be addressed. Brachiopods

remain alive and moderately diverse today, but the end-Permian mass extinction wiped
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out perhaps 95% of their genera (Carlson, 1991) and they are no longer as abundant as

they were in the Paleozoic. The transition between Paleozoic and Modern benthic faunas

has been studied from many different perspectives, but how this transition affected

epibiont communities remains unclear. Previous authors have suggested that encrustation

should vary as a function of productivity (e.g., Vermeij, 1995), which implies that

evaluation of encrustation trends through the Phanerozoic could test arguments for

increasingly productive ecosystems (e.g., Bambach, 1993). Evaluation of

macroevolutionary patterns in epibiont faunas should be based upon a firm understanding

of modern patterns in analogous settings. Until recently, these studies have been limited

by the comparatively minor role brachiopods play in modern oceans and a dearth of

controlled taphonomic deployment experiments utilizing their shells.

This study presents the results of the first large-scale, quantitative investigation of

the encrustation of naturally occurring modern tropical and subtropical brachiopods. The

primary focus of this paper is the documentation and analysis of spatial variation in

encrustation at multiple levels of resolution, ranging from frequency trends across the

entire shelf to variations in diversity and abundance among patches of brachiopods. This

is the first step for future comparison of modern encrustation patterns with those reported

from Paleozoic brachiopod-dominated communities. In addition, comparison of epibiont

colonization patterns on modern bivalve and brachiopod shells allows evaluation of the

effects of host identity on encrustation, and can be used to test the applicability of modern

encrustation studies to the fossil record.

STUDY AREA

The study area is part of the Southeast Brazilian Bight Marine Province (Figure

3.1), influenced by the warm water South Brazil Current and subject to a humid tropical

climate (Knoppers et al., 1999). The shelf is a passive margin extending 90-180 km

offshore, characterized by relict carbonate and terrigenous sediments (da Rocha et al.,

1975). Upwelling brings cooler South Atlantic Central Waters onto the outer shelf, below

the thermocline at approximately 100 meters water depth (Campos et al., 1995, 2000); the

distribution of brachiopods appears to be related to areas of upwelling and carbonate-rich
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substrates (Kowalewski et al., 2002). Samples were taken from near-coastal areas and

across the shelf, over a depth range of ~800 m (for additional details on the study area

and sampling regime, see Kowalewski et al., 2002; Simões et al. in press). Only sites that

provided abundant brachiopods will be considered in this paper.

Outer shelf specimens were collected under the scope of the Revisee Score Sul

Benthos project. These sites were sampled offshore from Paraná and Sao Paulo states

(Figure 3.1A, B) and include 31 brachiopod rich sites ranging from 99 meters to 500

meters water depth. Brachiopods were confined to substrates composed of at least 40%

carbonate by weight (Kowalewski et al., 2002).

On the inner shelf, seven sites were sampled from coastal areas near Ubatuba, SP.

These sites are located in two geographically distinct regions referred to here as the

northern and southern study areas (Figure 3.1C). Collections varied from 6 meters to 30

meters water depth across more than 20 kilometers of tropical and subtropical coastline,

and were taken from known and persistent brachiopod-rich localities. The northern area

consists of Ilha das Couves, Ubatumirim 1, and Ubatumirim 2 study sites, and were

sampled at 15 meters, 6 meters and 23 meters water depth, respectively.  The southern

(Ubatuba) area was more extensively sampled, and is represented by four brachiopod-

dominated sites along a transect running offshore from northwest to southeast. Ubatuba

Station 9 was collected at 10 meters water depth, and the sediment is poorly sorted coarse

sand, with 25% carbonate and 7% organic matter by weight. Ubatuba Station 5 was

collected from 20 meters water depth, and is also characterized by poorly sorted coarse

sand, with a smaller contribution of carbonate (17%) and organic matter (1%). By

contrast, Ubatuba Station 3, collected from 25 meters, is moderately well sorted, very

fine siliciclastic sand (1% carbonate, 2% organic matter by weight). Ubatuba Station 1 is

the deepest inner shelf station sampled (30 meters), and bottom sediments were

composed of moderately sorted coarse sand, with a sizeable (25% by weight) carbonate

component.
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MATERIALS AND METHODS

A total of 12,731 specimens were collected from the outer shelf, including four

brachiopod species: Bouchardia rosea, Argyrotheca cf. A. cuneata, Terebratulina sp. and

Platidia anomioides (Figure 3.2). Three collection methods were employed: dredging,

Van Veen grab, and box core – while repeated sampling by different methods did not

always produce the same results, no systematic biases were observed. The longest

dimension of each brachiopod was measured using 1mm grid graph paper under a

binocular microscope. The amount of encrustation was determined for each species at

each site by counting the number of brachiopods bearing epibionts and determining

encrustation frequencies for each. As a ratio measurement, encrustation frequency

measures the percentage of the population that was encrusted (just as gene frequency

measures the proportion of a population bearing a given gene) and does not refer to the

temporal rate at which valves are colonized. This measure can be used to assess

variations between different hosts, or between similar hosts at different sites. When

encrusting taxa are solitary, encrustation frequency can also provide an estimate of

relative abundance among epibionts, but gregarious taxa are underrepresented.

Encrustation frequency is simple to measure (as presence or absence of each taxon on a

shell), can be readily incorporated into any taphonomic or paleoecological study, and is

an effective way to determine the relative importance of epibiont taxa. However, it

provides no information on the relative number or biomass of epibionts, nor on the

surface area covered by them.

Additional brachiopod samples were collected from the near-coastal inner shelf,

primarily represented by Bouchardia rosea but also including a few individuals of

Argyrotheca cf. A. cuneata. This material was sorted from sediment using mesh sizes two

millimeters (2 mm) across or wider, providing a total of 1029 specimens of Bouchardia

rosea. Each specimen was measured to the nearest 0.1 mm using electronic calipers and

examined under a binocular microscope to evaluate the encrusting fauna. The encrusters

were identified at higher taxonomic levels (e.g. serpulid worms, bryozoans,

foraminifera), an approach commonly used in modern encrustation studies (e.g.,

Lescinsky, 1997; Best and Kidwell, 2000a, 2000b; Lescinsky et al., 2002).
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In order to investigate the encrusting fauna at higher resolution, and to evaluate

the effects of taxonomic resolution on encrustation studies in general, 135 specimens (out

of the 1029 analyzed from the inner shelf) were studied in more detail (15 to 40 randomly

selected specimens per site). For these specimens, epibionts were identified to

morphospecies level whenever possible using a binocular microscope; taxonomic

identification has not yet been performed. The abundance and location of each epibiont

morphospecies and overall taxonomic richness was recorded for each valve. In

computing abundance, the focus is on the number of epibiont larvae that successfully

colonize the substrate, without regard to biomass. Because of the focus on colonization

and larval arrival, colonial organisms are regarded as single individuals, while multiple

colonies on a valve are counted as separate individuals.

Valve size and exposure history control the surface area available for colonization

and the temporal window in which encrustation may occur, so both factors should be

taken into account. If colonization only occurs during a short interval, interaction

between individual epibionts may result in competition for limited resources such as

space and food, and larger valves may be able to accommodate a greater number of

epibionts. The length of time available for valve colonization may depend on a variety of

factors, including valve size, sedimentation and bioturbation rates, storm frequency, and

the durability of a valve (e.g., Lescinsky et al., 2002). Many of these variables can be

controlled by accounting for valve identity and size and by comparing encrustation of

valves collected from the same site, as is done here; each valve can be considered a

replicate sample substrate deployed naturally at each site. Given constant size and

comparable exposure histories, epibiont abundance (measured as the number of larval

colonization events) may prove to be a useful measure of planktonic productivity.

RESULTS

Out of a total of 13,760 brachiopods examined in this study (12,731 from the

outer shelf and 1,029 from the inner shelf), 1,106 were encrusted, for an overall

encrustation frequency of 8.0%. A wide degree of spatial and environmental variation

occurs in brachiopod encrustation across the Brazilian shelf. Encrustation frequency
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ranged from zero beyond the slope break, at 500 meters water depth, to 100% at a depth

of 6 meters on the inner shelf. When all sites are considered together, exterior

encrustation frequencies for Bouchardia are not directly correlated with depth (r = -0.248,

p = 0.266), but they are correlated with mean host size, (r = 0.688, p = 0.0004), and mean

host size decreases with increasing depth (r = -0.584, p = 0.004).

The encrusting fauna of the outer shelf is composed of foraminifera, while the

inner shelf is characterized by calcified polychaete worms, bryozoa and foraminifera,

with a lesser role played by bivalves, algae, barnacles and other taxa. Four different

morphotypes of serpulid worms were observed, along with sixteen morphotypes of

bryozoa, three morphotypes of foraminifera, and one variety each of spirorbid worms,

oysters, algae and barnacles, for a total of 27 distinct encrusting taxa on 4 brachiopod

species. Diversity, like encrustation frequency, increases towards shore.

There are distinct differences in sampling regime and data collection between

inner and outer shelf. Among other factors, many outer shelf brachiopods were collected

alive and preserved soft tissues, while inner shelf brachiopods represent a time-averaged

assemblage covering more than 3000 years (Carroll et al., 2003). Because of these

differences, inner and outer shelf encrustation patterns are discussed separately.

Outer Shelf

 Analysis of encrustation frequency by depth, latitude, longitude, and collection

method failed to identify trends in brachiopod encrustation across the outer shelf (Table

3.1). The abundance of brachiopods, on the other hand, shows a spatial pattern, with

Bouchardia primarily found in the southwest while the other taxa only at northeastern

sites. Only 1.9% of all brachiopods collected from the outer shelf were encrusted.

Overall, brachiopod encrustation frequencies on the outer shelf vary from zero to 100%,

although the highest percentages are limited to small samples and thus may represent a

statistical artifact. After excluding small samples (fewer than 10 brachiopods),

frequencies varied over a much smaller range, from 0 - 44%, with the highest recorded

encrustation frequency (44%) observed for a sample of 50 specimens of Bouchardia.
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The frequency of encrustation varies widely among brachiopod species (Figure

3.3). Argyrotheca was more commonly colonized by epibionts than other brachiopod

species: the encrustation frequency for all specimens of Argyrotheca was 9.3%,

compared to frequencies of 3.9% for Terebratulina, 1.6% for Bouchardia and 0.4% for

Platidia. Frequency values vary significantly (Chi-squared test, p << 0.05). This is not an

artifact of valve size, as size-frequency distributions for each genus are similar (Fig. 3.2).

Because encrustation frequencies vary widely between patches, not all individuals

of a species have the same exposure to colonization. Calculated frequencies of

encrustation per site can be used to assess spatial variability in the encrusting fauna, as

shown in the ‘Total’ column in Table 3.1, and indicate wide variation in encrustation

frequencies per site. However, variations between sites do not account for the observed

variation in encrustation frequencies among species. Argyrotheca occurs only at sites

where  Terebratulina is present, but a significantly higher number of Argyrotheca were

encrusted (Fisher’s Exact Test: p = 0.0014).

Inner Shelf

Total encrustation frequencies for inner shelf Bouchardia are considerably higher

than values determined from the outer shelf (Figure 3.4), ranging from 75% to 100%, in

contrast to the outer shelf range between 0% and 44% for all samples where n ≥ 10

brachiopods. There is a strong preference for the encrustation of valve interiors of dead

shells, and since most outer shelf brachiopods included soft tissues internally, this

presents a possible bias. If only valve exteriors are considered, the difference is reduced:

1.6% of Bouchardia specimens are encrusted on the outer shelf, compared to 27.3% of all

Bouchardia from the inner shelf. This still records a strong preference for inner shelf

encrustation, however: 532 out of 1029 inner shelf specimens were encrusted on the

exterior of the shell, compared to 183 out of 11,390 outer shelf specimens (Fisher’s Exact

Test: p < 0.0001). Within the inner shelf, whole-fauna variations in encrustation

frequency do not vary consistently between samples as a function of depth or latitude

(Table 3.2). In contrast, when inner shelf sites are pooled together, encrustation

frequencies show a strong increase as a function of valve size (Figure 3.5).
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Specific taxonomic groups of epibionts do show some spatial distribution trends,

particularly along the southern Ubatuba transect. The proportion of brachiopods

encrusted by serpulid worms increases steadily northward along the Ubatuba transect and

through Ilha das Couves and Ubatumirim. Within the southern transect, serpulids form a

decreasing proportion of the encrusting fauna with depth. Up to 49 individuals were

counted on a single valve from the 23 m depth site at Ubatumirim, making serpulids far

and away the most gregarious of encrusters present in the study area. Bryozoa show a

similar trend to serpulids, comprising an increasing proportion of the fauna from south to

north, from east to west, and with decreasing depth through the southern transect,

although the trend is more variable through the northern study area. Barnacles are

extremely rare, found only in the northern parts of the study area, where epibiont

abundance is highest. Spirorbids appear to be confined to areas near shore, as they were

found at all sites except for Ubatuba 1 and Ilha das Couves. The distribution of bivalves,

foraminifera and algae is patchy, following no apparent trend.

The abundance and relative proportions of encrusting taxa vary among sites, even

at coarse taxonomic scales (Figure 3.6). In contrast, these proportions are remarkably

consistent among samples collected from the same site; random subsets of as few as ten

brachiopods show little deviation from the patterns derived from larger sample sizes.

Epibiont abundance patterns are similar to the patterns observed by measuring the

proportion of brachiopods encrusted by each epibiont taxon. The only exception is the

intensely encrusted 23 m site at Ubatumirim 2, where the gregarious tendencies of

serpulids skew the abundance pattern. The similarity between encrusting faunas at each

site was tested using the Spearman rank correlation test, assuming significance values of

α = 0.05 (Spearman rank correlation identifies significant correlation in the rank order

abundance of taxa at different sites, with significant results indicating a high degree of

similarity between them; see Kidwell, 2001 for more details on this approach). Every site

on the inner shelf shows significant rank order correlation between the abundance of

epibionts and the relative frequency at which each taxon encrusts valve surfaces (p <

0.05).

Epibiont abundance and diversity is more complicated at finer taxonomic

resolution. Taphonomic factors limited the ability to distinguish all taxa, but the
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composition of faunas varies widely among sites (Figure 3.7). Ubatuba Station 9 showed

the highest diversity (24 morphospecies), while Ubatuba Station 5 showed the lowest

diversity (8 morphospecies). Epibiont distribution is patchy: only one bryozoan, one

serpulid and one foraminiferan morphospecies occur in all of the six sites. Six taxa were

found only at one site apiece; the mode was four sites, represented by nine taxa. No fewer

than 11 epibiont morphospecies were differentiated from sites with 30 or more

brachiopods. There is a strong association between epibiont morphospecies richness and

abundance (r = 0.939, p = 0.0055), but no significant correlations at α = 0.05 between

depth, abundance, diversity, and the number of brachiopods sampled at each site.

Using Spearman correlation to test for similarities in rank order of morphospecies

abundance between sites there is a significant correlation (p < 0.05) between all but two

sites (Table 3.3). The only exception (p = 0.113) is the pairwise comparison between

Ubatumirim 2, characterized by the highest epibiont abundance, and Ubatuba 1, which

has the lowest epibiont abundance. One problem with Spearman rank correlation is its

susceptibility to mutual absences, but the degree to which these influence the data can be

tested by excluding taxa which are absent from multiple sites. Table 3.3 includes the

results of two analyses performed in this manner, excluding taxa that only occur at two or

three sites, respectively. This analysis loses resolving power as original data are

excluded, but the results are similar to the previous one, insofar as that all sites within the

southern study area still group together, as do the sites within the northern study area.

DISCUSSION

The results of this study can be compared to encrustation studies on articulate

brachiopods in the fossil record (e.g. Kesling et al., 1980; Wilson, 1982; Nield, 1986;

Alvarez and Taylor, 1987; Alexander and Scharpf, 1990; Bordeaux and Brett, 1990;

Cuffey et al., 1995; Lescinsky, 1995, 1997) and on modern mollusks, including those

based on field sampling (e.g. Best and Kidwell, 2000a, b) as well as experimental

deployment studies (e.g. Parsons-Hubbard et al., 1999; Lescinsky et al., 2002). These

comparisons are necessary to develop a better understanding of long-term temporal

patterns of encrustation through the Phanerozoic. If fundamental differences exist in
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encrustation between brachiopods and bivalves, any attempt to study the history of

encrustation will need to account for the long-noted ‘decline’ of brachiopods since the

Paleozoic (see Gould and Calloway, 1980 and references therein). Similarly, careful

investigation may reveal changes in substrate selectivity by epibionts (e.g. taxonomic

trends, rugophilic, photophobic or cryptic settlement behavior) through geologic time.

These fundamental questions must be addressed before measures of encrustation

frequency can be used as proxies for productivity in the fossil record, as suggested by

Vermeij (1995).

Variations among Sites

Brachiopod assemblages and the frequencies and patterns of encrustation are

markedly different between inner and outer shelf localities. A 69 meter depth gap exists

between the shallowest outer shelf site that yielded brachiopods (99 m) and the deepest

inner shelf site sampled (30 m). Inner shelf brachiopod faunas are overwhelmingly

dominated by Bouchardia, with a similar size distribution to those on the outer shelf, but

with some specimens reaching larger size classes, over 20 mm in length (Kowalewski et

al., 2002). However, due to the sampling regime, only shells longer than 3 mm were

evaluated for encrustation from the inner shelf. In addition, for reasons that remain

unclear, outer shelf sites were dominated by live-collected specimens (>90%), while dead

specimens comprised the overwhelming majority of inner shelf specimens. These factors

complicate direct comparison of inner and outer shelf data, and the effects of exposure

history and host size on encrustation require evaluation.

On a site by site basis, mean shell length and encrustation frequency increase

towards shallow waters (p = 0.0004 for exterior encrustation) (Figure 3.4), and inner shelf

data indicate that larger shells are encrusted much more frequently than smaller shells

(Figure 3.5). This suggests that much of the differences in inner and outer shelf

encrustation could be due to shell size alone. Whether this relationship is causal or simply

correlative remains uncertain. Larger shells are more likely to be colonized as they make

larger targets for epibiont larvae settling at random, but epibiont abundance and host size

could be responding positively to other environmental factors, such as food supply.
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Valve interiors are more frequently encrusted than exteriors, and thus most

encrustation occurs after the death of the host. As a result, the preponderance of dead

hosts on the inner shelf could bias the record towards higher encrustation frequencies.

Because of this, it is necessary to examine encrustation separately between valve interiors

and exteriors. All interior encrustation must occur after the death of the host, and thus

taphonomic studies emphasizing post-mortem processes focus on interior alteration

exclusively (e.g., Best and Kidwell, 2000a, b). Exterior encrustation can occur during the

life of the host as well as after death, and may reflect commensal relationships between

host and epibiont (e.g., Fagerstrom, 1996; Lescinsky 1997). Even when exterior

encrustation frequencies are considered alone, nearly three times as many inner shelf

specimens of Bouchardia were encrusted than outer shelf Bouchardia. This is all the

more remarkable as outer shelf specimens outnumber inner shelf specimens by more than

an order of magnitude. While extensive post-mortem colonization occurs on the inner

shelf and total encrustation frequencies are accordingly biased, this evidence suggests

that the difference between outer shelf and inner shelf cannot be ascribed to exposure

history alone.

At finer spatial scales the picture is more complicated, as brachiopod abundance,

frequency and intensity of encrustation, and the composition of encrusting faunas do not

show clear depth trends within either inner shelf (Figure 3.8) or outer shelf environments.

For instance, while epibiont abundance decreases with depth along the Ubatuba transect

on the inner shelf, the 23 meter depth Ubatumirim site records the highest abundance

observed in this study. In addition, Spearman rank correlation suggests that the epibionts

found at each site on the inner shelf came from no more than two initial pools of potential

colonists, characterizing the northern and southern study areas. Ubatumirim 1 correlates

with the Ubatuba transects as well as with Ubatumirim 2, however, and the epibiont

fauna at this site may result from mixing between both areas.

Depth alone is probably not a primary control on these factors, but is instead

correlated to the controlling variables. Besides exposure history and valve size, an array

of physical and biological environmental factors covary with depth and are likely to

influence encrustation. Water depth can be directly related to water mass characteristics

such as temperature and salinity, which affect the growth rates and survival potential for



41

marine invertebrates. Additional physical influences related to water depth include

sediment composition and sedimentation rates. Even a thin veneer of sediment can deter

encrustation, and this may account for low encrustation frequencies below storm wave

base (Parsons-Hubbard et al., 1999; Lescinsky et al., 2002). The variations in

encrustation of brachiopod taxa from the same sites indicate that the constituents of the

benthic fauna and the physical characteristics of their shells must also be taken into

account.

It has been suggested that various measures of encrustation should increase with

increasing productivity (e.g. Vermeij, 1995; Lescinsky et al., 2002). While this

hypothesis is attractive, it remains unclear precisely what measures of productivity are

related to encrustation or how encrustation should be measured to interpret productivity.

In addition, other influences, such as sedimentation rates, must also be taken into

consideration and may complicate the interpretation of productivity from epibiont data

(Lescinsky et al, 2002). While the data available here are not sufficient to test the

hypothesis that encrustation can be a proxy for productivity, it is worth noting the

oceanographic and ecological context of the study area. The Ubatuba region is generally

considered to be oligotrophic or oligo-mesotrophic in terms of nutrient availability, with

nutrients provided from atmospheric sources, runoff, and upwelling of South Atlantic

Central Water (SACW) onto the shallow shelf (e.g. Braga and Müller, 1998). Natural

eutrophication occurs during summer months due to the upwelling of SACW into the

euphotic zone and consequent nutrient regeneration (Aidar et al., 1993), which would

certainly be favorable for phytoplankton. Similarly, zooplankton density is highest on the

shallow shelf, above 50 meters water depth (Vega Perez, 1993). While the linkages

between primary productivity and encrustation are tentative and require further

evaluation, these results are consistent with the hypothesis that encrustation should

increase with increasing nutrient availability.

Variations among Taxa

The data collected support the suggestion that encrustation frequencies vary

among brachiopod species (despite similar size-frequency distributions and sample sizes),



42

and are consistent with evidence from the fossil record (e.g. Richards, 1972; Alexander

and Scharpf, 1990; Bordeaux and Brett, 1990; Lescinsky, 1997). However, the causes for

these interspecific variations bear further investigation. Different stories emerge

depending on whether encrustation frequencies are computed as an overall value for the

species or as mean frequencies per site. Frequencies calculated per species include an

implicit assumption that each individual brachiopod within a species has the same chance

of being encrusted as any other member of the species. This ignores variation in

encrustation between sites, and assumes that variation between species is the result of

substrate selectivity among settling larvae of encrusting taxa.

Notably, the highest per-species encrustation frequency on the outer shelf was

calculated for Argyrotheca, which has pronounced radial ribbing; the second highest

frequency was reached by Terebratulina, with fine radial ribs, and the lowest frequencies

were attained by the smooth shelled Bouchardia and the spinule - bearing Platidia. This

suggests preferential colonization of the exteriors of ribbed taxa, due perhaps to the

increased surface area of the shell or, alternatively, to a preference for cryptic habits

provided by concave surfaces, such as grooves. Given the similarities in size-frequency

distribution and in cross-sectional area among these brachiopod species (Figure 3.2), the

latter explanation seems more likely. Other factors may also play a role, such as facies

differences, punctae density, chemical deterrents, and (as noted previously) host size and

exposure history, but for shells of equivalent size collected from the same settings,

topographic differences appear to be the strongest candidate for explaining these data.

Paleozoic spirorbids show distinct preference for the spaces between ribs (e.g. Alexander

and Scharpf, 1990) and are almost entirely confined to concave valve interiors of

specimens studied here. Cryptic settlement patterns are common among modern

epibionts, but appear to have been less common on Paleozoic brachiopod hosts (e.g.

Watkins, 1981; Alexander and Scharpf, 1990). It remains uncertain whether this is a

taphonomic bias resulting from post-mortem disarticulation or an actual trend towards

cryptic habitation over geologic time.

Paleozoic brachiopods also show extensive variation in mean encrustation

frequency among species, even after correction for surface area (Alexander and Scharpf,

1990; Bordeaux and Brett, 1990). Mean encrustation frequencies calculated for each of



43

ten brachiopod species collected from Upper Ordovician strata in southeastern Indiana

range from a low of 0% (Thaerodonta clarksvillensis) to a high of 55% (Rafinesquina

alternata) (Alexander and Scharpf, 1990), although facies differences may play a role.

Both Ordovician and Devonian brachiopods show general settlement preferences among

encrusting taxa for ribbed brachiopods and avoidance of brachiopods bearing spines and

punctae (Alexander and Scharpf, 1990; Bordeaux and Brett, 1990), although this is not

universally observed; the smooth shelled brachiopod Composita is most frequently

encrusted in the Carboniferous of North America (Lescinsky, 1997). This general pattern

continues today: on the outer shelf, at least, the most coarsely ribbed brachiopod species

(Argyrotheca) is most frequently encrusted, while the least-encrusted (Platidia) possesses

spinules.

These substrate-specific variations between inner and outer shelf encrustation

may be further complicated by the role of punctae in epibiont deterrence. Each of the

species identified from the Southeast Brazilian Bight possess punctae, as do all

terebratulids, and therefore variations in the density of punctae may influence

encrustation frequencies. Moreover, some brachiopods secrete mucosaccharides through

their punctae, and these substances deter colonization by epibionts during the life of the

individual (e.g. Curry, 1983).  Because the overwhelming majority of brachiopods from

the outer shelf were collected alive, differences in encrustation frequency may also reflect

different degrees of epibiont deterrence by chemical means.

Comparison with Paleozoic Brachiopods

When the encrusting community is examined at fine taxonomic resolution, a

substantial proportion of diversity is found amongst the rare taxa, which is typical in

Cenozoic soft-bottom, benthic marine assemblages (e.g. Bambach, 1977; Powell and

Kowalewski, 2002). These observations confirm the patchy nature of encrustation, and in

particular demonstrate the same lack of community coherency seen in many ecological

and paleoecological studies (e.g. Springer and Miller, 1990; Bennington and Bambach,

1996; Lescinsky, 1997; Patzkowsky and Holland, 1999; Olszewski and Patzkowsky,

2001).
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Analyses of species richness trends in epibiont communities through geologic

time are complicated by a variety of factors, such as changing epibiont and host identity,

lack of facies control, and variable sample size and taxonomic resolution. Some studies

underestimate epibiont diversity because they are conducted at coarse taxonomic

resolution (e.g., Best and Kidwell, 2000a, b; Lescinsky et al., 2002). In contrast,

oversplitting of taxa can result in ecologically improbable scenarios: for example, 14

species of the genus Hederella were reported on Paraspirifer from the Silica shale,

accounting for more than a third of epibiont species richness (Kesling et al., 1980). These

problems present significant obstacles to determining adequate estimates of taxon for

epibionts through geologic time.

A more reliable estimate of epibiont diversity may be the mean number of

encrusting species per brachiopod. While this measure still depends on adequate

distinction of species, it is less dependent on the number of hosts studied than total

richness, and it measures ecological complexity (Lescinsky, 1997). In a sense, each valve

can be considered as a separate ‘island’ which may be colonized by epibiont larvae, and

which has limited space and food resources available. Multiple valves provide replicate

samples, and measure niche occupation rather than the diversity of the pool of potential

epibionts. It therefore provides a degree of ecological standardization between samples in

a given locality and of equivalent age.

Unfortunately, few studies have provided data suitable for this sort of analysis,

but a great deal of information is available from Carboniferous encrusting communities in

North America. Encrusted Mississippian brachiopods host, on average, 1.05 to 3.43

species per specimen; the highest value is for Anthracospirifer while the lowest is for

Reticulariina (Lescinsky, 1997). Pennsylvanian specimens of  Composita host anywhere

from 1.06 to 3.3 species per encrusted shell (Lescinsky, 1997). These encrusted

Composita should be comparable to the results of this study: a single genus was studied

by one author using a consistent methodology, from multiple samples representing

tropical or subtropical environments in an icehouse world.

For this comparison, the mean number of epibiont species per host species was

calculated for all sites, weighted by epibiont abundance at each site (i.e., the mean

number of encrusting species per encrusted brachiopod in each site was multiplied by the
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number of encrusted brachiopods at that site, the total for all sites was calculated, and

then divided by the total number of encrusted brachiopods). This value is estimated only

for encrusted brachiopods, because brachiopods that were not encrusted provide no useful

information on epibiont diversity patterns. A mean value of 1.99 epibiont species was

calculated per host (median = 1.93) on 695 specimens of Carboniferous Composita. By

comparison, inner shelf Bouchardia hosts provide mean values per site ranging between

1.63 and 4.69 species per encrusted valve, with a mean of 3.21 epibiont species per host

(median = 3.30) for 142 specimens. A Wilcoxon 2-sample test indicates that this

difference is marginally significant (Z = 1.95, p = 0.05). It is worth noting that a variety

of factors should influence these numbers, and the data ranges show a fair amount of

overlap.

Higher species richness has been reported in Devonian epibiont assemblages (e.g.,

Kesling et al., 1980; Gibson, 1992), and it is possible that these settings preserved a

greater number of epibiont taxa per shell. More detailed comparisons of abundance and

diversity in epibiont assemblages through the Paleozoic are needed to identify potential

macroevolutionary trends. Mean and maximum species richness values per shell are

higher in the modern subtropical brachiopod-encrusting community of the southeast

Brazilian shelf than they were in comparable Pennsylvanian settings from the

midcontinent of North America (Figure 3.9). Whether this reflects evolutionary changes

in the epibiont fauna, oceanographic and environmental controls, or differences in the

ability of epibionts to colonize these hosts, remains uncertain.

The encrusting fauna itself has changed dramatically since the Paleozoic, with

many once-dominant taxa (e.g. cornulitids, edrioasteroids, stenolaemate bryozoans,

tabulate and rugose corals) long extinct (e.g. Palmer, 1982). Their role as encrusters of

brachiopods has been supplanted by serpulid worms and cheilostome bryozoans.

Spirorbids remain a small but important part of the fauna today, and displayed similar, if

highly variable, relative abundance in Devonian and Mississippian encrusting

communities (Bordeaux and Brett, 1990; Lescinsky, 1997). Encrusting communities

experienced significant turnover through the late Paleozoic, a situation aggravated by the

end-Permian mass extinction (Lescinsky, 1996). Spirorbids are the only encrusting taxa

identified in Triassic faunas from the survival interval immediately postdating the
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extinction (reported in Paull and Paull, 1994), and more diverse Mesozoic encrusting

communities were not established until the Late Triassic (Taylor and Michalik, 1991).

The new suite of taxa may reflect the results of differential survival through mass

extinction, or they may track ecological changes through time, such as increasing

biomass and morphological complexity (e.g., cheilostome versus stenolaemate

bryozoans, Sepkoski et al., 2000) in epibiont taxa. Despite these changes in epibiont

faunas and whatever their causes, it is possible to compare modern and ancient

brachiopod encrustation patterns in open marine, warm water settings.

Comparison with Modern Bivalves

Modern articulate brachiopods are encrusted by many of the same taxa that

colonize bivalve mollusks in modern marine settings. Bivalves from a tropical, mixed

siliciclastic and carbonate subtidal embayment in Panama are encrusted primarily by

bryozoans and calcareous tube-dwelling worms (both serpulids and spirorbids), with

minor roles played by algae, foraminifera, mollusks and corals (Best and Kidwell,

2000a). Encrusting taxa in the Java Sea also vary by site, dominated by bryozoans,

barnacles, bivalves and sponges in a eutrophic setting but by bryozoans, serpulids, and

algae at a mesotrophic site (Lescinsky et al., 2002). The observed similarity of dominant

encrusting taxa among brachiopods and bivalves in three separate tropical seas suggests

that at higher taxonomic levels, host identity is not a primary control on the identity of

encrusting taxa. Despite many differences in periostracum and shell microstructure and

mineralogy, metabolism and filtration rates, the potential for infaunal modes of life

among bivalves, and other characteristics between bivalves and brachiopods, these seem

to present no taxonomic barriers for encrusting taxa. However, substrate specialization

may well occur (and seems more likely) at finer levels of taxonomic resolution.

Encrustation frequencies among modern bivalves also vary widely depending

upon environment of deposition. Best and Kidwell (2000a) report mean encrustation

frequencies for tropical bivalves ranging from 0% in soft muddy bottoms to a high of

45% in hard substrates (patch reefs and Halimeda sands). However, they also show a
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wide range of variation within each setting, with patch reef encrustation frequencies

ranging from under 30% to over 70% (Best and Kidwell, 2000a).

However, encrustation frequencies determined for Panamanian bivalves (Best and

Kidwell, 2000a) are somewhat lower than the inner shelf encrustation frequencies

observed in this study. This is not entirely unexpected; many bivalves are infaunal, and

thus encrustation of the valve exterior is unlikely during the life of the animal.

Furthermore, the valves of infaunal bivalves must be exhumed before they can be

colonized by encrusters. Higher encrustation frequencies were observed among epifaunal

bivalves relative to infaunal bivalves in all environments studied by Best and Kidwell

(2000b), with frequencies exceeding 80% for some epifaunal bivalve assemblages. An

additional, although minor, bias exists in the form of data collection: the Panama study

was limited to valve interiors, while this study examined all epibionts colonizing a host

shell. Because some hosts are colonized on the exterior exclusively, total encrustation

frequencies in this study will be higher. When the interior encrustation of Bouchardia is

evaluated alone, the inner shelf specimens are encrusted at a frequency of 80.8%.

Bivalves as a whole may generally exhibit lower frequencies of encrustation than

articulate brachiopods, because the latter are exclusively epifaunal and have greater

exposure to encrusting organisms. However, these results suggest that strong similarities

exist in encrustation frequencies and in the overall composition of the encrusting fauna

between articulate brachiopods and bivalves in tropical shelf assemblages in the present

day. Given the data from brachiopod genera on the outer shelf, differences in encrustation

at higher taxonomic levels may be masked entirely by variations among genera or across

environments. This implies that the composition of the host valve may be less important

than other factors (i.e., water depth, valve surface texture, and primary productivity) in

determining the frequency of encrustation and the composition of the encrusting fauna.

However, the encrustation of co-occurring brachiopods and bivalves from the same

localities require further evaluation, and patterns of epibiont abundance and species

richness per shell also need to be investigated.
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CONCLUSIONS

This study provides the first large-scale, quantitative study of encrustation of

modern brachiopods from a tropical and subtropical passive margin shelf. While many

Paleozoic brachiopod assemblages were deposited in epeiric seaways, rimmed margins

and foreland basins, this setting provides the best modern analogue for many ancient

faunas dominated by rhynchonelliform brachiopods. The results demonstrate the extent

of spatial variation and emphasize the difficulties involved in interpreting fossil

encrustation data in terms of controlling factors. Unlike many taphonomic deployment

experiments, a collection-based study cannot control all the variables that might influence

encrustation (e.g., host size, shell architecture, water depth, productivity), although many

of these factors can be measured as they vary from site to site.

While encrustation frequencies drop off markedly from the inner shelf to the outer

shelf, they remain variable within both settings, and do not appear to correlate directly to

depth. Instead, the depth patterns observed appear to be related to other factors that vary

with depth, especially host shell size and exposure history. Larger shells are more

frequently encrusted than small shells, and mean shell size per site decreases with

increasing depth. However, it is not clear whether the increase in encrustation is simply

because larger shells are bigger targets for settling epibiont larvae, or if both encrustation

frequency and host size are positively related to another factor, such as productivity.

The diversity, abundance and taxonomic composition of encrusting taxa is

probably a better proxy for productivity than encrustation frequency. Barnacles appear

limited to areas of higher encrustation intensity on the inner shelf, while foraminifera

predominate on the outer shelf, where encrustation frequencies are low. However, the

percentage of shells encrusted by each epibiont taxon appears to be adequate for finding

the relative proportion of taxa which do not show gregarious settlement patterns.

Similar encrustation patterns are observed among Paleozoic and modern

brachiopods, including variations in encrustation frequencies among species, preferential

settlement of epibionts on ribbed species, and their avoidance of spines or spinules,

despite changes in the encrusting fauna. Whether the host substrate is bivalve or

brachiopod, modern shallow-water tropical and subtropical epibiont communities appear
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to be dominated by serpulid worms and cheilostome bryozoans. The Mesozoic and

Cenozoic record of brachiopod encrustation remains unexplored, but patterns of

encrustation established early in the Paleozoic can still be observed in the modern ocean.

Comparison of modern and ancient brachiopod encrustation and evaluation of the

controls on encrustation among different host taxa, will provide a better understanding of

the macroevolutionary history of epibiont faunas and their relationship with their hosts.
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Table 3.1

Encrustation frequencies for brachiopods from the outer shelf of the Southeast Brazilian Bight, in order of

sample depth. Totals are calculated for each site and for each species.

Site Depth (m) Latitude Longitude # brachiopods # encrusted % encrusted # brachiopods # encrusted % encrusted # brachiopods # encrusted % encrusted # brachiopods # encrusted % encrusted # brachiopods # encrusted % encrusted

6678 99 24.46.357 45.11.135 10 0.0 9 0.0 0.0 3 0.0 22 0.0

6704 100 25.14.60 46.03.00 0.0 1 0.0 0.0 0.0 1 0.0

6669 101 24.07.347 44.42.142 0.0 1 0.0 0.0 0.0 1 0.0

6674 122 24.31.08 44.54.00 0.0 103 1 1.0 0.0 3 0.0 106 1 0.9

6703 133 25.39.70 46.13.20 0.0 609 65 10.7 0.0 0.0 609 65 10.7

6673 133 24.17.939 44.35.983 46 3 6.5 20 0.0 0.0 54 2 3.7 120 5 4.2

6677(19) 137 24.40.747 44.50.822 65 9 13.8 0.0 0.0 52 0.0 117 9 7.7

6793 138 27.46.49 47.40.45 0.0 50 22 44.0 0.0 0.0 50 22 44.0

6808 141 28.48.67 48.00.19 0.0 226 3 1.3 0.0 0.0 226 3 1.3

6661 147 24.07.637 45.51.895 0.0 0.0 0.0 2 0.0 2 0.0

6699 150 26.01.26 46.25.26 0.0 1269 27 2.1 0.0 2 1 50.0 1271 28 2.2

6787 151 27.27.83 47.24.22 0.0 5 3 60.0 0.0 0.0 5 3 60.0

6676 153 24.49.699 44.44.965 68 1 1.5 0.0 0.0 39 1 2.6 107 2 1.9

6686 153 25.36.988 45.13.571 8 0.0 0.0 1 0.0 5 0.0 14 0.0

6695 153 26.17.51 46.41.23 0.0 17 0.0 0.0 0.0 17 0.0

6676(18) 153 24.49.699 44.44.965 99 16 16.2 0.0 0.0 128 8 6.3 227 24 10.6

6686(28) 153 25.36.988 45.13.571 0.0 1 1 100.0 0.0 0.0 1 1 100.0

6653 155 25.43.50 46.02.50 0.0 8809 50 0.6 0.0 0.0 8809 50 0.6

6666 163 24.17.129 44.12.179 36 7 19.4 0.0 3 0.0 30 0.0 69 7 10.1

6666(8) 163 24.17.129 44.12.179 15 2 13.3 0.0 1 0.0 19 4 21.1 35 6 17.1

6672(14) 165 26.27.75 44.30.351 34 0.0 1 0.0 1 0.0 33 1 3.0 69 1 1.4

6681(23) 168 25.11.005 44.56.6 10 0.0 0.0 0.0 11 1 9.1 21 1 4.8

6706 184 25.48.60 45.44.50 0.0 137 6 4.4 0.0 1 0.0 138 6 4.3

6646 198 25.43.78 45.16.06 1 0.0 69 2 2.9 0.0 1 1 100.0 71 3 4.2

6652 206 25.51.04 45.47.30 0.0 1 0.0 0.0 0.0 1 0.0

6698 241 26.10.87 46.20.01 0.0 57 3 5.3 0.0 0.0 57 3 5.3

6651 256 25.53.58 45.42.13 0.0 1 0.0 0.0 0.0 1 0.0

6665 258 24.20.844 44.09.913 17 0.0 2 0.0 440 2 0.5 98 0.0 557 2 0.4

6665(7) 258 24.20.844 44.09.913 0.0 0.0 0.0 1 0.0 1 0.0

6685 282 25.41.827 45.11.686 0.0 0.0 0.0 2 0.0 2 0.0

6650 417 25.57.39 45.34.25 0.0 1 0.0 0.0 3 0.0 4 0.0

6644 485 25.45.80 45.11.77 0.0 1 0.0 0.0 0.0 1 0.0

6777 500 26.51.76 46.18.37 0.0 0.0 0.0 1 0.0 1 0.0

Totals per species 409 38 9.3 11390 183 1.6 446 2 0.4 488 19 3.9 12733 242 1.9

Mean by site 34.1 3.2 5.9 517.7 8.3 10.6 89.2 0.4 0.1 24.4 1.0 9.8 385.8 7.3 8.8

Terebratulina TotalLocality Argyrotheca Bouchardia Platidia
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Table 3.2

 Encrustation frequencies for the inner shelf, as a total for all encrusters and broken down by encrusting

taxon.

Encrusting taxa: Serpulid Spirorbid Bryozoan Barnacle Bivalve Algae Foraminifera Other Total
Ubatumirim 1 n = 16 # Bouchardia  encrusted 14 1 16 2 4 2 8 5 16

Depth 6 m % Bouchardia  encrusted 87.5 6.25 100 12.5 25 12.5 50 31.25 100

Ubatumirim 2 n = 16 # Bouchardia encrusted 13 4 14 0 4 1 1 2 15
Depth 23 m % Bouchardia  encrusted 81.25 25 87.5 0 25 6.25 6.25 12.5 93.8

Ubatumirim n = 120 # Bouchardia encrusted 74 43 91 2 41 21 0 12 108
Depth  ?? % Bouchardia  encrusted 61.7 35.8 75.8 1.7 34.2 17.5 0 10.0 90

Ilha das Couves n = 14 # Bouchardia encrusted 7 0 7 3 6 2 0 4 11
Depth 15 m % Bouchardia  encrusted 50.0 0 50.0 21.4 42.9 14.3 0 28.6 78.6

Ubatuba 9 n = 776 # Bouchardia  encrusted 336 22 468 3 42 97 101 94 644
Depth 10 m % Bouchardia  encrusted 43.3 2.8 60.3 0.4 5.4 12.5 13.0 12.1 83

Ubatuba 5 n = 15 # Bouchardia  encrusted 5 2 7 0 0 0 4 7 13
Depth 20 m % Bouchardia  encrusted 33.3 13.3 46.7 0 0 0 26.7 46.7 86.7

Ubatuba 3 n = 40 # Bouchardia  encrusted 12 7 13 0 13 0 11 10 30
Depth 25 m % Bouchardia  encrusted 30 17.5 32.5 0 32.5 0 27.5 25 75

Ubatuba 1 n = 32 # B. rosea  encrusted 7 0 7 0 5 3 7 12 27
Depth 30 m % B. rosea  encrusted 21.9 0 21.9 0 15.6 9.4 21.9 37.5 84.4
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Table 3.3

Spearman correlation coefficients and p values for rank abundances of epibionts in inner shelf assemblages.

Pairwise comparisons of sites resulting in p values below 0.05 are interpreted to recruit epibiont larvae

from the same pool of potential colonists.

Site Ubatuba 9 Ubatuba 5 Ubatuba 3 Ubatuba 1 Ubatumirim 1 Ubatumirim 2 Comments
Ubatuba 9 0.55091 0.64838 0.51679 0.57779 0.51529
Ubatuba 5 p  = 0.0024 0.58804 0.51572 0.44063 0.48755
Ubatuba 3 p  = 0.0002 p  = 0.001 0.65654 0.41464 0.46508
Ubatuba 1 p  = 0.0049 p  = 0.005 p  = 0.0001 0.38902 0.30663

Ubatumirim 1 p  = 0.0013 p  = 0.0189 p  = 0.0282 p  = 0.0408 0.77201
Ubatumirim 2 p  = 0.005 p  = 0.0085 p  = 0.0126 p  = 0.1125 p  < 0.0001

Ubatuba 9 Ubatuba 5 Ubatuba 3 Ubatuba 1 Ubatumirim 1 Ubatumirim 2
Ubatuba 9 0.4826 0.51252 0.67607 0.65626 0.43334
Ubatuba 5 p = 0.0425  0.52614 0.51274 0.26118 0.19157
Ubatuba 3 p  = 0.0296 p = 0.0249 0.70452 0.23113 0.12002
Ubatuba 1 p = 0.0021 p = 0.0296 p  = 0.0011 0.33416 0.02525

Ubatumirim 1 p  = 0.0031 p = 0.2952 p  = 0.3561 p  = 0.1753 0.79581
Ubatumirim 2 p  = 0.0724 p  = 0.4464 p  = 0.6352 p = 0.9208 p  < 0.0001

Results of Spearman 
correlation of 

morphospecies 
abundance without 

correction for mutual 
absences of taxa

Results of Spearman 
correlation of 

morphospecies 
abundance, excluding 
taxa absent from more 

than three sites
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Figure 3.1

Map of study area and brachiopod abundance across the shelf of the S
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Figure 3.2

Size - frequency distributions for each brachiopod species collected from the outer shelf.
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Figure 3.3

Encrustation frequencies across the outer shelf, by species. Each histogram plots the number of sites where

brachiopod encrustation frequencies fall within a 5% bin, ranging from 0% (no encrustation at that site) to

96-100% (all, or nearly all, brachiopods are encrusted at that site). Only sites represented by n ≥ 10

individuals of the plotted species are included.
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Figure 3.4

Comparison of encrustation frequencies between inner and outer shelf brachiopods. (A) Histograms as in

Figure 3. Encrustation frequency is plotted by the number of sites which fall into 5% bins, ranging from 0%

(no encrustation at that site) to 96-100% (all, or nearly all, brachiopods are encrusted at that site). Only sites

represented by n ≥ 10 brachiopods are included. (B) Scatter plot of encrustation frequency versus depth for

the same sites. (C) Exterior encrustation frequency versus depth. Comparing data from valve exteriors

exclusively reduces taphonomic biases introduced by live/dead collection differences between inner and

outer shelf sites. (D) Mean valve length per site as a function of depth.
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Figure 3.5

Mean encrustation frequency per size class for all inner shelf brachiopods, plotted separately for valve

interiors, exteriors, and per shell. Each size class is represented by all individuals in 1mm increments of

anterior-posterior valve length.
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Figure 3.6

Epibiont associations on the inner shelf, by site. The area of each pie chart corresponds to the mean number

of epibionts per valve at each site, ranging from 1.81 at Ubatuba 1 (30m) to 16.1 at Ubatumirim 2 (23m).

(A) Pie charts indicating the relative proportion of encrusted brachiopod surfaces (interior and exterior

surfaces counted separately) colonized by epibiont taxa at each site. (B) Pie charts indicating the total

abundance of epibiont taxa at each site.
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Figure 3.7

Diversity and abundance of morphospecies at each site on the inner shelf. Taxonomic groups used in Figure

3.4 are grouped by shading. Unidentifiable taxa were those which could not be reliably assigned to a single

morphospecies within a group, due to taphonomic effects (i.e., abrasion, overgrowth).
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Figure 3.8

Scatter plots showing the relationships between water depth, epibiont abundance (total number of

individuals or colonies), diversity (epibiont morphospecies richness), number of brachiopod shells and the

frequency of encrustation for each inner shelf site where epibionts were counted at morphospecies

resolution. (A) Increase in epibiont diversity with increasing epibiont abundance. (B) Decrease in epibiont

diversity with increasing water depth. (C) Encrustation frequency versus epibiont abundance. (D) Decrease

in epibiont abundance with increasing water depth. (E) Epibiont abundance versus number of brachiopods

sampled. (F) Epibiont diversity versus number of brachiopods sampled.
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Figure 3.9

Mean number of epibiont species per brachiopod shell per site for Carboniferous Composita and Recent

Bouchardia from the inner shelf. Data for Composita taken from Lescinsky, 1997.
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CHAPTER FOUR: HOME ON THE HALF SHELL: EPIBIONT DIVERSITY, SHELL
SIZE, AND ENCRUSTATION PATTERNS ON BRACHIOPODS AND BIVALVES
FROM THE SOUTHEAST BRAZILIAN BIGHT

Shell encrustation has persisted as a way of life for benthic marine invertebrates

since the early Paleozoic, but the substrates available for epibiont colonization have

varied in character and quantity among different environments through geologic time.

Despite this, little attempt has been made to compare the patterns of epibiont

colonization of bivalve mollusk and articulate brachiopod shells.  This paper examines

the encrustation of naturally occurring brachiopods (Bouchardia rosea) and bivalves

(Macoma cleryana) from the inner shelf of the Southeast Brazilian Bight.

As has been noted in previous studies, cryptic settlement patterns are common

among modern epibionts, and valve interiors of bivalves and brachiopods are

preferentially encrusted, reflecting post-mortem valve colonization. Encrustation

frequencies vary among sites in a similar manner whether the host is bivalve or

brachiopod, but brachiopods are more frequently encrusted by a greater number of

epibionts per shell. Sediment grain size and composition do not appear to exert

environmental controls on encrustation, nor does encrustation vary as a function of

water depth alone. However, brachiopod and bivalve shells available for encrustation at

each station occupy the same size range, and the amount of encrustation is related to the

mean size of shells present.

In addition, encrustation patterns differ greatly between bivalves and brachiopods

of equal size. Mean epibiont diversity per shell increases with shell area for each:

increasing logarithmically on brachiopods, but linearly and at a lower rate on bivalves.

This pattern strongly suggests a preference among epibiont larvae for brachiopods over

bivalves of equal size, operating to such an extent that competition limits diversity on

brachiopod shells while playing a minimal role on bivalves. Whether this stems from

differences in shell mineralogy or structure, exposure history, or other factors has yet to

be determined, but trends in the preference of epibionts for one substrate or the other

suggests larval selectivity.

If similar trends in bivalve and brachiopod encrustation occurred in the fossil

record, the different macroevolutionary histories of bivalves and brachiopods may have
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played a significant role in the history of the shell encrusting niche. Furthermore, this

work illustrates the complexity involved in deriving environmental information, such as

planktonic productivity, from encrusted shells. However, if factors such as shell size and

composition, host identity and ecology are taken into account, epibiont communities

preserve a wealth of paleoecological information.

INTRODUCTION

Epibionts have an excellent fossil record and preserve ecological information

lacking in many soft-substrate fossil assemblages (e.g., Lescinsky, 1997). Many

encrusting taxa secrete calcified shells, tests, or tubes which have the potential for

fossilization. Other epibionts may modify their substrate in a recognizable fashion; for

instance, brachiopod pedicles can produce the attachment scar Podichnus (Bromley and

Surlyk, 1973). Because shell colonization is a common phenomenon, epibionts often

‘piggyback’ their way into fossil collections even when the collector has no interest in

them. Encrusted shells can be considered an entire ecosystem in miniature, with

measurable area, clearly defined boundaries (the edges of the shell), and

microenvironmental parameters (shell structure, topography, and position relative to

substrate and currents). Encrustation thus provides opportunities to study patterns in

ecology and paleoecology that include competition within and among species,

preferential settlement trends among larvae, faunal diversity, abundance, and biomass

with much greater resolution than soft-substrate benthic faunas typically allow.

Furthermore, epibionts have specific advantages over other taxa as subjects of

paleoecological study. Because they live attached to their substrate and are not readily

reworked, their spatial resolution is excellent. Overgrowth relationships can be identified

and provide insights into interactions among organisms, such as competition or

parasitism. Similarly, the temporal resolution of encrusting faunas may avoid some of the

perils of time-averaging in soft-substrate faunas (e.g., Lescinsky, 1997). Even if this is

overly optimistic, time-averaging among epibionts cannot be worse than that of their host

shells. Epibiont overgrowth patterns allow study of live-live and live-dead interactions. In

addition, encrusted shells are naturally-occurring replicate samples, ‘islands’ of known
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physical parameters occurring naturally within a given environment and colonized

independently from the same larval pool. Thus, a large amount of quantitative

paleoecological data can be collected from encrusters, analyzed statistically, and even

modeled with computer simulations.

Because of the wealth of information which can be gleaned from epibionts, the

encrustation of shells has received a fair amount of study. In the fossil record, the

encrustation of Paleozoic brachiopods is well documented (e.g., Richards, 1972; Watkins,

1981; Alexander and Scharpf, 1990; Bordeaux and Brett, 1990; Gibson, 1992; Lescinsky,

1997; and others). In the modern world, encrustation of bivalves has been documented

from naturally occurring shells (e.g., Best and Kidwell, 2001a, b) and studied by shell

deployment experiments (e.g., Parsons-Hubbard et al., 1999; Lescinsky et al., 2002). But

can an adequate understanding of fossil brachiopod encrustation be derived from modern

mollusks?

The superficial similarities of bivalve mollusks and rhynchonelliform

(‘articulate’) brachiopods are remarkable: both groups are typified by benthic marine

filter-feeding organisms with two biomineralized valves. In large part because of these

similarities, the fossil records of bivalves and brachiopods have been subject to long

decades of comparative study. These comparisons cover many topics, including their

distribution among different paleoenvironments (e.g., Olszewski and Patzkowsky, 2001),

functional morphology and biomechanics (e.g., Alexander, 2001), diversification

histories (Gould and Calloway, 1980), susceptibility to potential causes of mass

extinction (e.g., Knoll et al., 1996), drilling predation histories (e.g., Hoffmeister, 2002),

shell durability (Emig, 1990; Daley, 1993, Torello et al., 2000, 2001), and time averaging

(Carroll et al., 2003). In contrast, the biological encrustation of bivalves and brachiopods

by epibionts has not been subject to comparative analysis. The unstated assumption has

been that a shell is a shell is a shell; encrustation is affected by factors such as shell size

and sedimentation rate, but epibionts settle randomly, with no regard for the identities of

their hosts. But is this assumption true?

Both bivalves and brachiopods are major shell-producing groups in the fossil

record, and have a record of encrustation ranging back to the early Paleozoic. If

encrustation varies according to the identity of host shells, differences in the relative
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abundance of taxa may have influenced the evolution of the shell-encrusting niche

through geologic time. In addition, differences in shell composition, structure,

topography, size, and burial history may influence the susceptibility of shells to

encrustation. For instance, epibionts have preferentially colonized grooved or cryptic

substrates since the Paleozoic (e.g., Alexander and Scharpf, 1990; Bordeaux and Brett,

1990), and infaunal bivalves have lower frequencies of encrustation than epifaunal

bivalves in the present day (e.g., Best and Kidwell, 2001b).

Even controlling for host identity and paleoenvironment, encrustation patterns are

likely to have changed through geologic time. There are a wide variety of factors which

might have influenced the geologic record of encrustation, such as shifts in the relative

abundance of brachiopods and bivalves through time (e.g., Gould and Calloway, 1980)

and between environments (e.g., Olszewski and Patzkowski, 2001), differences in

preservation potential (Cherns and Wright, 2001; Wright et al., 2003), changes in

encrusting faunas (e.g., Lescinsky, 1997), or increasing nutrient availability through the

Phanerozoic (Bambach, 1993; Vermeij, 1995). Consideration of encrustation patterns

within paleoenvironmental and stratigraphic contexts should elucidate the relative roles

of such factors in the macroevolutionary history of epibionts. Such attempts, however,

require an understanding of the variation in encrustation (or demonstrable lack thereof) of

different host taxa exposed to epibiont colonization under the same environmental

conditions.

The benthic fauna of the Southeast Brazilian Bight includes large numbers of

rhynchonelliform brachiopods and bivalve mollusks, and represents the best modern

analogue for Paleozoic open marine fossil assemblages. This paper presents the results of

a comparative study of the encrustation of both bivalve and brachiopod hosts collected

from the same sites on the inner shelf. Patterns of spatial variation in the encrustation of

brachiopods from these sites have been presented previously (Rodland et al., submitted)

and provides the spatial context for this analysis. By utilizing naturally occurring shells

collected from the same location, differences in encrustation patterns can be examined

with respect to host-specific parameters such as shell size, mineralogy, and life position.

This direct comparison provides a critical test to see whether encrustation frequency,

epibiont abundance, and diversity are measurably different between naturally occurring
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subtropical brachiopods and bivalves. Such differences carry implications for the direct

applicability of modern encrustation studies to ancient epibiont assemblages.

STUDY AREA

This paper will focus primarily on data collected from four sites in near-coastal

areas of the inner shelf of the Southeast Brazilian Bight (Figure 4.1). The study sites fall

along a transect running from northwest to southeast, and deepening towards the

southeast, and includes Ubatuba Stations 9, 5, 3 and 1. Additional specimens of

Bouchardia rosea were collected from two sites in Ubatumirim Bay (6 m and 23 m water

depth, respectively) and one site at Ilha das Couves (15 m water depth). The study area

and sampling protocol is discussed in detail elsewhere (Kowalewski et al., 2002; Simoes

et al. 2003; Rodland et al., submitted).

Ubatuba Station 9 was the most extensively sampled site; hundreds of specimens

have been collected here over a period of several years. Water depth at Station 9 is

approximately 10 meters, and the sediment is primarily coarse quartz sand. Carbonate

comprises 25% of the sediment by weight, while an additional 7% of the sediment is

organic matter, probably derived from abundant leaves found in grab and dredge samples.

The next station offshore is Station 5, collected from a water depth of 20 meters. Coarse

sand still predominates but carbonate composes only 17% of the sediment. Organic

material is much less abundant, approximately 1% by weight. Station 3 was collected at

25 meters and unlike the others, the bottom sediments are primarily very fine sand.

Carbonate composes only 1% of the sediment and organic matter accounts for an

additional 2%. Station 1 occurs at a water depth of 30 meters, and like Stations 9 and 5,

the sediment is primarily coarse sand; 25% of the sediment is carbonate and 3% organic

matter by weight.
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MATERIALS AND METHODS

Specimens of the terebratulid brachiopod Bouchardia rosea and the venerid

bivalve Macoma cleryana were collected from each of the four study localities. This

material was sorted from sediment using mesh sizes two millimeters (2 mm) across or

wider and valves were selected at random for further evaluation. This study incorporates

136 Macoma and 128 Bouchardia valves from four study sites. Total sample sizes from

each station are presented in Table 4.1, broken down by host identity.

Host size influences encrustation in a variety of ways: larger hosts make larger

targets for randomly settling larvae, provide more ‘elbow room’ for colonists to share,

and are less likely to get buried than smaller shells, increasing their exposure time at the

sediment-water interface. Therefore, it is important to evaluate the size of epibiont hosts

for any comparative study, but both host size and the amount of encrustation can be

measured in many different ways.

Host size estimates have been derived using linear measurements, digital imaging

techniques (Lescinsky, 1997), clay molds of valve surfaces (Alexander and Scharpf,

1990), and standardized measurements over a constant cross-sectional area (Bordeaux

and Brett, 1990). Each technique has distinct advantages and drawbacks; linear

measurements of host valve dimensions were used to evaluate size in this study. Linear

measurements have the advantage of being simple to quantify, and tend to be very good

proxies for morphometric measures, such as centroid size. Each valve was measured to

the nearest 0.1 mm using electronic calipers. Surface area was approximated by a sphere

of diameter equal to the longest valve dimension; this estimate should preserve

proportional differences between valves of different sizes. This method does not account

for variations in area between valves of equal length but different shape, but comparison

of encrustation data collected for dorsal and ventral valves of Bouchardia does not

suggest that these shape differences significantly affect area estimates derived from linear

measurements. The range of bivalve and brachiopod shell sizes found at each site is

shown in Figure 4.2. While the range of sizes overlap considerably and pooled valve

lengths do not differ significantly between brachiopods and bivalves using a Wilcoxon 2-

sided test ( Z = -1.485, p = 0.138), significant differences are observed between bivalves
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and brachiopods at Station 1 (Z = 3.0784, p = 0.0021), Station 3 (Z = 5.011, p < 0.0001)

and Station 5 (Z = -4.9143, p < 0.0001).

Commonly used encrustation metrics range from the percent cover of a host (e.g.,

Lescinsky et al., 2002) to the number of epibionts per unit area (Bordeaux and Brett,

1990). Percent cover is generally emphasized in studies of host taphonomy, which tend to

focus on the degree of alteration of the original shell, but when coupled to measurements

of shell size, also provides an estimate of epibiont biomass. In contrast, abundance and

diversity metrics are often favored for paleoecological studies of epibionts, as both

quantities have received a great deal of study by ecologists working in modern

ecosystems. This study uses abundance (the number of epibionts on a valve) and diversity

(the number of distinct morphospecies per valve) as they are simple to count and contain

a wealth of ecological information. Epibiont abundance is distinct from areal cover

measurements (it does not address the relative size of epibionts) and encrustation

frequencies (frequencies do not change whether a valve hosts one epibiont or one

hundred), but relates to the number of colonization events during the exposure history of

the valve under consideration.

Each specimen was examined under a binocular microscope to evaluate the

encrusting fauna, and epibionts were identified to morphospecies level whenever

possible. The number and location of each epibiont morphospecies was recorded, and

used to compute the overall taxonomic richness for each valve. In order to keep diversity

estimates conservative, if the preservation of an epibiont did not allow identification to

the morphospecies level, it was excluded from the estimation of taxonomic richness for

that valve unless no other representatives of the same higher taxon were present. Thus, all

unidentifiable bryozoan colonies on a valve were considered to belong to one of the

identified bryozoan morphospecies present on the same valve unless none were present.

In that case, all unidentified colonies were grouped together as one bryozoan

morphospecies of unknown identity for purposes of evaluating diversity.

In computing abundance, the focus is on the number of epibiont larvae which

successfully colonize the substrate, without regard to biomass. Because of the focus on

colonization and larval arrival, colonial organisms are regarded as single individuals,

while multiple colonies on a valve are counted as separate individuals. In this sense,



69

colonial organisms are simply treated as modular, iterative organisms. Because epibiont

abundance is controlled by the number of larvae settling on a valve during its exposure

history, it might be a proxy for productivity, but the precise interplay between

encrustation and various measures of productivity requires further investigation.

An additional 1029 specimens of Bouchardia were collected from Ubatuba

Station 9 and additional sites further to the northeast as part of ongoing studies on the

ecology and taphonomy of the local brachiopod fauna (Kowalewski et al., 2002; Carroll

et al., 2003, Simoes et al., in press, Rodland et al., submitted). For these specimens,

encrustation was evaluated from a taphonomic perspective, as the presence or absence of

epibiont taxa identified at higher taxonomic levels (e.g., serpulid worms, bryozoans,

foraminifera). This is an approach commonly used in modern encrustation studies (e.g.,

Lescinsky, 1997; Best and Kidwell, 2000a, 2000b; Lescinsky et al., 2002) and provides a

more robust framework for interpreting the high-resolution study.

RESULTS

A total of 902 epibionts colonized 188 out of 264 valves examined from four

stations, for an overall encrustation frequency of 71.2% (percent of valves encrusted) and

a mean abundance of 3.42 epibionts per shell. However, a great degree of heterogeneity

is present in the data, as can be seen in Table 4.1. Bivalves are encrusted less frequently

than brachiopods collected from the same sites (Fisher’s exact test, p = 6.79 x 10-8), but

similar spatial patterns are observed: shells are encrusted most frequently at the nearshore

Station 9 and less frequently offshore. Not only are a larger proportion of brachiopod

shells encrusted (higher encrustation frequencies), but a larger number of epibionts

colonize Bouchardia than Macoma as well (Figure 4.3).

The number of epibionts present varies among sites: more than half of the

epibionts colonizing either brachiopods or bivalves were collected from Station 9. This is

not simply a sample-size bias: more than twice as many epibionts were counted at Station

9 than at Station 3, despite sample sizes differing only by a single specimen. Brachiopod

encrusters are more abundant than bivalve encrusters at all sites except Station 5, where

Macoma specimens outnumber Bouchardia by nearly 3:1. When epibiont abundance is
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evaluated relative to the number of shells at each site, epibiont abundance per shell is

greater for brachiopods than for bivalves at all sites using a Wilcoxon two-sided test (Z =

5.659, p < 0.0001).

Brachiopod and bivalve shells vary significantly between one another and among

the studied sites in terms of the composition and diversity of the encrusting fauna (Table

4.2), even at coarse taxonomic resolution (Chi squared test, 7 degrees of freedom, χ2

value = 355, p < 0.0001) The most diverse epibiont assemblage is found at Station 9,

followed by Station 3. A total of 30 epibiont morphospecies were identified across these

four sites; seven were observed only on Bouchardia, while three were only seen on

Macoma in this study. A larger number of epibiont morphospecies occurs on brachiopods

than on bivalves at each site. Of these, some taxa show distinct preferences: anomiid

bivalves are much more common on Bouchardia, or on anomiids encrusting Bouchardia,

while barnacles are more common on bivalves.

Most epibiont taxa exhibit a strong tendency towards cryptic habits, settling

preferentially on concave or grooved surfaces (with some exceptions; for example,

barnacles were not observed on shell interiors). As a result, valve interiors are colonized

much more frequently than valve exteriors (Figure 4.4), a pattern that implies post-

mortem colonization. Bivalve exteriors are colonized more frequently than interiors only

at one location: Station 9, where epibionts are most abundant and diverse. Brachiopod

valve interiors are encrusted more often than valve exteriors at each of these four sites,

but a similar pattern is seen when other sites are included in the analysis. The greatest

degree of brachiopod encrustation was observed at a station north of this study area,

Ubatumirim 2, at 23 meters water depth (Rodland et al., submitted).  As with bivalves at

Station 9, epibionts are more common on valve exteriors than interiors at this location,

largely due to gregarious serpulid colonies on the valve exterior.

While the mean grain size of sediment at each site does not appear to influence

measures of encrustation, the size of shells varies in the same manner for both

brachiopods and bivalves among the studied sites (Figure 4.2). The size range observed

for Macoma and Bouchardia overlaps extensively at each station, but Macoma is, on

average, somewhat larger (Table 4.3). In theory, valve size should be a primary control

on the abundance and diversity of encrusting faunas on a given shell, as there is a limited
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surface area available for colonization. This is particularly true if encrustation occurs

rapidly and epibionts must compete for space and food.

Figure 4.5 plots the mean shell size for each site against various measures of

encrustation. The number of encrusted shells increases with valve area, and thus

encrustation frequency increases with size, but Bouchardia is encrusted at much higher

frequencies than Macoma. The abundance of epibionts increases with valve area in a

consistent manner for each site, whether plotted as the absolute number of epibionts, the

number per shell present, or the number per shell encrusted. Thus, a large proportion of

the site-by-site variation noted previously appears to be linked to the variation in shell

size between stations.

In order to further evaluate the relationship between valve size at each station and

measures of encrustation, we pooled data from all sites for analysis of size trends. Figure

4.6a plots the number of epibionts on any given shell against the computed valve area of

that shell. The wide scatter in this dataset is not unexpected: the number of epibionts

landing on a shell should be random, but proportional to valve area and time exposed at

the sediment-water interface. Another complicating factor in analyzing epibiont

abundance is the gregarious settlement tendencies of some taxa. Serpulids are highly

gregarious, and account for a great deal of the variation in epibiont abundance; this is also

a problem with foraminifera. A weak increase in the mean abundance for a given size

class can be seen for both Bouchardia and Macoma, although the small number of

samples at the upper and lower extremes may bias this pattern (Figure 4.6b).

Epibiont diversity and competition

Trends in epibiont diversity with valve size are more telling. Figure 4.7 shows the

mean number of morphospecies in a given size class plotted against the calculated

surface area for that size class. One factor of immediate note is that for any given size,

the mean diversity of epibionts on Macoma is lower than the mean diversity encrusting

Bouchardia. Moreover, Macoma shows a simple linear increase in mean diversity as a

function of valve area, suggesting a paucity of interspecific competition: the number of

taxa on a bivalve shell is a simple function of the room available to colonize.
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The pattern on Bouchardia is more complex: not only is the mean diversity higher

than on Macoma, it also increases logarithmically with valve area. Logarithmic increase

in diversity as a function of area plays an important role in the regulation of diversity in

the theory of island biogeography (e.g., MacArthur and Wilson, 1967). Diversity

increases linearly with the area available to colonize (as in the case of Macoma) only in

the early stages of colonization, when competition and predation do not affect local

diversity. However, as local populations increase, competition for limited resources

creates a density-dependent diversity trend. This appears to be the case with the

encrusters of Bouchardia, and can be seen at coarser resolution.

Figure 4.8 shows supplemental data collected at the taxonomic resolution typical

of taphonomy studies (approximately class level) for 1029 specimens of Bouchardia;

despite the consolidation of taxa, mean diversity still increases logarithmically as a

function of valve area. While serpulids account for much of the epibiont abundance at

each site, bryozoans account for the bulk of the diversity: over a dozen morphospecies

were identified on the basis of zooid morphology. Thus, while species diversity is

underestimated in this figure, ecological diversity (niche occupation) is probably

unchanged. The smallest size class colonized by a given number of taxa is also plotted in

Figure 4.8. Valves can be buried before epibiont abundance and diversity reach the

maximum values, so this is necessarily an underestimate of the maximum diversity

possible on valves of a given size. These maximum diversity curves are plotted separately

for both valve interiors and exteriors; both curves increase logarithmically, although

diversity is higher on valve interiors.

If frequency distributions are plotted for each size class and compared to Poisson

distributions constructed based on the sample size and mean of the actual data, no single

size class shows significant deviation at α = 0.05 using a Chi squared test. This suggests

that any given valve is colonized by a new epibiont taxon only rarely and at random. One

implication is that increases in mean diversity on larger valves are probably a function of

the increased probability that a new taxon will colonize a larger shell, and do not simply

reflect higher carrying capacities.

The patterns observed in epibiont diversity as a function of shell size further

support the assertion that epibionts preferentially colonize Bouchardia over Macoma.
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This substrate selectivity is so strong that competition arises between epibiont taxa on

Bouchardia; while epibionts are less prone to colonize Macoma, its encrusters do not

compete for resources, and their diversity is not density-dependent.

DISCUSSION

Encrustation frequencies and epibiont abundance

Previous studies have noted that encrustation frequencies may vary greatly

between brachiopod genera collected from the same sedimentary units (e.g., Alexander

and Scharpf, 1990; Bordeaux and Brett, 1990) or from the same sites in modern oceans

(e.g., Rodland et al., submitted). However, it has not been clear whether these differences

also extended between higher taxa. While the data reported here are limited to two

genera, it demonstrates that observable differences exist in encrustation on naturally

occurring brachiopod and bivalve shells of equivalent size collected from the same

locations. Whether this difference is examined in terms of encrustation frequencies,

epibiont abundance, or epibiont diversity, as absolute numbers or as means per site or per

size class, Bouchardia has experienced much greater encrustation than Macoma.

The diversity and number of epibionts present on brachiopods and bivalves varies

significantly among all the sites studied. Identifying the causes for these patterns is more

problematic. Environmental factors may influence the degree of encrustation at any given

site, including water depth, sediment grain size, primary productivity, and the availability

and nature of biogenic substrates. Water depth directly influences factors such as ambient

light levels, wave energy, and water temperature, but does not appear to correlate well

with the patterns of encrustation. The shallowest site, Station 9, is characterized by half

the total number of epibionts observed, but Station 5 (at 20 meters) has far fewer

encrusters than Station 3 (at 25 meters).

The grain size and character of sediment at each site might theoretically influence

the abundance of epibionts and the resulting patterns of encrustation. For instance, fine

mud may impede feeding and respiration in filter feeding benthos, clogging gills and

lophophores, and thus limiting the survival potential of both hosts and epibionts.
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Sediment composition may also play a role: on the outer shelf, Bouchardia is only found

on sediments composed of more than 40% carbonate by weight (Kowalewski et al.,

2002). In addition, the presence of dissolved organic matter may influence local

productivity or even serve as a subsidiary source of nutrition. Brachiopods, at least, can

absorb dissolved organic matter directly through the lophophore (McCammon, 1969;

Steele-Petrovic, 1976), and similar nutrient uptake might be favored by bryozoans.

None of these potential influences seems to relate directly to the abundance of

epibionts at each site, although Station 9 is characterized by a higher percentage of

organic matter in the sediment. Finer grained sediments occur only at Station 3,

characterized by intermediate encrustation frequencies.  The sediment size and

composition at Station 9 and Station 1 are nearly identical, but they differ notably in

degree of encrustation.

Variation in encrustation at each site appears to be controlled primarily by the size

of shells available to colonize at each site, rather than due to sediment composition, water

depth, or other environmental factors. Because the same shell size range is occupied by

both Macoma and Bouchardia at each site, the difference in encrustation patterns

observed cannot be ascribed to differences in shell size between each genus. Remaining

differences in encrustation must be explained by characteristics of the brachiopods and

bivalves studied, such as the ecology and valve mineralogy of each.

Bouchardia rosea is an unusual brachiopod in that it is free-living: its pedicle

does not attach to a hard substrate, but rather serves as a prop or pogo-stick to keep the

shell at the sediment-water interface (Richardson, 1997). Like other articulate

brachiopods, Bouchardia is an epifaunal suspension feeder, but the shell posterior is

heavily calcified, counterweighting the valve so that the commissure is elevated above

the substrate. Bouchardia is also relatively durable, and survives the rigors of airmail

shipping in significantly better condition than Macoma. By contrast, the bivalve Macoma

is infaunal, feeding from suspended food particles as well as from nearby surface

sediments using two independent siphons.

This difference in life habit is likely to play a role in the higher encrustation

frequencies of Bouchardia. Because it lives above the sediment-water interface,

Bouchardia may be colonized by epibionts during its life, or at any point after death, so
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long as it is still exposed at the surface. By contrast, Macoma can only be encrusted if it

is exhumed, whether by storm action, bioturbation, current scour, or some other factor.

Because any of these factors could also exhume buried valves of Bouchardia, the

brachiopod has a greater overall exposure potential and seems more likely to be

encrusted, even though most encrustation takes place after the death of the host.

However, once a bivalve is exposed, it should have the same potential exposure to

epibionts as a brachiopod does. Thus, encrustation frequencies should be higher among

brachiopods, but if the shells were otherwise identical, then the same patterns of

encrustation should appear on all encrusted shells, whether bivalve or brachiopod. This is

not the case. Figure 4.3 shows the frequency distribution of epibionts (the curve plotted

by the number of shells colonized by a given number of epibionts) on bivalves and

brachiopods from each site. When only shells that have been colonized are considered,

bivalves are still colonized less frequently than brachiopods.

This trend is also supported when total shell area per site is examined. Total shell

area is the sum of all surface areas for each shell at a given site (i.e., the mean size per

site multiplied by the number of shells at that site). By dividing this proxy by the number

of epibionts at each station, the approximate area occupied by each epibiont can be found

(this is the inverse of epibiont population density). By this measure, once again,

Bouchardia is the preferred substrate for epibionts: overall, colonists of Macoma have

more than twice the area available to colonists of Bouchardia (Table 4.3).

This estimate assumes similar exposure histories, but may be biased by the

infaunal life habits of Macoma. Again, as with epibiont frequency distributions above,

this problem can be circumvented by restricting consideration to encrusted shells. The

assumption here is that any shell that is encrusted at least once has had the same exposure

to colonization that any other encrusted shell has had. An estimate of the shell surface

area colonized by epibionts can be derived for both hosts at each site by multiplying the

surface area available for each shell per site by the encrustation frequency for each site.

Estimates from Stations 3 and 5 still suggest a preference for Bouchardia; overall,

encrusters of Macoma have 1.4 times the surface area available than epibionts have on

Bouchardia.
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It appears that epibionts are sensitive to fundamental differences that exist

between bivalve and brachiopod shells. Three main differences probably affect epibiont

colonization patterns. For one, the mineral composition of a valve may affect the ability

of epibionts to attach their own exoskeletons to the substrate. Bouchardia, like all

articulate brachiopods, is composed of low magnesium calcite, and calcitic epibionts like

bryozoans and anomiids colonize it more often than the aragonitic bivalve Macoma. A

second major difference may be the composition of shell periostracum, which might

influence the encrustation of valve exteriors, and provide a partial explanation for the

preference of epibionts for valve interiors. However, strong cryptic tendencies are noted

for most epibionts, and the grooves and ridges on the valve exterior of Macoma appear to

foster exterior colonization by foraminifera. A third difference is the life position of the

host; because Macoma is infaunal, it may have less exposure to colonization than

Bouchardia does. However, the greater number of epibionts per unit area on encrusted

Bouchardia, relative to encrusted specimens of Macoma, indicates that this does not

account for all the differences observed.

Implications for the fossil record

Additional comparative studies of the encrustation of other bivalve and

brachiopod taxa are needed to determine whether the differences observed in this study

are unique to these two genera, or are generally applicable to the encrustation of bivalves

and brachiopods. There are a variety of reasons why this avenue of study is worth

pursuing. Encrusting communities arose early in the Paleozoic (e.g., Kobluk and James,

1979; Kobluk, 1981a, 1981b; Brett et al., 1983; Kobluk, 1985), and articulate

brachiopods were among the most abundant shell producing benthic organisms in open

marine settings during this critical phase of evolution. Bivalves were often confined to

marginal, nearshore settings (e.g., Ziegler, et al., 1968; Olszewski and Patzkowski, 2001)

during the Paleozoic, but radiated rapidly in the aftermath of the end-Permian extinction,

quickly dominating level bottom communities in the Mesozoic (e.g., Schubert and

Bottjer, 1995). Major changes have taken place in the relative roles of bivalves and

brachiopods in fossil communities through time or between environments, with
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repercussions for the substrates available for shell encrusting organisms. If epibionts are

as sensitive to shell identity as this study indicates, then the evolution of encrusting

faunas through geologic time cannot be understood outside of the context of substrate

availability.

Further problems arise in the attempt to apply epibionts to solving

paleoenvironmental questions. Several authors have suggested that encrusters could be

useful proxies for planktonic productivity in the fossil record (e.g., Vermeij, 1995) and

encrustation has been correlated with primary productivity for shells in deployment

experiments, once sedimentation rates are taken into account (Lescinsky et al., 2002).

Our results suggest that caution must be taken before any attempt is made to use

epibionts for this purpose. Since the encrustation of shells at a given site varies as a

function of host identity, such assessments must be restricted to single host taxa.

Furthermore, since encrustation varies as a function of shell size, some form of

standardized measurements must be used to evaluate the size of each host. Other factors,

such as valve topography, mineralogy, and infaunal life habits, must also be considered.

On the bright side, it appears that encrustation might be a useful measure of

factors such as productivity, once these factors are taken into account. Water depth does

not appear to be directly linked to the degree of encrustation at any given site, although

the decrease in encrustation frequencies between inner and outer shelf Bouchardia

(Rodland et al., submitted) suggests a linkage to factors related at least in part to water

depth. The encrustation of modern mollusks is higher in eutrophic than in mesotrophic

sites in the epeiric Java Sea (Lescinsky et al., 2002). Encrustation should be a measure of

productivity in the sense that shells of a given, measurable size accumulate larvae settling

from the plankton within a limited interval of exposure. Therefore, estimates of epibiont

abundance (as colonization events) and diversity may be useful in determining the

productivity of a given site. Epibiont size and biomass might also prove to be useful in

this regard. If changes in the rate of increase in mean epibiont diversity per size class

actually record some measure of competition, as suggested here, then the relative degree

of space and nutrient utilization may also be estimated.

Encrustation, whether modern or ancient, possesses extraordinary spatial

resolution, from which a great wealth of ecological information can be obtained. We have
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spent decades looking at encrustation as a taphonomic process, but have only begun to

look at encrusted shells as paleocommunities in their own right. Abundance and diversity

dynamics can be resolved at a scale of millimeters, but the substrate selectivity of

epibionts results in differing patterns on different host taxa collected from the same sites.

While encrustation studies have great potential, they require careful evaluation of

epibiont colonization patterns and the microenvironmental context of the shells they

inhabit before large scale patterns can be inferred.

CONCLUSIONS:

The following points briefly summarize the results of this study and their

implications:

1. The degree of encrustation varies among sites in a consistent manner for both Macoma

and Bouchardia, but water depth, sediment grain size and sediment composition do not

account for this variation. However, the abundance of epibionts and frequency of

encrustation at each station appears to be correlated with the mean size of host shells,

whether brachiopod or bivalve.

2. At each station, Bouchardia is encrusted more frequently and by a larger number of

epibionts than Macoma, indicating a strong degree of substrate selectivity. If only

encrusted valves are considered, Bouchardia is still colonized by a larger number of

epibionts than Macoma, but the selectivity is diminished, suggesting that infaunality is a

contributing factor but does not account for it entirely.

3. The number of epibionts on any given valve is largely random, but the mean number of

epibionts per shell in a given size class increases with size. Similarly, the mean number

of epibiont morphospecies in a given size class increases as a function of area for both

Macoma and Bouchardia, but at different rates.

4. For Macoma, a lower, linear rate of increase in diversity is observed as area increases,

suggesting a simple, non-interactive encrusting community. By contrast, Bouchardia

demonstrates a higher, density-dependent rate of diversity increase with area, implying

the presence of competition for limited resources.
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5. Two different host substrates collected from the same locations may differ

significantly in terms of encrustation patterns. Therefore, attempts to interpret the

ecology of encrusting communities must account for the identity, structure, shape,

ecology, and mineralogy of encrusted shells, and attempts to interpret the fossil record of

such communities should be confined to single taxa, where possible.

6. If the encrustation patterns observed for Bouchardia and Macoma are representative of

brachiopods and bivalves overall, the fossil record of encrustation may be biased by

changes in the relative abundance of these two groups through geologic time.
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Table 4.1

Epibiont abundance and shell abundance at each site.

Station 1 Station 3 Station 5 Station 9 All stations
# of shells

Bouchardia 32 40 15 41 128
Macoma 30 25 43 38 136

combined 62 65 58 79 264

# encrusted
Bouchardia 27 30 13 41 111

Macoma 10 17 16 34 77
combined 37 47 29 75 188

% encrusted
Bouchardia 84.4 75.0 86.7 100.0 86.7

Macoma 33.3 68.0 37.2 89.5 56.6
combined 59.7 72.3 50.0 94.9 71.2

# epibionts 
Bouchardia 58 141 41 317 557

Macoma 27 59 50 209 345
combined 85 200 91 526 902

mean abundance per shell
Bouchardia 1.81 3.53 2.73 7.73 4.35

Macoma 0.90 2.36 1.16 5.50 2.54
combined 1.37 3.08 1.57 6.66 3.42

mean abundance per encrusted shell 
Bouchardia 2.15 4.70 3.15 7.73 5.02

Macoma 2.70 3.47 3.13 6.15 4.48
combined 2.30 4.26 3.14 7.01 4.80
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Table 4.2

 Epibiont diversity at each site.

Station 1 Station 3 Station 5 Station 9 All stations
# epibiont taxa

Bouchardia 11 13 9 26 27
Macoma 5 9 6 17 20

mean # epibiont taxa per shell
Bouchardia 1.37 1.78 1.8 4.22

Macoma 0.5 1.44 0.53 2.11

mean # epibiont taxa per encrusted shell
Bouchardia 1.63 2.37 2.08 4.22

Macoma 1.5 2.12 1.44 2.35
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Table 4.3

Host size and encrustation metrics, per site. All area measurements are in mm2, calculated as the area of a

sphere with diameter equal to the maximum length of a valve.

Station 1 Station 3 Station 5 Station 9 All stations
mean valve area

Bouchardia 434 381 139 796 1,750
Macoma 524 692 258 795 2,269
all shells 478 501 227 796 2,017

area of all shells in a site
Bouchardia 13,888 15,240 2,085 32,636 63,849

Macoma 15,720 17,300 11,094 30,210 74,324
all shells 29,608 32,540 13,179 62,846 138,173

area per epibiont
Bouchardia 239 108 51 103 501

Macoma 582 293 222 145 1,242
all shells 348 163 145 119 775

area of shells encrusted at least once
Bouchardia 11,718 11,430 1,807 32,636 57,591

Macoma 5,240 11,764 4,128 27,030 48,162
all shells 16,958 23,194 5,935 59,666 105,753

area per epibiont, encrusted shells
Bouchardia 202 81 44 103 430

Macoma 194 199 83 129 605
all shells 200 116 65 113 494

epibiont density per cm2

Bouchardia 0.42 0.93 1.97 0.97 0.20
Macoma 0.17 0.34 0.45 0.69 0.08
all shells 0.29 0.61 0.69 0.84 0.13

epibiont density per cm2, encrusted
Bouchardia 0.49 1.23 2.27 0.97 0.23

Macoma 0.52 0.50 1.21 0.77 0.17
all shells 0.50 0.86 1.53 0.88 0.20

Area ratio (Macoma/Bouchardia ) 2.43 2.71 4.36 1.40 2.48
Area ratio, encrusted shells 0.96 2.46 1.87 1.26 1.41
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Figure 4.1

Map of the study area and brachiopod abundance across the shelf of the Southeast Brazilian Bight. (A)

Location relative to South America. (B) The Southeast Brazilian Bight, with the geographic location of

sites indicated by dots. Brachiopod abundance at each site varies according to the legend inset. The box

along the coast indicates the inner shelf study area. (C) Closeup inset showing position of inner shelf sites

and the abundance of brachiopods at each site. All maps adapted from figures generated at

http://www.aquarius.geomar.de/omc/make_map.html using the Generic Mapping tool (Wessel and Smith,

1998; http://gmt.soest.hawaii.edu/).
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Figure 4.2

Size ranges by site. Valve size is a surface area estimate based on a sphere of diameter equal to the longest

dimension measured. All estimates of surface area were derived in this manner.
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Figure 4.3

Epibiont abundance plotted as frequency distributions for each station. The number of shells encrusted by a

given number of epibionts is plotted separately for Macoma and Bouchardia.
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Figure 4.4

Total epibiont abundance per site and host substrate, plotted separately for the interior and exterior of

valves.
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Figure 4.5

Measures of encrustation at each station, plotted as a function of mean valve area. Mean valve area is

computed for each taxon at each site as the surface area of a sphere of diameter equal to the mean length of

valves collected at that site.
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Figure 4.6

Epibiont abundance as a function of shell size. (A) Number of epibionts per valve plotted against the

estimated surface area of that valve. (B) Mean number of epibionts per valve within a size class plotted

against the estimated surface area of that size class.
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Figure 4.7

Epibiont diversity as a function of shell size. The mean number of epibiont taxa within a given size class is

plotted against the estimated surface area of that size class.
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Figure 4.8

Mean and maximum diversity per size class for Bouchardia, at low taxonomic resolution. Using only

estimates of diversity at approximately class level (common in taphonomic studies), the mean number of

taxa in a given size class was determined and plotted against surface area. Maximum diversity estimates

were derived from the smallest shells bearing a given number of epibiont taxa.
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CHAPTER FIVE: TEMPORAL RESOLUTION OF EPIBIONT ASSEMBLAGES:
ECOLOGICAL SNAPSHOTS OR OVEREXPOSURES?

Time averaging complicates the temporal resolution of soft-substrate fossil assemblages,

but little is currently known about the temporal resolution of organisms encrusting hard

substrates. Epibiont assemblages are generally fixed in place, preserving ecological

information with high spatial fidelity and resolution, but their age structure is dependent

upon the taphonomic pathways of their hosts.

Examination of the encrustation of host valves dated by radiocarbon-calibrated

amino acid racemization provides a first glimpse into the temporal structure and

resolution of epibiont assemblages. A total of 86 dated valves of the rhynchonelliform

brachiopod Bouchardia rosea were used to evaluate the abundance and diversity of

epibionts from the southeast Brazilian Bight. These brachiopods span an age range of

more than 3000 years, but maximum epibiont abundance on a shell occurs within 400

years, and maximum diversity was observed on shells less than 100 years old.

Encrustation appears to take place soon after the death of a host and does not increase

noticeably with increasing age. This suggests that epibiont assemblages have very high

temporal resolution, even on time-averaged hosts.

INTRODUCTION

Soft-substrate benthic marine communities are subject to spatial mixing and time-

averaging: thanks to the episodic processes of current scour, burial and bioturbation, hard

skeletal elements collected from the same bed may be reworked across considerable

distances and may differ in age by centuries or millennia (e.g., Walker and Bambach,

1971; Kowalewski et al., 1998). This is possible because individual skeletal elements are

largely independent of one another, and can undergo different patterns of reworking

within the same environment. By contrast, hard substrate assemblages are fixed in space,

and have a common frame of reference; relative ages can often be determined through

simple stratigraphic logic.  Shell-encrusting organisms (epibionts) are confronted with

both of these situations: they are fixed in space to a common frame of reference, but that
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reference frame is a host valve subject to spatial mixing and time averaging in its own

right.

While time averaging has been investigated through techniques ranging from

experimental taphonomy and deployment studies (e.g., Parsons-Hubbard et al., 1999) to

direct dating of individual shells (e.g., Kowalewski et al., 1998; Carroll et al., 2003), the

temporal resolution of epibiont assemblages remains unclear. By documenting selective

patterns of attachment and growth, it is sometimes possible to demonstrate commensal,

parasitic or symbiotic interactions between live epibionts and hosts (e.g., Alexander,

1994; Fagerstrom, 1996; Lescinsky, 1997). Post-mortem colonization of a host presents

greater difficulties, because encrustation may occur at any time when a shell is exposed

between the death of the host and its permanent burial or destruction by taphonomic

processes. While the temporal resolution of epibiont assemblages depends upon the

taphonomy of their hosts, a variety of factors may influence the absolute duration of this

colonization window. For example, the rapid degradation of terebratulid shells (Emig,

1990) has been used to argue that brachiopod encrustation must occur within a very brief

interval (e.g., Lescinsky, 1997). Similarly, rapid sedimentation rates have been shown to

interfere with shell colonization by epibionts (e.g., Parsons-Hubbard et al., 1999;

Lescinsky et al., 2002).

In order to test the role of host age on encrustation, we have evaluated the

encrustation of 86 brachiopod valves ordered chronologically using ages determined with
14C-calibrated amino acid racemization rates. This allows evaluation of changes in

epibiont diversity on host valves through time, and can be used to test whether older

valves are encrusted more frequently (or at least by a greater number of epibionts) than

younger valves. This provides insight into the ecological dynamics of epibiont

assemblages, helping to determine the extent to which encrusting organisms coexist and

compete for resources on the same hosts. Besides testing the temporal resolution of

epibionts, this approach provides information on the taphonomic history of the host

valve, as shell colonization can only occur while the valve is exposed at the sediment-

water interface.
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STUDY AREA, MATERIALS, AND METHODS

Shells of the rhynchonelliform brachiopod Bouchardia rosea were collected from

the near-coastal inner shelf of the southeast Brazilian Bight, in the vicinity of Ubatuba

along the northeastern coast of São Paulo state. Brachiopods were collected by Van Veen

grab sampler (1/40 m2) from four study sites (Carroll et al., 2003): Ubatumirim 1 (at 6

meters water depth), Ubatumirim 2 (at 23 meters water depth), Ilha das Couves (at 16

meters water depth) and Ubatuba Bay (at 9 meters water depth; this site is Ubatuba

Station 9 in Rodland et al., submitted). The study area is discussed in greater detail in

Kowalewski et al., 2002.

A total of 82 individual brachiopods larger than 1 cm in maximum length were

selected at random from specimens collected from these four sites, using numerical

assignments for each and a random number generator. Approximately 20 individuals

were selected per site, in order to provide statistically robust age-frequency distributions

and to compare the results among sites. Ages were determined by calculating A/I

(alloisoleucine/isoleucine) ratios for each shell and calibrating these values against ages

derived from 14C ratios measured in five specimens selected across a broad range of A/I

ratios (Carroll et al., 2003).

Encrustation was evaluated for a total of 86 dated valves, representing 75

individuals. Because it is difficult to directly compare the encrustation of articulated

shells (which possess two valves) to disarticulated single valves, articulated specimens

were regarded as two separate valves of identical age for the purposes of this analysis.

Each specimen was measured to the nearest 0.1 mm using electronic calipers and

examined under a binocular microscope to evaluate the encrusting fauna. The encrusters

were identified at the morphospecies level and grouped to higher taxonomic levels (e.g.,

serpulid worms, bryozoans, foraminifera) commonly used in modern encrustation studies

(e.g., Lescinsky, 1997; Best and Kidwell, 2000a, 2000b; Lescinsky et al., 2002).
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RESULTS

A total of 866 epibionts were counted colonizing 86 valves ranging in age from

modern to over 3000 years old (Table 5.1). The majority of these epibionts (467) were

calcareous tube-dwelling polychaetes, mostly serpulid worms, followed by 208 bryozoan

colonies and 131 foraminifera. Epibiont abundance does not appear to increase with host

valve age (Figure 5.1). Even though soft-bodied taxa might be removed from older shells

by decay processes, there is no evidence for this when epibiont abundance is plotted

separately for each taxonomic group of encrusters (Figure 5.2).

The age-frequency distribution of the epibionts is, like that of their hosts, strongly

right skewed (Figure 5.3). Because the age structure of epibionts is dependent on the age

structure of their hosts, epibiont abundance within any given age bin should be dependent

on the number of host valves within that bin. Using century-long age bins, when the

number of host valves is plotted against the number of epibionts present, a strong linear

relationship can be seen (Figure 5.4). This correlation indicates that the number of

epibionts on valves dated to a given century is primarily controlled by the number of

valves dated to that century. Brachiopods are less abundant in older age bins, and as the

preservation potential of a valve is independent of encrustation, mean epibiont abundance

does not increase over time.

The number of epibiont taxa colonizing individual valves is presented in Table

5.2, broken down by major taxonomic groups and ordered by age. Figure 5.5 plots the

number of epibiont morphospecies per valve as a function of host valve age, along with

the mean epibiont diversity per valve per century. The patterns seen here are similar to

those observed for epibiont abundance; while maximum diversity per valve appears to

decline with age, mean values do not. Host abundance, epibiont abundance, the number

of epibionts per valve and the mean diversity per valve are presented in century-long age

bins in Table 5.3.

Just as the abundance of epibionts in any given age bin is dependent upon the

number of hosts, the number of epibiont taxa colonizing any given valve should correlate

with epibiont abundance. This is demonstrated in Figure 5.6. As with many fossil
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assemblages, diversity appears to increase logarithmically as a function of abundance,

and the fit is stronger when mean values are computed for century-long age bins.

DISCUSSION

Individual shell dating techniques provide a long-term temporal dimension for the

study of encrustation that has not been available through taphonomic deployment studies.

Not only do diverse and abundant epibiont assemblages develop on modern subtropical

brachiopod hosts very soon after their death, but neither abundance nor diversity increase

with the age of the host on a time-scale of centuries to millennia. Thus, it is possible that

epibiont assemblages provide high-resolution temporal data to correspond with their

spatial resolution, and represent ecological snapshots in the fossil record. However, this

interpretation must be made cautiously, as a great number of ecological and taphonomic

factors complicate the preservation of epibiont assemblages.

Deployed taphonomy experiments demonstrate that shells can be buried in soft

substrates relatively rapidly, impeding the process of encrustation (e.g., Best and Kidwell,

2000a, b; Parsons-Hubbard et al., 1999; Lescinsky et al., 2002). This has led some to

argue that external encrustation should occur primarily during the life of the organism

encrusted, while it is able to maintain itself at or above the sediment-water interface (e.g.

Lescinsky et al., 2002). Indeed, a wide number of studies have demonstrated or inferred

host-epibiont interactions and symbiosis in the fossil record (e.g., Alvarez and Taylor,

1987; Fagerstrom, 1996). However, the fossil record also shows that post-mortem

encrustation of Paleozoic brachiopods was relatively common (e.g., Watkins, 1981;

Meyer, 1990; Gibson, 1992), and must occur before the final burial of the host valve.

Encrustation is more common on valve interiors than exteriors for modern Bouchardia

(Rodland et al., submitted), indicating that, for these modern brachiopods, post-mortem

encrustation is common. Preferential colonization of concave surfaces has been noted in

bivalve deployment experiments (e.g., Lescinsky et al., 2002) and is likely to account for

this pattern.

Other factors may deter the colonization of valves by epibionts, both during the

life of the host and after its death.  The primary layer of periostracum may play a role in
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deterring colonization; specialized structures in bivalve periostracum have been shown to

impede boring organisms and influence epibiont colonization patterns (e.g., Bottjer and

Carter, 1980). Boring annelids have also been observed in commensal or ectoparasitic

relationships with living Bouchardia, pre-filtering the inhalant currents. Their feeding

may inhibit epibiont settlement, as would the feeding processes of previous colonists or

even the live host. Additionally, both live and dead individuals are occasionally covered

by fleshy algae and some valves show damage which resemble the radular scratches

caused by grazing gastropods, suggesting that soft-bodied encrusters and bioerosion both

play roles in inhibiting encrustation.

The exposure history of a shell plays a critical role in its colonization history, at

least in modern settings where bioturbation produces a relatively deep taphonomically

active zone. Some shells may be buried and exhumed repeatedly, and are exposed to

surface taphonomic processes (such as encrustation) more frequently than other shells,

and over a longer interval of time. Such exhumed shells complicate the picture

considerably. Even if the initial window for epibiont colonization is short (as suggested

by the rapid colonization of shells seen here), shells could pass through this window

repeatedly, accreting increasingly diverse and abundant epibiont assemblages over time.

Bouchardia experiences extensive time-averaging, on the order of hundreds to

thousands of years (Carroll et al., 2003). Because they show similar age distributions to

modern bivalve assemblages (e.g., Kowalewski et al., 2000), these brachiopods are likely

subjected to the same degree of reworking and encrustation as bivalves, despite being

demonstrably more fragile (e.g., Emig, 1990; Daley, 1993; Torello, 2002). As far as shell

preservation potential is concerned, the inner shelf resembles a graveyard more closely

than the inside of a tumbler; due to sedimentation, shell burial is more common than shell

destruction. Exhumation and reworking of shells demonstrably occurs, as encrusted

specimens of the infaunal bivalve Macoma occur in the same study area. However, the

abundance and diversity patterns observed, when plotted against the age of host valves,

do not provide any evidence for extended periods of valve colonization, whether through

longer exposure time or through repeated exhumation.

Brachiopod-encrusting epibiont assemblages are apparently subject to extensive

time-averaging on the part of their hosts, and in settings where exhumation is common
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they may not always have the high temporal resolution suggested by these data. This may

in fact improve their overall utility in paleoecology, as time-averaging provides time-

weighted averages of ecological conditions, less subject to the vagaries of short-term

population dynamics (e.g. Walker and Bambach 1971; Kowalewski et al., 1998). Given

the narrow temporal window in which colonization appears to take place, epibiont

assemblages probably provide ecological snapshots, but in some instances, multiple

exposures may complicate the picture.

CONCLUSIONS

Comparison of epibiont abundance and diversity data obtained from 86

brachiopod valves for which individual ages have been determined with 14C-calibrated

amino acid racemization rates (Carroll, 2003) suggests that encrustation is a relatively

rapid phenomenon. Despite extensive time-averaging of the brachiopod hosts in a setting

where shells are known to experience repeated burial and exhumation, the abundance and

diversity of epibionts per host valve reach maximum values within the first century.

Because the age frequency distribution of brachiopods is right-skewed, older valves are

uncommon, and abundance values therefore become less reliable with age.

These results support evidence from experimental deployment studies (e.g.,

Parsons-Hubbard et al., 1999; Lescinsky et al., 2002) that encrustation takes place during

a brief interval between host death and burial. Thus, epibiont assemblages may represent

ecological snapshots in the fossil record, providing both high temporal and spatial

resolution, despite the time averaging of their hosts. While exhumation may provide

multiple windows of opportunity for epibiont colonization, resulting in ecological

‘overexposure’, these data suggests that the record of encrustation is relatively

independent of host age.
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Table 5.1

Host age versus epibiont abundance, by taxonomic group.

Host age (years) Polychaete Bryozoan Bivalve Algae Foraminifera Other Total
0 10 4 1 15
0 2 2 1 5
0 1 2 1 4
0 3 3 2 8
0 2 3 1 6
0 11 5 8 24
0 13 2 15
0 1 1 2
0 1 1 2
0 1 1 2
0 2 2
0 9 5 8 4 26
0 17 6 5 28
1 40 4 2 46

25 11 4 15
30 0
40 0
45 9 3 1 3 16
50 1 1
50 1 3 2 6
55 1 1 2
55 2 6 1 9
55 1 2 11 14
70 9 5 3 1 18
70 17 3 1 21
70 18 4 2 2 26
80 0
80 2 1 3 6
85 21 3 1 25
90 8 3 1 12
95 35 6 1 1 43
95 7 2 1 1 11
110 1 1
110 3 3
111 1 4 1 3 1 10
120 3 3
120 1 2 3
130 1 9 21 31
135 1 1 2
140 1 2 1 4
150 13 3 16
150 16 6 9 31
160 1 3 4
175 3 7 10
175 2 8 2 12
185 2 3 4 9
185 0 0 0
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Table 5.1 (continued)

Host age (years) Polychaete Bryozoan Bivalve Algae Foraminifera Other Total
265 4 1 5
270 0 2 2
275 4 7 11
290 3 4 1 8
295 1 1
295 5 5
315 1 1
335 1 1
340 4 7 2 2 15
345 1 2 3
350 2 2
355 1 1 1 3
360 42 7 0 49
360 49 5 3 57
360 3 2 2 7
365 4 1 4 9
370 4 3 1 8
375 2 2 4
420 5 1 1 3 10
425 1 1 1 3
425 1 1 2
425 1 1 2
465 0
475 2 1 3
580 0
605 2 2
610 1 1
615 1 1
625 1 1
645 1 1
715 0
905 3 3
1595 2 1 3
1910 42 3 45
2040 1 1
2140 1 5 6
2335 1 1
3115 1 3 2 6
3195 35 35

TOTAL: 467 208 19 6 131 35 866
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 Table 5.2

Host age versus diversity per valve, split by taxonomic group.

Host age (years) Polychaete Bryozoan Bivalve Algae Foraminifera Other # taxa per valve
0 2 4 0 0 1 2 9
0 1 2 0 0 1 0 4
0 1 4 0 0 1 0 6
0 1 0 0 0 1 1 3
0 1 2 0 0 1 0 4
0 1 0 0 0 0 0 1
0 1 2 0 0 1 0 4
0 1 1 0 0 1 0 3
0 3 2 0 0 1 0 6
0 3 2 0 0 0 0 5
0 0 1 0 0 1 0 2
0 1 1 0 0 0 0 2
0 0 1 0 0 1 0 2
1 1 4 0 0 1 0 6

25 1 2 0 0 0 0 3
30 0 0 0 0 0 0 0
40 0 0 0 0 0 0 0
45 2 2 1 0 0 2 7
50 1 1 0 0 0 1 3
50 0 1 0 0 0 0 1
55 1 2 0 0 0 1 4
55 1 0 0 0 1 0 2
55 1 2 0 0 1 0 4
70 1 4 0 0 1 1 7
70 2 3 0 0 2 2 9
70 2 3 0 1 0 0 6
80 0 2 0 0 1 3 6
80 0 0 0 0 0 0 0
85 1 2 0 0 0 1 4
90 2 2 0 0 0 1 5
95 1 2 1 0 1 0 5
95 2 3 0 0 1 1 7
110 0 0 0 0 0 3 3
110 0 1 0 0 0 0 1
111 1 1 0 1 1 1 5
120 1 1 0 0 0 0 2
120 0 1 0 0 0 0 1
130 1 3 0 0 2 0 6
135 1 1 0 0 0 0 2
140 1 1 1 0 0 0 3
150 2 3 0 0 1 0 6
150 2 2 0 0 0 0 4
160 1 3 0 0 0 0 4
175 1 4 0 0 0 1 6
175 1 3 0 0 0 0 4
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Table 5.2 (continued)

Host age (years) Polychaete Bryozoan Bivalve Algae Foraminifera Other # taxa per valve
185 1 1 0 0 1 0 3
185 0 0 0 0 0 0 0
265 0 2 1 0 0 0 3
270 0 1 0 0 0 0 1
275 1 3 0 0 0 0 4
290 1 2 0 0 0 1 4
295 0 1 0 0 0 0 1
295 0 4 0 0 0 0 4
315 0 1 0 0 0 0 1
335 0 1 0 0 0 0 1
340 1 4 1 1 0 0 0
345 1 0 0 0 0 1 2
350 2 0 0 0 0 0 2
355 1 1 0 0 0 1 3
360 1 1 1 0 0 0 3
360 2 3 0 0 0 3 8
360 2 5 0 0 0 0 7
365 2 1 1 0 0 0 4
370 2 1 1 0 0 0 4
375 2 1 0 0 0 0 3
420 1 1 1 0 0 1 4
425 0 1 0 0 1 0 2
425 1 0 1 0 0 0 2
425 1 1 1 0 0 0 3
465 0 0 0 0 0 0 0
475 1 1 0 0 0 0 2
580 0 0 0 0 0 0 0
605 0 1 0 0 0 0 1
610 0 1 0 0 0 0 1
615 0 0 0 0 1 0 1
625 0 1 0 0 0 0 1
645 0 1 0 0 0 0 1
715 0 0 0 0 0 0 0
905 0 2 0 0 0 0 2
1595 1 1 0 0 0 0 2
1910 1 2 0 0 0 0 3
2040 0 0 0 1 0 0 1
2140 0 0 0 1 1 0 2
2335 1 0 0 0 0 0 1
3115 1 1 1 0 0 0 3
3195 0 0 0 0 3 0 3
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Table 5.3

Age frequency versus host abundance, epibiont abundance, and mean epibiont abundance and diversity

values per valve for each century.

Host valve 
age range 

(years)

Total 
number of 
host valves

Total 
number of 
epibionts

Mean 
number of 
epibionts 
per valve

Mean 
number of 
epibiont 
taxa per 

valve
0 13 139 10.7 3.9
100 19 271 14.3 4.2
200 14 139 9.9 3.6
300 7 32 4.6 2.4
400 12 159 13.3 3.8
500 6 20 3.3 2.2
600 1
700 5 6 1.2 1.0
800 1
900 0
1000 1 3 3.0 2.0
1100 0
1200 0
1300 0
1400 0
1500 0
1600 1 3 3.0 2.0
1700 0
1800 0
1900 0
2000 1 45 45.0 3.0
2100 1 1 1.0 1.0
2200 1 6 6.0 2.0
2300 0
2400 1 1 1.0 1.0
2500 0
2600 0
2700 0
2800 0
2900 0
3000 0
3100 0
3200 2 41 20.5 3.0
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Figure 5.1

Epibiont abundance as a function of host valve age. A. Number of epibionts per valve. B. Mean number of

epibionts per valve per century.
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Figure 5.2

Epibiont abundance as a function of host valve age, divided by taxonomic group.
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Figure 5.3

Age frequency distributions for host valves and epibionts, showing similar trends in age frequency

distribution for epibionts and their host valves. A. Number of brachiopod valves per century. B. Number of

epibionts per century.
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Figure 5.4

Scatter plot showing the linear correlation between the number of epibionts and the number of host valves

per century. This indicates that the apparent decrease in mean epibiont abundance shown in Figure 5.3 is an

artifact of decreasing sample sizes for older age bins.
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Figure 5.5

Epibiont diversity as a function of host valve age. Diversity is calculated as the number of recognizable

epibiont morphospecies per valve. A. Number of morphospecies per valve. B. Mean number of

morphospecies per valve per century.
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Figure 5.6

Relationship between epibiont abundance and diversity. A. Number of taxa plotted versus abundance for

individual valves. B. Mean number of taxa per valve per century plotted versus the number of epibionts per

century.
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CHAPTER SIX: CONCLUSIONS

Biostratigraphy was once the most important and widely applicable aspect of

paleontology to the rest of the sciences, and because of the emphasis of global

correlations, temporal variations in the fossil record were pursued with great vigor.

Works such as Jack Sepkoski’s marine diversity databases renewed interest in global

patterns through geologic time, but once again, the global focus required that local

variations be ignored. More recently, modern paleontologists have come to debate the

overall utility and applicability of global studies over time scales of tens or hundreds of

millions of years (e.g., Sims, 2003).

Global overviews undoubtedly have their place, but all large-scale patterns are a

sum of their parts.  Science requires an adequate understanding of variation in naturally

occurring patterns at all scales, large and small. Regional, global and era-scale patterns

provide the context for the history of life, but these patterns are rooted in individual

events at the smallest scales. A multi-scale approach, such as the one demonstrated here,

is a prerequisite to uniting different frames of reference.

Chapter Two demonstrates this connection using the stable isotope geochemistry

of lingulid brachiopods. Previous workers regarded implausible δ18O values as evidence

of diagenetic alteration, or created thermometry equations based upon linear regressions

through a handful of isotope ratios and annual means for oceanographic data. Without a

careful analysis of δ18O variation in modern specimens collected from the same site, and

representing growth through the same interval of time, those studies rested on the

unproven assumption that lingulid δ18O varied in a systematic way according to local

climatic conditions. This assumption was tested - and rejected - using multiple lines of

analysis, and examining the isotopic composition of lingulid shells at sub-millimeter

scales of resolution. Despite the disheartening conclusions reached for lingulid δ18O in

shell apatite, however, an unexpected, and potentially more useful result was observed:

consistent δ18O values can be obtained from the small portion of carbonate preserved in

the shell. As carbonate δ18O can be measured with much greater ease than phosphate,

perhaps lingulids will prove to be useful tools for addressing paleoclimate issues after all.
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Chapters Three, Four and Five all addressed separate aspects of brachiopod

encrustation in modern oceans. While the encrustation of brachiopods is well documented

from Paleozoic tropical and subtropical open marine settings, the southeast Brazilian

Bight has provided the first suitable modern analogue for such studies. The major

conclusions of these studies suggest that large scale patterns of encrustation through the

Phanerozoic may be strongly influenced by variations in host substrates. Host size plays a

significant role in encrustation patterns, and statistical analysis suggests that the diversity

patterns of island biogeography can apply to ‘islands’ as small as a few millimeters

across. Despite this, host shells occupying the same size range may experience much

different frequencies of encrustation at the same site, suggesting a very strong role for the

taxonomic identity of each host. These patterns probably have their roots in shell

mineralogy, microstructure, and shape, along with the autecology of the host. Finally,

despite many taphonomic arguments to the contrary, examination of encrustation as a

function of host age does not show any evidence that epibiont abundance or diversity

increases with valve age, and therefore epibiont assemblages may possess temporal

resolution to rival their spatial resolution. This result may strengthen the potential use of

epibionts for the measurement of productivity through geologic time, but only with

careful controls for host identity, ecology and size.

Similar concerns relating spatial variation and temporal ‘trends’ have been

expressed by others; a classic example was presented by Alan Hoffmeister regarding

drilling predation patterns in the Miocene of Europe. This is not meant to suggest that

global patterns and temporal trends do not exist, or have no meaning. However, it is a call

for a more statistical approach to paleoecology: without large sample sizes representing a

diverse array of populations within narrow temporal intervals, it is impossible to

determine whether temporal trends are truly representative of global patterns. Whatever

the topic under investigation, the range and nature of its spatial variation must be

addressed at a multitude of scales in order to construct a more accurate picture of the

history of life on Earth.



112

REFERENCES

Aidar, E., Gaeta, S. A., Gianesella-Galvao, S. M. F., Kutner, M. B. B., and Teixeira, C.,

1993, Ecossitema costeiro subtropical: Nutrientes dissolvidos, fitoplancton e 

clorofila-a e suas relaçoes com as condiciões oceanograficas na regiao de 

Ubatuba, SP: Publicação Especial do Instituto Oceanográfico São Paulo. no. 10, 

p. 9-43.

Alexander, R. R. and Brett, C. E., 1990, Symposium on Paleozoic epibionts; introduction:

Historical Biology v. 4, p. 151-153.

Alexander, R. R. and Scharpf, C. D., 1990, Epibionts on Late Ordovician brachiopods 

from southeastern Indiana: Historical Biology, v. 4, p. 179-202.

Alexander, R. R., 1984, Comparative hydrodynamic stability of brachiopod shells on 

current scoured arenaceous substrates: Lethaia, v. 17, p. 17-32.

Alexander, R. R., 1994, Distribution of pedicle boring traces and the life habit of Late 

Paleozoic leiorhynchid brachiopods from dysoxic habitats: Lethaia, v. 27, p. 227-

234.

Alexander, R. R., 2001, Functional morphology and biomechanics of articulate 

brachiopod shells: in Brachiopods ancient and modern: a tribute to G. Arthur 

Cooper, Carlson, S. J. and Sandy, M. R., eds., The Paleontological Society Papers

v. 7, pg. 145-169

Alvarez, F., and Taylor, P.D., 1987, Epizoan ecology and interactions in the Devonian of 

Spain: Palaeogeography Palaeoclimatology Palaeoecology, v. 61, p. 17-31.

Bambach, R. K., 1977, Species richness in marine benthic habitats through the 

Phanerozoic: Paleobiology, v. 3, p. 152-167.

Bambach, R. K., 1993, Seafood through time; changes in biomass, energetics, and 

productivity in the marine ecosystem: Paleobiology, v. 19, p. 372-397.

Barrick, R. E. and Showers, W. J., 1996, Comparison of thermoregulation of four 

ornithischian dinosaurs and a varanid lizard from the Cretaceous Two Medicine 

Formation: evidence from oxygen isotopes: PALAIOS, v. 11, p. 295-205.



113

Batten, J. A., and Kowalewski, M., 1995, Seasonal growth banding and predation scars in

the shells of a Recent lingulide brachiopod: Geological Society of America 

Abstracts with Programs, v. 27, p. A-445.

Bennington, J. B., and Bambach, R. K., 1996, Statistical testing for paleocommunity 

recurrence: Are similar fossil assemblages ever the same?: Palaeogeography

Palaeoclimatology Palaeoecology, v. 127, p. 107-133.

Best, M. M. R., and Kidwell, S. M., 2000a, Bivalve taphonomy in tropical mixed 

siliciclastic-carbonate settings: I. Environmental variation in shell condition: 

Paleobiology, v. 26, p. 80-102.

Best, M. M. R., and Kidwell, S. M., 2000b, Bivalve taphonomy in tropical mixed 

siliciclastic-carbonate settings: II. Effect of bivalve life habits and shell types: 

Paleobiology, v. 26, p. 103-115.

Bordeaux, Y. L., and C. E. Brett, 1990, Substrate specific associations of epibionts on 

Middle Devonian brachiopods: Implications for paleooecology: Historical 

Biology, v. 4, p. 203-220.

Bottjer, D.J., and Carter, J. G., 1980, Functional and phylogenetic significance of 

projecting periostracal structures in the Bivalvia (Mollusca): Journal of 

Paleontology, v.54, p.200-216.

Braga, E. S., and Müller, T. J., 1998, Observation of regeneration of nitrate, phosphate 

and silicate during upwelling off Ubatuba, Brazil, 23 degree S: Continental Shelf 

Research, v. 18, p. 915-922.

Brett, C. E., Liddell, W. D., and Derstler, K. L., 1983, Late Cambrian hard substrate 

communities from Montana/Wyoming: the oldest known hardground encrusters: 

Lethaia, v. 16, p. 281-289.

Bromley, R.G. and Surlyk, F., 1973, Borings produced by brachiopod pedicles, fossil and

Recent: Lethaia, v. 6, p. 349-365.

Buening, N. and Spero, H. J., 1996, Oxygen and carbon isotope analyses of the articulate 

brachiopod Laqueus californianus: a record of environmental changes in the 

subeuphotic zone: Marine Biology, v. 127, p. 105-114.



114

Campos, E. J. D., Gonçlaves, J. E., and Ikeda, Y., 1995, Water mass characteristics and 

geostrophic circulation in the South Brazil Bight: Summer of 1991: Journal of 

Geophysical Research, v. 100, p. 18537-18550.

Campos, E. J. D., Velhot, D., and Da Silverira, I.C.A., 2000, Shelf break upwelling 

driven by Brazil Current cyclonic meanders: Geophysical Research Letter, v. 27, 

p. 751-754.

Carlson, S. J., 1991, A phylogenetic perspective on articulate brachiopod diversity and

the Permo-Triassic extinction: in Dudley, E., ed., The Unity of Evolutionary

Biology, Proceedings of the 4th International Congress of Systematic and

Evolutionary Biology: Dioscorides Press, Portland, Oregon, p. 119-142.

Carpenter, S. J. and Lohmann, K. C., 1995, 18O and 13C values of modern brachiopod 

shells: Geochimica et Cosmochimica Acta, v. 55, p. 777-785.

Carroll, M., Kowalewski, M., Simões, M. G., and Goodfriend, G. A., 2003, Quantitative 

estimates of time-averaging in brachiopod shell accumulations from a modern, 

tropical shelf: Paleobiology (in press)

Cherns, L. and Wright, V. P., 2000, Missing molluscs as evidence of large scale, early 

skeletal dissolution in a Silurian sea: Geology, v. 28, p. 791-794.

Cohen, B. L. and Gawthrop, A. B., 1997, The brachiopod genome: in Kaesler, R.L., ed., 

Treatise on Invertebrate Paleontology, Part H, v. 1, Revised, Brachiopoda: 

Geological Society of America and University of Kansas, Boulder, Colorado and 

Lawrence, Kansas, p. 189-211.

Cuffey, C. A., Robb, A. J. III, Lembcke, J. T., and Cuffey, R. J., 1995, Epizoic bryozoans

and corals as indicators of life and post-mortem orientations of the Devonian 

brachiopod Meristella: Lethaia, v. 28, p. 139-153.

Culter, J. M., 1979, A population study of the inarticulate brachiopod Glottidia 

pyramidata (Stimpson): Unpubl. MS Thesis, University of South Florida, Tampa,

53 p.

Curry, G. B., 1983, Microborings in Recent brachiopods and the functions of caeca: 

Lethaia, v.16, p.119-127

Da Rocha, J., Milliman, J. D., Santana, C. I., and Vicalvi, M. A., 1975, Southern Brazil: 

in Milliman J. D. and Summerhayes, C. P., eds., Upper Continental Margin 



115

Sedimentation off Brazil: Contributions to Sedimentology No. 4: Schweizerbart, 

Stuttgart, p. 117-150.

Daley, G. M., 1993, Passive deterioration of shelly material: a study of the recent eastern 

Pacific articulate brachiopod Terebratalia transversa Sowerby: PALAIOS, v. 8, 

p. 226-232.

Doyle, A. C., 1912. The Lost World: The Strand, v. 43-44.

Emig, C. C., 1990, Examples of post-mortality alteration in Recent brachiopod shells and 

(paleo)ecological consequences: Marine Biology, v. 104, p. 233-238.

Emig, C. C., 1997, Ecology of inarticulated brachiopods: in Kaesler, R. L., ed., Treatise 

on Invertebrate Paleontology, Part H, v. 1, Revised, Brachiopoda: Geological 

Society of America and University of Kansas, Boulder, Colorado and Lawrence, 

Kansas, p. 473-495.

Fagerstrom, J. A., 1996, Paleozoic brachiopod symbioses: Testing the limits of modern 

analogues in paleoecology: Geological Society of America Bulletin, v. 108, p. 

1393-1403.

Fricke, H. C.; Clyde, W.; O’Neil, J. R.; and Gingerich, P., 1998, Evidence for rapid

climate change in North America during the latest Paleocene thermal maximum: 

oxygen isotope composition of biogenic phosphate from the Bighorn Basin 

(Wyoming): Earth and Planetary Science Letters, v. 160, p. 193-208.

Fürsich, F. T., and Oschmann, W., 1993, Storm shell beds as tools in basin analysis: the 

Jurassic of Kachchh, western India: Journal of Geological Society of London, v. 

150, p. 169-185.

Gibson, M. A., 1992, Some epibiont-host and epibiont-epibiont interactions from the 

Birdsong Shale Member of the Lower Devonian Ross Formation (west-central 

Tennessee, U.S.A.): Historical Biology, v. 6, p. 113-132.

Goodwin, D. H.; Flessa, K. W.; Schöne, B. R.; and Dettman, D. L., 2001, Cross-

calibration of daily growth increments, stable isotope variation, and temperature 

in the Gulf of California bivalve mollusk Chione cortezi: implications for 

paleoenvironmental analysis: PALAIOS, v. 16, p. 387-398.

Gould, S. J., and Calloway, C. B., 1980, Clams and brachiopods; ships that pass in the 

night: Paleobiology, v. 6, p. 383-396.



116

Hammen, C. S. and Lum, S. C., 1977, Salinity tolerance and pedicle regeneration of 

Lingula: Journal of Paleontogy, v. 51, p. 548-551.

Hastings, J. R., 1964, Climatological data for Baja California: Technical Reports on the 

Meteorology and Climatology of Arid Regions, No. 14, p. 93.

Hoffmeister, A. P., 2002, Quantitative analysis of drilling predation patterns in the fossil 

record: Ecological and evolutionary implications. Unpublished Ph.D. dissertation,

Virginia Polytechnic Institute and State University, Blacksburg, Virginia. 293 p.

Jackson, J. B. C., Goreau, T. F., and Hartman, W. D., 1971, Recent brachiopod-coralline

sponge communities and their paleoecological significance: Science, v. 173, p. 

623-625.

James, M. A., Ansell, D., Collins, M. J., Curry, G. B., Peck, L. S., and Rhodes, M. C., 

1992, Biology of living brachiopods: Advances in Marine Biology, v. 28, p. 175-

387.

Kenchington, R. A. and Hammond, L. S., 1978, Population structure, growth and 

distribution of Lingula anatina (Brachiopoda) in Queensland, Australia: Journal 

of Zoology, v. 184, p. 63-81.

Kesling, R. V., Hoare, R. D., and Sparks, D. K., 1980, Epibionts of the Middle Devonian 

brachiopod Paraspirifer bownnockeri, their relationships to one another and to 

their host: Journal of Paleontology, v. 54, p. 1141-1154.

Knoll, A. H., Bambach, R.K., Canfield, D.E., and Grotzinger, J.P., 1996, Comparative 

earth history and the Late Permian mass extinction: Science, v. 273, p. 452-457.

Knoppers, B., Ekau, W., and Figueiredo, A. G.1999, The coast and shelf of east and 

northeast Brazil and material transport: Geo-Marine Letters, v. 19, p. 171-178.

Kobluk, D. R. and James, N. P., 1979, Cavity-dwelling organisms in Lower Cambrian

patch reefs from southern Labrador: Lethaia, v. 12, p. 193-218.

Kobluk, D. R., 1981a, The record of early cavity-dwelling (coelobiontic) organisms in 

the Paleozoic: Canadian Journal of Earth Science, v. 18, p. 181-190.

Kobluk, D. R., 1981b, Earliest cavity-dwelling organisms (coelobionts), Lower Cambrian

Poleta Formation, Nevada: Canadian Journal of Earth Science, v. 18, p. 669-679.



117

Kobluk, D. R., 1985, Biota preserved within cavities in Cambrian Epiphyton mounds, 

upper Shady Dolomite, southwestern Virginia: Journal of Paleontology, v. 59, p. 

1158-1172.

Kolodny, Y.; Luz, B.; and Navon, O., 1983, Oxygen isotope variation in phosphate of 

biogenic apatites, I. Fish bone apatite - rechecking the rules of the game: Earth 

and Planetary Science Letters, v. 64, p. 398-404.

Kowalewski, M., Goodfriend, G. A., and Flessa, K. W., 1998, High resolution estimates 

of temporal mixing in shell beds: the evils and virtues of time-averaging: 

Paleobiology, v. 24, p. 287-304.

Kowalewski, M. and Flessa, K. W., 2000, Seasonal predation by migratory shorebirds 

recorded in shells of lingulid brachiopods from Baja California, Mexico: Bulletin 

of Marine Science, v. 66, p. 405-416.

Kowalewski, M., 1996, Taphonomy of a living fossil: the lingulide brachiopod Glottidia 

palmeri Dall from Baja California, Mexico: PALAIOS, v. 11, p. 244-265.

Kowalewski, M., Avila Serrano, G. E., Flessa, K. W., and Goodfriend, G. A., 2000, A 

dead delta’s former productivity: Two trillion shells at the mouth of the Colorado 

River: Geology, v. 28, p. 1059-1062.

Kowalewski, M., Dulai, A., and Fursich, F. T., 1998, A fossil record full of holes: The 

Phanerozoic history of drilling predation: Geology, v. 26, p. 1091-1094.

Kowalewski, M., Simões, M. G., Carroll, M., and Rodland, D. L., 2002, Abundant 

brachiopods on a tropical, upwelling-influenced shelf (southeast Brazilian Bight, 

South Atlantic): PALAIOS, v. 17, p. 277-286.

Lavin, M. F. and Sanchez, S., 1999, On how the Colorado River affected the 

hydrography of the upper Gulf of California: Continental Shelf Research, v. 19 p. 

1545-1560.

Lécuyer, C.; Grandjean, P.; and Emig, C. C., 1996, Determination of oxygen isotope 

fractionation between water and phosphate from living lingulids: potential 

application to palaeoecological studies: Palaeogeography Palaeoclimatology 

Palaeoecology v. 126 p. 101-108.



118

Leighton, L., 2001, New example of Devonian predatory drillholes and the influence of 

brachiopod spines on predator success: Palaeogeography Palaeoclimatology 

Palaeoecology, v. 165 p. 53-69

Lescinsky, H. L., 1993, Taphonomy and paleoecology of epibionts on the scallops 

Chlamys hastata (Sowerby, 1843) and Chlamys rubida (Hinds, 1845): PALAIOS, 

v. 8, p. 267-277.

Lescinsky, H. L., 1995, The life orientation of concavo-convex brachiopods: overturning 

the paradigm: Paleobiology, v. 21, p. 520-551.

Lescinsky, H. L., 1996, 100 million years of community evolution: gradual replacement 

and ecological trends in Paleozoic shell-encrusting communities: in Repetski, J. 

E., ed., Sixth North American Paleontological Convention Abstracts of Papers, 

Paleontological Society Special Publication No. 8, p. 235.

Lescinsky, H. L., 1997, Epibiont communities: recruitment and competition on North 

American Carboniferous brachiopods: Journal of Paleontology, v. 71, p. 34-53.

Lescinsky, H. L., Edinger, E., and Risk, M. J., 2002, Mollusc shell encrustation and 

bioerosion rates in a modern epeiric sea: Taphonomy experiments in the Java Sea,

Indonesia: PALAIOS, v. 17, p. 171-191.

Longinelli, A. and Nuti, S., 1968, Oxygen-isotope ratios in phosphate from fossil marine 

organisms: Science, v. 160, p. 879-882.

Lowenstam, H. A., 1961, Mineralogy, 18O/16O ratios, and strontium and magnesium 

contents of Recent and fossil brachiopods and their bearing on the history of the 

oceans: Journal of Geology, v. 69 p. 241-260.

MacArthur, R. H. and Wilson, E. O., 1967, The theory of island biogeography: Princeton 

University Press, Princeton.

Mahajan, S. N. and Joshi, M. C., 1983, Age and shell growth in Lingula anatina (Lam.): 

Indian Journal of Marine Science, v. 12 p. 120-121.

McCammon, H.M., 1969, The food of articulate brachiopods: Journal of Paleontology, v.

43, p. 976-985.

McCrea, J., 1950, The isotopic chemistry of carbonates and a paleotemperature scale: 

Journal of Chemical Physics, v. 18, p. 849-857.



119

Meyer, D. L., 1990, Population paleoecology and comparative taphonomy of two 

edrioasteroid (echinodermata) pavements: Upper Ordovician of Kentucky and 

Ohio: Historical Biology, v. 4, p. 155-178.

Nield, E. W., 1986, Liljevallia gotlandica: encrustation patterns in the earliest cemented 

articulate brachiopod, and their implications for its larval behaviour: 

Palaeogeography Palaeoclimatology Palaeoecology, v. 56, p. 277-290.

O’Neil, J. R.; Roe, L. J.; Reinhard, E.; and Blake, R. E., 1994, A rapid and precise 

method of oxygen isotope analysis of biogenic phosphate: Israeli Journal of Earth 

Science, v. 43, p. 203-212.

Olszewski, T. D. and Patzkowski, M. E., 2001, Measuring recurrence of marine biotic 

gradients: A case study from the Pennsylvanian-Permian Midcontinent: 

PALAIOS, v. 16, p. 444-460.

Paine, R. T., 1963, Ecology of the brachiopod Glottidia pyramidata: Ecological 

Monographs, v. 33, p. 255-280.

Palmer, T. J., 1982, Cambrian to Cretaceous changes in hardground communities: 

Lethaia, v. 15, p. 309-323.

Parsons-Hubbard, K. M., Callender, W. R., Powell, E. N., Brett, C. E., Walker, S. E., 

Raymond, A. L., and Staff, G.M., 1999, Rates of burial and disturbance of 

experimentally-deployed molluscs: Implications for preservation potential: 

PALAIOS, v. 14, p. 337-351.

Patzkowsky, M.E. and Holland, S. M., 1999, Biofacies replacement in a sequence 

stratigraphic framework: Middle and Upper Ordovician of the Nashville Dome, 

Tennessee, USA: PALAIOS, v. 14, p. 301-323.

Paull, R. A. and Paull, R. K., 1986, Depositional history of Lower Triassic Dinwoody

Formation, Bighorn Basin, Wyoming and Montana: in Geology of the Beartooth 

Uplift and Adjacent Basins, Montana Geological Society and Yellowstone 

Bighorn Research Association Joint Field Conference and Symposium p. 13-25.

Paull, R.K. and Paull, R. A., 1994, Shallow marine sedimentary facies in the Earliest 

Triassic (Griesbachian) Cordilleran Miogeocline, USA: Sedimentary Geology, v. 

93, p., 181-191.



120

Powell, M. G. and Kowalewski, M., 2002, Increase in evenness and sampled alpha 

diversity through the Phanerozoic: Comparison of early Paleozoic and Cenozoic 

marine fossil assemblages: Geology, v. 30, p. 331-334.

Puura, I. and Nemliher, J., 2001, Apatite varieties in Recent and fossil linguloid 

brachiopod shells: in Brunton, C.H.C., Cocks, L.R.M. and Long, S.L., eds. 

Brachiopods Past and Present. Taylor and Francis, London, England. 441 p.

Richards, R. P., 1972, Autecology of Richmondian brachiopods (late Ordovician of 

Indiana and Ohio): Journal of Paleontology, v. 46, p. 29-32.

Richardson, J. R., 1997, Biogeography of articulate brachiopods: in Kaesler, R. L., ed., 

Treatise on Invertebrate Paleontology, Part H, v. 1, Revised, Brachiopoda: 

Geological Society of America and University of Kansas, Boulder, Colorado and 

Lawrence, Kansas, p. 463-472.

Rodland D. L. and Bottjer, D. J., 2000, Biotic recovery from the end-Permian mass 

extinction: behavior of the inarticulate brachiopod Lingula as a disaster taxon: 

PALAIOS, v. 16, p. 95-101.

Rodland, D. L., Kowalewski, M., Carroll, M., and Simões, M. G., 2003: Colonists of a 

“Lost World”: encrustation patterns in modern subtropical brachiopod 

assemblages: PALAIOS (in revision).

Rodriguez, C. A.; Flessa, K. W.; and Dettman, D. L., 2001, Effects of upstream diversion

of Colorado River water on the estuarine bivalve mollusc Mulinia coloradoensis: 

Conservation Biology, v. 15, p. 249-258.

Rudwick, M. J. S., 1970, Living and Fossil Brachiopods: Hutchinson and Co. Ltd., 

London. 199 p.

Ruggiero, E. T., 1996, Notes on living brachiopod ecology in a submarine cave off the 

Campania coast, Italy: in Copper, P. and Jin, J., eds., Brachiopods, Proceedings of

the Third International Brachiopod Congress: A. A. Balkema, Rotterdam, 

Netherlands, p. 227-231.

Schubert, J.K., and Bottjer, D.J., 1995, Aftermath of the Permo-Triassic mass extinction 

event: Paleoecology of Lower Triassic carbonates in the western USA: 

Palaeogeography, Palaeoclimatology, Palaeoecology, v. 116, p. 1-40.



121

Sepkoski, J. J., McKinney, F. K., and Lidgard, S., 2000, Competitive displacement 

among post-Paleozoic cyclostome and cheilostome bryozoans: Paleobiology, v. 

26, p. 7-18.

Sharp , Z. D. and Cerling, T. E., 1998, Fossil isotope records of seasonal climate and 

ecology: straight from the horse’s mouth: Geology, v. 26, p.219-222.

Simões, M. G., Kowalewski, M, Mello, L. H. C., Rodland, D. L., and Carroll, M., in 

press, Present-day terebratulid brachiopods from the southern Brazilian shelf: 

Paleontological and biogeographic implications: Palaeontology.

Springer, D. A. and Miller, A. I., 1990, Levels of spatial variability: the “community” 

problem: in Miller, W., ed., Paleocommunity Temporal Dynamics: the Longterm 

Development of Multispecies Assemblies. Paleontological Society Special 

Publication 5, p. 13-30.

Steele-Petrovic, H.M., 1976, Brachiopod food and feeding processes: Palaeontology, v. 

19, p. 417-436.

Taylor, P. D. and Michalik, J., 1991, Cyclostome bryozoans from the Late Triassic 

(Rhaetian) of the West Carpathians, Czechoslovakia: Neues Jahrbuch fuer 

Geologie und Palaeontologie v.182, p.285-302.

Thayer, C. W. and Steele-Petrovic, H. M., 1975, Burrowing behavior of the lingulid 

brachiopod Glottidia pyramidata: its ecologic and paleoecologic significance: 

Lethaia, v. 8, p. 209-221.

Thayer, C. W., 1975, Morphologic adaptations of benthic invertebrates to soft substrates: 

Journal of Marine Research, v. 33, p. 117-189.

Thompson, R. W., 1968, Tidal flat sedimentation on the Colorado River delta,

northwestern Gulf of California: Geological Society of America Memoir no. 107,

133 p.

Torello, F. F., Simões, M. G., and Passos, J. R. S., 2002, The taphonomic tumbling barrel

- a methodological review to understand preservational biases in the fossil record: 

in First International Palaeontological Congress, 2002, Sydney. The Geological 

Society of Australia, Abstracts. McPherson’s Printing Group, Sydney, v. 68, p.

285-286.



122

Tunicliffe, V. and Wilson, K., 1988, Brachiopod populations: Distribution in fjords of 

British Columbia (Canada) and tolerance of low oxygen concentration: Marine 

Ecology Progress Series, v. 47, p. 117-128.

Vega Perez, L. A., 1993, Estudo do zooplancton da regiao de Ubatuba, Estado de Sao 

Paulo: Publicacao especial do Instituto Oceanografico Sao Paulo, no. 10, p. 65-84.

Veizer, J., Bruckschen, P.; Pawellek, F.; Diener, A.; Podlaha, O. G.; Carden, G. A. F.; 

Jasper, T.; Korte, C.; Strauss, H.; Azmy, K.; and Ala, D., 1997, Oxygen isotope

evolution of Phanerozoic seawater: Palaeogeography Palaeoclimatology 

Palaeoecology, v. 132, p. 159-172.

Vermeij, G. J., 1995, Economics, volcanoes, and Phanerozoic revolutions: Paleobiology, 

v. 21, p. 125-152.

Walker, K. R., and Bambach, R. K., 1971, The significance of fossil assemblages from 

fine-grained sediments: time-averaged communities: Geological Society of 

America Abstracts with Programs, v. 3, p. 783-784.

Watabe, N. and Pan, C.-M., 1984, Phosphatic shell formation in atremate brachiopods: 

American Zoology, v. 24, p. 977-985.

Watkins, R., 1981, Epizoan ecology in the type Ludlow Series (Upper Silurian), England:

Journal of Paleontology, v. 55, p. 29-32.

Wenzel, B.; Lécuyer, C.; and Joachimski, M. M., 2000, Comparing oxygen isotope 

records of Silurian calcite and phosphate; δ18O compositions of brachiopods and

conodonts: Geochimica et Cosmochimica Acta, v. 64, p. 1859-1872.

Wessel, P., and Smith, W. H. F., 1998, New, improved version of the Generic Mapping 

Tools released: American Geophysical Union, EOS Transactions, v. 79, p. 579.

Williams, A. and Rowell, A. J., 1965, Morphology: in Moore, R.C., ed., Treatise on 

Invertebrate Paleontology, Part H, v. 1, Brachiopoda: Geological Society of 

America and University of Kansas, Boulder, Colorado and Lawrence, Kansas.

Wilson, M. A., 1982, Origin of brachiopod-bryozoan assemblages in an Upper 

Carboniferous limestone: importance of physical and ecological controls: Lethaia,

v. 15, p. 263-273.

Wilson, M. A., 1998, Succession in a Jurassic marine cavity community and the 

evolution of cryptic marine faunas: Geology, v. 26, p. 379-381.



123

Worcester, W., 1969, On Lingula reevii: Unpubl. MS Thesis, University of Hawaii, 49 p.

Wright, P., Cherns, L. and Hodges, P., 2003, Missing molluscs: Field testing taphonomic 

loss in the Mesozoic through early large-scale aragonite dissolution: Geology, v. 

31, p. 211-214.

Ziegler, A. M., Cocks, L. R. M., and Bambach, R. K., 1968, The composition and 

structure of lower Silurian marine communities: Lethaia, v. 1., p. 1-27.



124

VITA

David Laurence Rodland

David L. Rodland was born on August 20th, 1974, in Syracuse, New York. He

graduated from Lincoln High School in Portland, Oregon in June, 1992 and entered the

Colorado College in the fall of that year. He graduated in May 1996, earning a Bachelor

of Arts with Distinction in Geology. In the fall of 1996, he began graduate studies in the

department of Earth Sciences at the University of Southern California, and graduated

with the Master of Science degree in May 1999. From there, he proceeded to the Ph.D.

program at Virginia Tech in August 1999, and defended his dissertation on the 7th day of

May, 2003.


	Abstract
	Dedication
	Acknowledgements
	Abstract	ii
	List of Figures and Tables
	Chapter One: Introduction
	Chapter Two: High resolution analysis of ?18O in the biogenic phosphate of modern and fossil lingulid brachiopods
	INTRODUCTION
	METHODS
	Isotopic Analysis
	Measurements and Sampling Resolution

	RESULTS AND DISCUSSION
	Variation within individuals and between valves
	Variation among individuals
	Equilibrium ranges of ?18O values
	Intravalve variability in temperature estimates
	Variation among individuals within the same patch
	Variation among patches from the same geographic region

	IMPLICATIONS
	Analytical Implications
	Geological Implications

	CONCLUSIONS
	ACKNOWLEDGEMENTS

	Chapter Three: Colonization of a ‘Lost World’: encrustation patterns in modern subtropical brachiopod assemblages
	INTRODUCTION
	STUDY AREA
	MATERIALS AND METHODS
	RESULTS
	Outer Shelf
	Inner Shelf

	DISCUSSION
	Variations among Sites
	Variations among Taxa
	Comparison with Paleozoic Brachiopods
	Comparison with Modern Bivalves

	CONCLUSIONS
	ACKNOWLEDGEMENTS

	Chapter Four: Home on the half shell: epibiont diversity, shell size, and encrustation patterns on brachiopods and bivalves from the Southeast Brazilian Bight
	INTRODUCTION
	STUDY AREA
	MATERIALS AND METHODS
	RESULTS
	Epibiont diversity and competition

	DISCUSSION
	Encrustation frequencies and epibiont abundance
	Implications for the fossil record

	CONCLUSIONS:
	ACKNOWLEDGEMENTS

	Chapter Five: Temporal resolution of epibiont assemblages: ecological snapshots or overexposures?
	INTRODUCTION
	STUDY AREA, MATERIALS, AND METHODS
	RESULTS
	DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGEMENTS

	CHAPTER SIX: CONCLUSIONS
	References
	Vita

