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The paper presents the detailed quantitative study of predatory scars in the shells of an
inarticulate brachiopod: the lingulid Glotridia palmeri Dall, 1870, The scars include four
morphological types: u-shaped, pocket, crack, and miscellaneous scars, They concentrate
and open up toward the anterior shell edge. They commonly consist of a pair of scars on
the opposite valves. The analysis of 820 specimens live-collected from two intertidal
localities in the northern Gulf of California indicates that (1) 23.4% specimens bear repair
scars; (2) the scars vary in size from 1.5 to 24 mm?® (mean = 2.5 mm?) and all scar types
have similar size-frequency distributions; (3) the spatial distribution of scars on the shell
is non-random; (4) the anterior-posterior distribution of scars is strongly multimodal and
suggests seasonal predation in the late fall and winter months; and (5) the frequency of
scarred specimens increases with brachiopod size and differs between the two sampled
localities, but does not vary among brachiopod patches from the same locality. The repair
scars record unsuccessful attacks by epifaunal intertidal predators with a scissors-type
weapon (birds or crabs). The high frequency of attacks, seasonal winter predation, and
previous ecological research suggest that scars were made by wintering shorebirds
{willets ‘or/and curlews). However, crabs cannot be entirely excluded as a possible
predator. Because repair scars represent unsuccessful predation, many of the quantitative
interpretations are ambiguous. Nevertheless, the study suggests the existence of strong
seasonal interactions between inarticulate brachiopods and their predators. Because
shorebirds, crabs, and lingulids may have co-existed in intertidal ecosystems since the
late Mesozoic. predatory scars in lingulid shells may have potentially a 100 million year
long fossil record.
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Introduction

Predatory attacks by durophagous organisms (i.e., those that damage the prey’s exo-
skeleton) create marks on the hard skeletons of their prey. In present-day benthic
marine ecosystems traces of predation are very diverse (see Vermeij 1987 for details
and references) and include drillholes made by snails, octopods, and flatworms (e.g..
Bromley 1981; Kabat 1990; Kowalewski 1993); irregular punch holes made by
stomatopod crabs (e.g., Geary et al. 1991); multiple holes caused by fish (e.g., Norton
1988); and fracture and breakage inflicted by crabs, birds, and other predators (e.g.,
Schoener 1979; Vermeij 1987, 1992; Cadée 1968, 1989; Vale & Rex 1988, 1989;
Kropp 1992; Walker & Yamada 1993; Cadée er al. in press).

Predatory traces provide quantifiable data on prey-predator interactions, and
thus, they have been intensely studied by biologists interested in the behavior of prey
and predators, foraging strategies, population biology and ecosystem dynamics (e.g.,
Berg 1976; Wiltse 1980; Garrity & Levings 1981; Fairweather 1985; Vale & Rex
1988, 1989). Moreover, predatory traces are commonly preserved in the geological
record. Indeed, they have a diverse and impressive fossil record and have been
documented, in a great variety. from all the periods of the Phanerozoic (e.g.. Vermeij
1987); and even from the Late Precambrian (Bengtson & Zhao 1992). Such fos-
silized traces of predation (Praedichnia; see Ekdale 1985; Bromley 1996) offer
paleontologists invaluable insights into ancient ecosystems (e.g., Hoffman er al.
1974; Thomas 1976; Robba & Ostinelli 1975; Sheehan & Lesperance 1976: Kitchell
et al. 1981; Schindel et al. 1982; Hoffman & Martinell 1984; Kowalewski 1990;
Andersen er al, 1991), into the behavior of extinct species (e.g.. Berg & Nishenko
1975; Kitchell 1986; Kelley 1989), and into macroevolutionary and coevolutionary
processes (e.g., Vermeij 1977, 1987; Vermeij et al. 1980, 1981, 1982; Taylor et al.
1980; Fiirsich & Jablonski 1984; Allmon er al. 1990; Kelley 1989, 1991; Kelley &
Hansen 1996).

Here we present a detailed quantitative analysis of the repair scars found on the
shells of the Recent lingulid (family Lingulidae) brachiopod Glottidia palmeri Dall,
1870, a living fossil that inhabits the present-day macrotidal flats of the northeastern
Baja California, Mexico. In sharp contrast to repair scars in extant mollusks and
articulate brachiopods, which have been intensely researched (e.g., Vale & Rex 1988,
1989; Thayer & Allmon 1991; Alexander 1992: Kropp 1992: Walker & Yamada 1993;
Walker & Voigt 1994; Cadée et al. in press), repair scars in extant lingulid brachiopods
have not been investigated. In fact, ecological interactions between Recent inarticulate
brachiopods and their predators have rarely been investigated in a rigorous fashion (see
James et al. 1992; Emig in press; and below for references).

This study has both biological and paleontological goals. We document the mor-
phological types of repair scars and attempt to identify the most likely predators. By
doing so, not only do we hope to improve the ecological knowledge of present-day
inarticulate brachiopods and their predators, but also to provide an actualistic descrip-
tion that may be helpful in identifying predatory traces encountered in the fossil record
of lingulid brachiopods and other shelly organisms. Also, this study illustrates difficul-
ties inherent to the interpretation of repair scars. Repair scars represent unsuccessful
predation events, and thus, provide ambiguous data on the ecology and behavior of
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prey-predator interactions, both Recent and fossil (see also Shoener 1979; Schindel
et al. 1982; Vermeij 1983; Walker & Voigt 1994).

We use repair scars to evaluate issues such as the size and site selectivity of
predatory attacks, variation in frequency of predatory attacks through time and among
different brachiopod populations. and seasonality of predation. Our quantitative ana-
lysis serves also to illustrate some statistical methods useful in analyzing repair scars,
both modern and fossil., In particular, we discuss quantitative techniques that allow for
the assessment of randomness in the spatial distribution of scars and for the recognition
of seasonality of predation in modern and ancient ecosystems.

Previous research on durophagous predation
on lingulid brachiopods

In striking contrast to the Recent mollusks (e.g., Vermeij 1987, 1992; Kabat 1990), the
Recent lingulids has been poorly researched for traces of predation. Marginal remarks
and a few rigorous observations scattered in the literature suggest that shells of the two
Recent lingulid genera, Glottidia and Lingula, occassionally bear predatory marks.
Drillholes has been relatively best documented. Paine (1963), in his monograph on
G. pyramidala, reported that drilled specimens were commonly found (14% of shells
contained drillholes) on a sandbar near the mouth of Stum Pass (west coast of Florida).
A predatory drillhole, most likely caused by a muricid gastropod, was found in
G. palmeri (Kowalewski & Flessa 1994). Drillholes were also documented in fossil
lingulids from the Tertiary of Seymour Island (Wiedman er al. 1988; Bitner 1996) and
the eastern USA (Cooper 1988). Among other inarticulate brachiopods, predatory
drillholes were reported in Recent craniids (Emig in press) and in fossil acrotretids
(Miller & Sundberg 1984; Chatterton & Whitehead 1987).

Breakage and repair scars are poorly studied in lingulids. The only more detailed
observation was reported by Paine (1963) who investigated holes made by willets
(Catoptrophorus semipalmatus) and found many partially consumed specimens of
G. pyramidata: “In most instances, the pedicle and one valve were left, although in
others the anterior ends of both valves had been broken off. If shell and other damage
is not too extensive, the brachiopod can regenerate its lost portions’ (Paine 1963:
pp. 192-193). Repair scars, most likely caused by crabs, were also found in shells of
extant Lingula (C.C. Emig written communication 1997). Breakage and repair scars,
caused by durophagous predators, are much better documented among articulate
brachiopods, both Recent and fossil (e.g., Brunton 1966; Thayer 1985; Alexander
19864, 1986b, 1990, 1992; Thayer & Allmon 1991; Ruggiero 1991; James e al. 1992;
Baliriski 1993).

To our knowledge, not only traces of predation but also predators that prey on
lingulids have rarely been investigated rigorously. Nevertheless, previous researchers
of lingulid brachiopods (e.g., Paine 1963; Worecester 1968; Emig et al. 1978; Emig
1982, 1983) have listed prosobranch gastropods, crabs, fish, and shorebirds as potential
predators. In the most comprehensive review so far, Emig (in press) provided a detailed
list of predators including: (1) crustaceans (hermit crabs, stone crabs, portunid crabs,
crangonids, stomatopods, shrimps, amphipods); (2) echinoderms (asteroids, op-
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hiuroids, echinoids); (3) gastropods (muricids and naticids); (4) fishes (demersal fishes
and sturgeons); (5) shorebirds; and (6) humans.

Gut content studies provide unquestionable evidence for successful predation. The
gut content of Catoptrophorus semipalmatus from the Gulf of Mexico (Paine 1963) as
well as the gut contents of Limnodoromus grieus. and C. semipalniatus from the Pacific
coast of Costa Rica (Pereira 1990; Emig & Vargas 1990) indicate that those birds
commonly prey on Glottidia. Also, the asteroid Amphipolis germinata frequently
(43%) contains shells of Glotidia pyramidata (Emig in press). Fish may also be
important predators of lingulids. In the Gulf of Mexico, G. pyramidata is preyed upon
by estuarine sturgeons (Mason & Clugston 1993) and tonguefish (Cooper 1973). As
reported by Campbell & Campbell (manuscript), one specimen of sturgeon in the
Florida Museum collections contained 500 specimens of G. pyramidata. Lingula
anatina was commonly found in the stomachs of demersal fishes (Emig in press).

In sum, this brief review indicates that, in present-day ecosystems, a variety of
predators prey upon lingulid brachiopods and can potentially leave predatory traces on
shells of their victims.

Material and methods

Study Area. — The study area is the intertidal mudflat of the southernmost delta
plain of the Colorado River, north of San Felipe, Baja California, Mexico (Fig. 1). The
tidal flat experiences extremely high semi-diurnal tides with tidal ranges reaching up
to 10 meters (Sykes 1937; Roden 1964; Thompson 1968; Bray & Robles 1991). The
intertidal flat reaches up to several kilometers in width, This exceptional macrointerti-
dal environment is inhabited by an abundant macroinvertebrate fauna (see Thompson
1968: Batten ef al. 1994) that includes the infaunal lingulid brachiopod Glottidia
palmeri Dall. 1870 (Dall 1920; Thompson 1968; Kowalewski 1996a). The climate of
the area is hot and arid with a maximum summer temperature of 50°C and less than
60 mm precipitation per year (Ezcurra & Rodrigues 1986; Thomson 1993). The water
of the northern Gulf of California has a salinity of 36-39%¢ (Brusca 1980). Mean
monthly water temperature reaches about 30°C in the summer and drops to 15°C in the
winter (Thomson 1993).

The tidal flat is a progradational feature composed of fine-grained clastic sediments
consisting predominately of silts and fine-grained sands. Several series of longitudi-
nally oriented, shell-rich beach ridges occur in the area (Thompson 1968; Kowalewski
et al. 1994). The facies development of the tidal flat, discussed in detail by Thompson
(1968), has largely been controlled by the activity of the Colorado River (see also
Kowalewski ef al. 1994; Kowalewski & Flessa 1995).

On Glottidia palmeri Dall, 1870. — This species is endemic to the Gulf of Cali-
fornia and the Pacific coast of California (Dall 1870, 1871, 1920: Lowe 1933; Hertlein
& Grant 1944; Thompson 1968: Emig 1983: Kowalewski 1996a), It was described first
by Dall (1870) from the intertidal mudflats of northeastern Baja California, where it is
patchily distributed, but locally very abundant (Thompson 1968; Kowalewski 1996a).
Like all other Recent lingulids (e.g., Paine 1963; Emig et al. 1978; Emig 1982;
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Fig. 1. Map of the study area showing the location of the two sampling localities. A. Regional map (Baja
California and the Gulf of California). B. The northern Gulf of California and the Colorado River Delta
(Fig. 1B modificd from Thompson 1968; Kowalewski et a/. 1994),

Treuman & Wong 1987), it is an infaunal suspension-feeder that lives in deep vertical
burrows and is anchored by a long pedicle (see also Kowalewski & Demko 1996). Its
shell is thin (0.2-0.3 mm), spatulate, and linguliform in outline, and reaches up to
45 mm in length. The shell has low internal septa — a diagnostic feature of the genus
Glottidia (Rowell 1965: Emig 1983). The ventral, or pedicle, valve has two septa
diverging from the beak. The dorsal, or brachial, valve has one median septum and is
slightly shorter than its ventral counterpart. The shell consists of calcium phosphate
and contains as much as 50% organic matter (G. Goodfriend personal communication).
Shells display yellow or occasionally green or dark brown color banding. Concentric
growth lines are often visible.

Previous work on G, palmeri concentrated primarily on its taxonomy and morpho-
logy (e.g., Dall 1920; Hatai 1938; Hertlein & Grant 1944; Emig 1983). A recent study
by Kowalewski (1996a) indicated that G. palmeri occurs in densely inhabited patches
dominated by single age-cohorts (see below for more details). Little is known about
causes of mortality in G. palmeri. Predation and seasonal mortality during winter
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months —when storms erode and redeposit intertidal sediments or when water tempera-
tures drop beyond the brachiopod’s tolerance — are most likely factors (Kowalewski &
Flessa 1994; Kowalewski 1996a).

Field, laboratory and analytical methods. — This analysis is based on the sam-
ples collected by our research group to investigate the taphonomy, population biology,
biometry, and natural history of G. palmeri (see Kowalewski & Flessa 1994; Batten &
Kowalewski 1995; Smith et al. 1995: Kowalewski 1996a; Kowalewski er al. 1997;
Anand er al. submitted). The samples were collected from two localities on the
macrotidal flat of the lower Colorado Delta (Fig. 1).

Six patches from the two localities (Fig. 1) were sampled in March 1993, November
1993, and February 1994. This analysis includes the live-collected specimens, which
were previously measured (Kowalewski 1996a), but not analyzed for scars (17 = 599),
as well as additional live-collected specimens not included in the previous study
(n = 221). All additional specimens were measured to the nearest 0.1 mm using
electronic or dial calipers. Size of the shell was measured as the length of the longer,
ventral valve. This procedure is consistent with the one employed previously (Kowa-
lewski 1996a).

The population data, based on 820 specimens, are summarized in Table 1. Previous
quantitative analysis (Kowalewski 1996a) indicated that patches from Locality One
represented single age-cohorts from single spatfalls and consisted of mature, slowly
growing specimens that were 3—4 years old at the time of collection. The new
population data, with an increased sample size (number of specimens). are consistent
with the previous work. Note that the mean specimen size in Locality One increased
by 2.4 mm from March 1993 to November 1993, but did not increase in size form
November 1993 to February 1994 (Table 1). This is consistent with growth ring
analyses (Batten & Kowalewski 1995: Anand et a/. submitted) which indicates that G.
palmeri ceases or slows its growth during winter months. Locality Two, in the north,
included younger patches of various age, representing 1-2 year old cohorts (Table 1).

Table 1, Size data for the Glotidia palmeri patches sampled in March 1993, November 1993, and February
1994, This analysis, based on 820 specimens, updates the previous analysis, based on 599 specimens (see
Kowalewski 1996a: table 1).

Varahle March 1993 November 1993 | February 1994
Locality One
Sample size 154 325 172
Mean (mm) 368 392 39
Standard deviation (mm) 1.42 1.86 1.53
Maximum size (mm) 395 44.8 45.8
Minimum size (mm) 322 33.5 54
Locality Two
Sample size - 45 124
Mean (mm) - 282 247
Standard deviavion (mm) - 4.38 2.0
Maximum size (mm) - 36.3 284
Minimum size (mim) - 216 19.1
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Each specimen was carefully examined under magnification for any marks (scars,
cracks, growth disruptions. etc.). Marks were classified according to their presumed
origin as: (1) reliable marks that were, in our opinion, predatory in origin; and (2)
questionable marks which were fresh-looking, unnaturally straight, much larger than
other scars, and cut randomly across the shells at various angles (most likely these were
caused by our shovels when we were digging for specimens or during subsequent
transport — see also Flessa er al. 1992). We confined our analysis primarily to the
reliable scars.

The size and location of each scar was measured using a transparent grid. A sector
in the grid covered approximately 3 mm? The scar size was estimated visually by
comparing the area covered by the scar to the grid. For example, the size of the scar
that covered area corresponding to 1.5 sector was recorded as 4.5 mm?. The precision
of the estimate was +1.5 mm? (i.e., £0.5 sector). To estimate the position of the scar,
the grid was placed over each specimen with the lateral sector ‘1" placed at the anterior
shell edge (Fig. 2A). Note that scar location can be described consistently using a single
grid system only for specimens that are similar in size and were collected at the same
time (the apparent position of scars in relation to the grid ‘shifts’ with shell growth).

To estimate the relative age of the scar, we measured, to the nearest .1 mm, the
distance (d) from the youngest shell growth ring disrupted by the scar to the anterior
(growing) edge of the shell. Assuming that scars were made at the growing edge of the
shell, ¢ can be used to estimate the relative age of the scar, as well as to calculate the size
of the brachiopod at the time of attack (Sa) (see Fig. 2B). The assumption that scars were
made at the anterior shell margin seems reasonable in view of Paine’s (1963) observations
on predatory damage in G. pyramidata (see above for details). Nevertheless, we will note
some alternative interpretations for our data, when this assumption is relaxed, Note that
both, d and Su, estimate the relative age of the scar (Fig. 2B). However, d is a more
appropriate measure because it minimizes the noise introduced by variation in brachiopod
growth rate: modern lingulids show an asymptotic growth rate (e.g., Chuang 1961; Paine
1963; Worcester 1969 Kenchington & Hammond 1978), and thus, the variation intro-
duced by differences in the growth rate among specimens should substantially decrease
toward the anterior shell edge. In the case of complementary (paired) scars, the distance
was measured for the scar closer to the anterior shell margin.

Note that the distance analysis is appropriate only for Locality One, because all
specimens in that locality belong to the same agefsize cohort (i.e., d is directly
comparable among the specimens). Because the brachiopod population grew 2.4 mm
between March 1993 and November 1993 (see above and Table 1), we corrected d
values for shell growth for the March 1993 sample (i.e., d = d + 2.4). Because the
specimens did not grow significantly between November 1993 and February 1994, the
November samples were not corrected. After the correction is applied, all distance
measurements can be treated as if they were taken at the same time in February 1994,

The morphology of each scar was described and a schematic drawing of the scars
outline was made. Most of the scars could be classified into three morphological
categories hereafter referred to as: “u-shaped scars’, *pocket scars’, and ‘crack scars’
(see Fig. 3), scars with other morphologies were c¢lassified as *miscellaneous’. The
scars were also classified as either healed (complete repair of all shell layers) or
unhealed (incomplete repair with external shell layers still disrupted). A substantial
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Fig. 2. A. Grid system employed in this study to estimate the position of a scar on the brachiopod qhe!l n
plan view. A hypothetical scar is located in sector - 1,3, One sector of a grid represents a square =3 mm’ in
arca. B. Schematic illustrating the measurement method used to estimated the relative age of the scar and
the brachiopod size at the time of the attack, Two hypothetical scars are used as examples. Scar 2 is younger
than Scar | (i.e,, d) > d2) and was inflicted on a larger specimen (Sa; < Saz). Symbols: d; —distancz of Scar |
from the anterior shell edge. dz — distance of Scar 2 from the anterior shell edge; Sa; — the size of the
brachiopod at the time of attack recorded by Secar 1, Saz —the size of the brachiopod at the time of attack
recorded by Scar 2. L — the anterior-posterior length of the shell.

proportion of the scars consisted of two complementary disruptions on opposite valves.
Such paired scars were treated in our analysis as single observations and measurements
were taken only for one of the two disruptions: whichever was more appropriate for
a given measurement (see the example of distance measurement above),

All statistical analysis were performed using Statistical Analysis System (SAS) on
the University of Arizona interactive VAX system. The statistical analyses were
performed using the SAS/STAT procedures (SAS Institute 1989, 1990a). Statistical
randomizations and simulations were written in the SAS and SAS-IML languages
(SAS Institute 1990a, 1990b, 1991).
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Results

Out of 820 live-collected specimens of Glottidia palmeri, 267 (32.6%) contained at
least one disruption (Table 2). Among them, 75 specimens (9. 1% of all specimens) bear
‘questionable disruptions’. Thus, we classified only 23.4% of collected specimens
(n = 192) as having ‘scars’ of unquestionably biogenic origin. The quantitative ana-
lysis, presented below deals primarily with the unquestionable scars.

Because some specimens bear multiple scars, the total number of scars exceeds the
total number of specimens (Table 2), For example, there are 213 unquestionable scars,
but only 192 specimens that bear them. Similarly, 75 specimens bear only questionable
disruptions, but there is a total of 85 questionable disruptions, Thus, the sample sizes
and results vary depending on the objective of analysis. Note that it is important to
distinguish between the analysis that targets scars and the analysis that targets speci-
mens, In general, the analysis of scars provides information about the predator and
analyses of specimens provides information about the prey. For example, 65 (33.9%)
specimens bear healed scars but there are total of 70 (32.9%) healed scars. Obviously,
33.9% of the attacked brachiopods were able to heal their shells completely by the time
of collection, and not 32.9%. Similarly, we identified total of 84 u-shaped scars but
there are only 78 specimens bearing them. When studying the site-selectivity of
predation, one should analyze all 84 scars, even though there are only 78 specimens
that contain them. We explicitly distinguish between the two types of analysis by
presenting them in the two separate sections. Although this distinction may appear to
be trivial, not distinguishing between ‘traces’ and ‘specimens with traces’ would
seriously undermine the clarity of any quantitative analysis.

Types of scars. — Although scars vary in shape, most of them can be categorized
into one of the three main morphological types (Fig. 3) referred to here as ‘u-shaped
scars’, ‘pockel scars’, and ‘crack scars’. The remaining scars (17.8%) could not be
assigned to any of these morphological types and were classified into the ‘miscella-
neous’ category.

Ninety disruptions were identified as u-shaped disruptions. Only six of them were
questionable disruptions and 84 were identified as true scars (39.4% of all scars). The
scars have a regular u-shaped outline (Fig. 3A) with their two arms typically open
directly toward the anterior edge of the shell (i.e., the scar axis is parallel to the shell
axis). The ratio between the length of the arms and the width of the ‘U’ ranges from
2:1 1o 3:1. In many cases, u-shaped scars consist of two complementary disruptions of
similar size located on the opposite valves and situated at a similar distance from the
anterior edge of the shell,

Fifty seven disruptions were identified as pocket disruptions. Only seven of them
were questionable disruptions and 50 were identified as true scars (23.5% of all scars).
Pocket scars (Fig. 3B) have a much more complicated outline than u-shaped scars and
can be described as deep pockets that form irregular disruptions in the shell. They also
open toward the anterior but they are much more elongated than u-shaped scars with
the ratio between the length of the arms and the width of the scar ranging typically from
5:1to 10:1. Unlike the u-shaped scars. the majority of the pocket scars have their axis
at an acute angle (10-20°) to the shell axis. In many cases, the pocket scars consist of
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Table 2. Summary of quantitative data on predatory scars in shells of Glortidia palmeri.

Vari Total Locality One Locality Two
Reiable number perecent number percent number pereent
Speeimens 820 100.0 651 100.0 169 100.0
without any disruptions 553 674 397 61.0 156 923
with disruptions 267 326 254 390 13 7.7
with scars 192 234 143 28.1 9 33
with questionable distuptions 75 9.1 71 10.9 4 24
with 2 disruptions 27 i3 26 4.0 1 0.6
with 2 scars 17 24 16 24 1 0.6
with 3 disruptions 2 0.2 2 03 0 0.0
with 3 scars 2 0.2 2 0.3 0 0.0
Specimens with scars 192 100.0 183 100.0 9 100.0
with 2 scars 17 8.8 6 87 1 11.1
with 3 scars 2 1.0 2 1.1 0 0.0
with u-shaped scars s 4.6 76 41.5 2 22
with pocket scars 45 234 42 23.0 3 333
with crack scars 35 18.2 3 18.0 2 202
with miscallaneous scars 34 17.7 32 17.5 2 222
with healed scars 65 339 119 65.0 b 88.9
with unhealed scars 127 66.1 64 350 | 1
with a scar on a ventral valve 68 354 66 36.1 2 222
with a scar on a dorsal valve 88 458 83 454 5 55.6
with a paired scar on both valve 36 18.% 34 18.6 2 222
Disruptions 208 100.0 284 100.0 14 100.0
questionable disruptions 85 285 8l 28.5 4 8.6
sears 213 7135 203 715 10 7.4
Scars 213 100.0 203 100.0 10 100.0
unhealed scars 143 67.1 134 66,0 9 90.0
healed scars 70 329 69 34.0 1 10.0
u-shaped scars 84 39.4 82 404 2 20,0
pockel scars 50 233 46 227 4 400
crack scars 4] 19.2 39 192 2 20,0
miscellaneous scars 38 17.8 36 17.8 2 20.0
scars on veniral valve 8l 38.0 78 384 3 30.0
scars on dorsal valves 94 44.1 89 438 5 50.0
paired scars on both valves 38 17.8 36 17.8 2 500
U-shaped disruptions 90 100.0 88 100.0 2 100.0
yuestionable disruptions o 7.1 6 6.8 0 0.0
sears 84 929 82 932 2 100.0
Pocker disruptions 57 100.0 53 100.0 4 100.0
questionable disruptions 7 123 7 13.2 0 0.0
sears 50 877 46 6.8 4 1000
Crack disruptions 82 100.0 78 100.0 4 100,0
yuestionable distuptions 41 50.0 39 500 2 50.0
sears 41 S0.0 39 50.0 2 50.0
Miscellaneous disruptions 69 100.0 63 100.0 4 1000 |
guestionable disruptions 31 49 29 446 2 50,0
SCars 38 35.1 36 554 2 30.0
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Fig. 3. The three main morphological types of scars
(arrowed) identified in shells of the inarticulate
lingulid brachiopod Gloridia palmeri, Locality
One. Detailed descriptions are provided in the text.
A, U-shaped scar, B. Pocket scar. C. Crack scar. All
specimens reposiled with the lingulid brachioped
collection of the Invertebrate Paleontology Labora-
tory (Department of Geosciences, University of Ari-
zona, Tucson, USA),

two complementary scars of similar size located on opposite valves and situated at
a similar distance from the anterior edge of the shell. Thanks to all those differences,
and the fact that very few scars displayed intermediate morphological characteristics,
the pocket scars were easy to distinguish from the u-shaped scars in our samples.

Eighty two disruptions were identified as crack disruptions, Half of them were
questionable disruptions and only 41 were identified as true scars (19.2% of all scars).
Crack scars are linear disruptions (Fig. 3C). In many cases, the scars consist of a pair
of cracks that form a v-shaped disruption which invariably opens toward the anterior
edge of the shell (Fig. 3C). In many cases. the cracks consist of two complementary
scars of similar size located on the opposite valves and situated at a similar distance
from the anterior edge of the shell,

Sixty nine disruptions could not be classified in any of the three morphological
categories and were, therefore, classified as ‘miscellaneous’. Almost half of them were
questionable disruptions, and only 38 were classified as true scars (17.8% of all scars).
Some of the miscellaneous scars also open toward the anterior edge of the shell. In
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many cases, the scars consist of two complementary scars of similar size located on the
opposite valves and situated at a similar distance from the anterior edge of the shell.

Quantitative analysis of scars. — The overwhelming majority of disruptions
(95.3%) were found in specimens collected from Locality One. The quantitative
analysis can. therefore, be confined to Locality One without substantially reducing
sample sizes (see Table 2). This allows us to eliminate any potential uncontrollable
variation in the data caused by biotic and/or environmental differences between the two
localities. The analysis was performed both for all scar types pooled together, as well
as, separately for each of the three morphological types of scars (miscellaneous scars
were not analyzed separately).

The size of scars varies from 1.5 mm? to 24 mm? and averages 2.5 mm? (Fig. 4A).
The variation in scar size is relatively small, with standard deviation of 2.3 mm? and
coefficient of variation, cv = 91%. The size-frequency distribution is highly right-
skewed (skewness = 5.4) and very peaked (kurtosis = 41.8) with the majority of scars
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being small. The analysis by scar type reveals a very similar pattern in all three cases.
All distributions are strongly right-skewed, vary in a similar size range (Fig. 4B-D),
and are statistically indistinguishable from one another in their overall shape (pairwise
Kolmogorov-Smirnov test, p > 0.05 in all three cases). Moreover, the u-shaped scars
and the pocket scars do not differ significantly from one another in their median size
(Wilcoxon test, p = 0.06). The only exception is the significantly smaller size of crack
scars in comparison with the two other scar types (Wilcoxon test, p < 0.05 in both
cases), However, given that the scar size, as defined here, is an area measure, the
relatively smaller size of the crack scars should not be surprising.

As explained above. the distance of the scar to the anterior shell edge can be used
to calculate the brachiopod size at the time of the attack (S,) (see Fig. 2B). Spearman
rank correlation analysis indicates that only in the case of the u-shaped scars, does the
scar size (S) and the brachiopod size at the time of the attack (S,) show a significant
positive correlation (p = 0.0035. Fig. 5). However, although significant, the correlation
is not very strong (Spearman rank coefficient, r = 0.32, Fig. 5).

Out of 203 scars from Locality One, 17.8% of the scars occurred on both valves of
the brachiopod (i.e., scars were represented by a pair of disruptions). Out of 167 single
scars, 46.7% were located on ventral valves and 53.3% on dorsal valves. This propor-
tion does not differ significantly from 50:50, p = 0.28 (binomial test with normal
approximation, see Zar 1984). The dorso-ventral distribution of scars is very uniform
among the three scar types: in all cases, the paired scars represent less than 20%
(Fig. 6). The proportion of single scars on dorsal vs. ventral valves does not differ
significantly from 50:50 (in all three cases p >> 0.05, binomial test). Also, the homo-
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geneity G-test (Fig. 6) fails to indicate any statistically significant variation in dorso-
ventral distribution of scars among different scar types.

Analysis of the spatial distribution of scars in the plan view was limited to
November 93 and February 94 samples from Locality One. We excluded the March
1993 sample because, due to the shells® growth, the apparent position of scars "shifted’,
on average by 2.4 mm (see above). Thus, we analyzed total of 182 scars. For all three
scar types, the spatial distribution of scars appears highly non-random with the
majority of scars located in the anterior part of the shell and concentrated along the
shell's median axis (Fig. 7A-C). Note that even though there are potentially 17 hori-
zontal sectors (see Fig. 2A), only sectors | through 12 contain scars. The only obvious
difference among the three scar types is in their distribution parallel to the anterior shell
edge (i.e., along lateral sectors). U-shaped scars concentrate along the median shell
axis, whereas pocket scars and crack scars are more evenly distributed and include
many scars located along the lateral margins.

The apparent non-randomness in scar distribution (Fig. 7) can be analyzed rigorous-
ly using a Poisson model. In this paper, we propose an approach which uses a Monte
Carlo simulation based on the Poisson probability function (for details see Appendix 1:
see also Reyment 1971). The simulations indicate that the spatial distribution of scars
is significantly different from random for each of the three scar types, p < 0.0001 (the
same result is obtained for the pooled data).

Out of 203 scars from Locality One. only 33% are completely healed (Fig. 8). There
is a statistically significant variation in the proportion of healed scars among the
different scar types (see Fig. 8). U-shaped scars show the highest rate (over 52%),
whereas only =25% of crack and =13% of pocket scars are healed. Healed scars and
unhealed scars differ dramatically in their distribution away from the anterior shell
edge. The mean distance d is 5.9 mm (median = 3.3 mm) for unhealed scars, and
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13.8 mm (median = 16.1 mm) for healed scars. This difference is highly significant
statistically (p << 0.05, Wilcoxon test). The increase in the proportion of healed scars
away from the anterior shell edge is not surprising considering the fact that the more
posterior scars are older, and thus, more time was available for their healing.
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Scars vary in their distance to the anterior shell edge from 0 to 31 mm. This means,
given the average size of specimens (see Table 1), that scars are absent in the most
posterior part of the shell (6-9 mm:; see also Fig. 7). The distribution of scars away from
the anterior shell edge is strikingly multimodal (Fig. 9), with four well defined modes.
The first mode is located at the anterior shell edge (0-1 mm distance class), the second
and largest mode is located 3 mm toward the posterior from the first mode (34 mm
distance class). In addition, there are two smaller modes toward the posterior of the shell:
8-9 mm and 17-18 mm distance classes respectively. Note that the spacing of the modes
increases away from the anterior edge (Fig. 9). We used a bootstrap procedure to test
whether the modes are statistically significant (for details see Appendix 2). The analysis
suggests that two anterior modes are statistically significant, whereas the two smaller
posterior modes are not (see Fig. 9). The two posterior modes became significant,
however, when chart resolution is decreased to 2-mm bins (not shown here).

The three main scar types differ notably in their anterior-posterior distribution
(Fig. 10). Crack scars and pocket scars concentrate mostly in the anterior part of the
shell (0-11 mm distance classes), whereas u-shaped scars dominate farther away from
the anterior edge (12-31 mm distance classes). Given that the frequency of healed scars
increases away from the anterior edge, the more posterior distribution of u-shaped scars
is consistent with their significantly higher frequency of healing (Fig. 8). The u-shaped
scars differ statistically in their anterior-posterior distribution from the two other scar
types (in both comparisons p << (.05, pairwise Kolmogorov-Smirnov test).

Quantitative analysis of brachiopod shells. — Out of 820 brachiopod specimens,
23.4% bear repair scars (see Table 2 for quantitative summary). Out of 192 specimens
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with unquestionable scars, 90.2% specimens bear single scars, 8.8% bear two scars,
and only 2 (1%) bear three scars. Specimens bearing more than three scars were not
identified among our samples.

The frequency of attacked specimens increases with brachiopod size: whereas shells
with scars are rare in the smaller size classes, they became increasingly frequent among
larger specimens. Indeed, there is a very strong positive correlation between the frequency
of attacked specimens and their size (Fig. 11). Also, the frequency of specimens with
multiple scars increases with the brachiopod size. The mean shell size of specimens
bearing multiple scars is significantly greater than the mean size of specimens with single
scars (Z=2.51, p=0.012, Wilcoxon test). The specimens with multiple scars are confined
to larger brachiopod size-classes. Smallest specimen with multiple scars has length of
35.6 mm, whereas specimens as small as 20 mm contain single scars.

The frequency of attacked individuals of G. palmeri varies at the three comparative
levels that are available given our sampling design: (1) between localities; (2) within
Locality One among brachiopod patches; and (3) within Locality One through time.

1. Variation between the two localities. The most dramatic variation can be ob-
served between the two sampled localities (Fig. 12; Table 2). Specimens with scars are
over three times more frequent in Locality One than in Locality Two. In both localities,
the frequency of attacked specimens increases in the larger size-classes. However, only
in the case of Locality One is this pattern statistically significant (see Fig. 12). The lack
of significance for data from Locality Two may be a consequence of the smaller sample
size (only 9 specimens with scars).

2. Variation within Locality One. Because three patches from Locality One were
sampled simultaneously in November 1993, it is possible to analyze local (within-lo-
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cality) variation in frequency of attacked individuals among brachiopod patches. The
apparent variation among the three sampled patches is not statistically significant
(Fig. 13).
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3. Variation in time. Patch 1 from Locality One was sampled three times: in March
1993, in November 1993, and in February 1994, There is a significant variation in the
frequency of specimens with scars across the seasons (Fig. 14). The frequency of
specimens with scars is substantially lower in the March 1993 sample than in the
samples from the two subsequent seasons. There is no significant difference in the
frequency of attacked specimens between November 1993 and February 1994 (for
statistical details see Fig. 14),
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Interpretation

The origin of scars. — Despite several weeks of observation, we have never been
able to directly observe the agent responsible for scars, and thus, our interpretation of
the origin of scars is somewhat speculative. In addition, many abiotic and non-preda-
tory biotic factors exist that can cause damage, and consequently, repair scars in shelly
organisms. These include self-inflicted damage of burrowers and predators, abiotic
damage due to impacts of wave-borne stones, and human activity (for more details and
references see Cadée ef al. in press). Nevertheless, it seems quite certain that scars (1)
are biotic in origin: (2) record attempts at predation: and (3) were made by an epifaunal
organism with a scissors-type weapon (e.g., claws, beak).

The small localized scars, that cut across the shell growth rings, clearly indicate an
external agent of destruction. The evidence pointing to the biotic origin of scars
includes the very limited size variation among the scars (Fig. 4): their non-random
distribution concentrated near the anterior shell edge (Fig. 7); the fact that it is possible
to group scars into morphological types (Fig, 3; Table 2); and the presence of com-
plementary scars on opposite valves (Fig. 6). The non-random distribution of scars
(Fig. 7). the overwhelming dominance of single scars (Table 2), and the correlation
between shell size and scar size (in the case of u-shaped scars; Fig. 5) all suggest the
predatory origin of scars. The fact that scars concentrate near the anterior shell edge
(Fig. 7) and, regardless of the scar type. open toward the anterior edge suggest
predatory attacks from the anterior side of the brachiopod. Lingulid brachiopods are
infaunal organisms that live in vertical burrows and when active position themselves
with their anterior-side up and with their anterior shell edge aligned near the sediment-
water interface (e.g., Emig 1982). Thus. the scars must have been produced by an
epifaunal organism. The fact that many scars (again, regardless of the morphological
type of scar) consist of a pair of disruptions (Fig. 5) — that are of similar size and
situated on opposite valves at a similar distance from the anterior shell edge — suggest
predatory attacks with a scissors-type weapon such as the claws of a crab or the beak
of a bird.

The identity of predator(s?). — The most likely epifaunal intertidal predators
with a scissors-type weapon include crabs and shorebirds (for review of shell-crushing
predators see Vermeij 1987, 1992). Both crabs and shorebirds are common in the study
area, For several reasons, we believe that shorebirds are more likely predators. In
particular. two species of sandpipers should be considered: the willet, Catoptrophorus
senipalmatus, and the long-billed curlew, Numenius americanus.

Shorebirds, especially willets and long-billed curlews, are common in the study
area (Wilbur 1987). They can, in fact, be extremely abundant seasonally; coastal areas,
from California to Peru are their wintering grounds (Johnsgard 1981: Hayman ef al.
1986; Wilbur 1987: Richards 1988). Moreover, shorebirds tend to form dense aggre-
gations when foraging (e.g., Recher 1966), and thus, can account for the very high
frequency of scars (Table 2). Finally, both long-billed curlews and willets are armed
with long bills which make them particularly well adapted for preying on lingulids. Bill
length ranges from 113 to 219 mm in long-billed curlews and from 50 to 67 mm in
willets (Hayman er al. 1986). Because willets were observed preying on Glottidia and
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damaging the anterior shell edge (Paine 1963) and because Glottidia has previously
been found in the gut content of willets (Paine 1963; Pereira 1990), it seems more likely
to us that the willet rather than the long-billed curlew is responsible for the scars. There
is, however, no direct emprical evidence which would allow us to decide the predator’s
identity with certainty. For the same reason. crabs cannot be entirely excluded as
possible predators. In contrast, shell-crushing fish such as rays — although present in
the area, as indicated by frequent ray pits — should be excluded as possible predators.
It seems unlikely that their toothed jaws would generate a localized and complementary
pair of scars with regular outlines, even if we assume that they are able to capture fully
infaunal organisms such as Glottidia.

Two important caveats. — Two concerns need to be stressed before proceeding
with the interpretation of our data. First, as stressed above, we are uncertain whether
the scars were all created by one predatory species. Thus, the presence of the three
morphological types of scars may either suggest that there is more than one predator,
or that there is a single predator which produces more than one type of scar. In the latter
case, the variation may be attributable to behavioral variation in predatory attacks or
in the response of the prey (see below). The data do not provide an unequivocal
solution. The statistical similarities among the different scar types (i.e., similar size,
distribution around the anterior edge, similar dorso-ventral distribution), may indicate
that scars were made by one predator, but may also indicate a similar behavior (and
weapon size) of two or more predators. Similarly, the anterior-posterior differences in
distribution of scar types (Fig. 9), can be used to argue either for the presence of two
different predators that preyed on brachiopods at different times, or changes in preda-
tory behavior with prey size.

Second, repair scars record unsuccessful predation events, and thus, are inherently
difficult to interpret (see Schoener 1979; Schindel et al, 1982; Vermeij 1983; Walker
& Voight 1994; Cadée et al. in press). Most importantly, they cannot be used to estimate
predation intensity: a prey population with 20% of repair scars may in fact be preyed
upon at much higher rates by an efficient predator or at much lower rates by a clumsy
predator. In fact, some predators are known to repeatedly attack unsuitable prey (e.g..
Vermeij 1982), and thus, it is feasible that a ‘prey” with frequent repair scars is never
subjected to predation. Also, if a predator is (at least occasionally) successful, the repair
scars represent only a subsample of all attacks. Unless the unsuccessful and successful
attacks are the same in their ecological and behavioral aspects (e.g., prey size, site of
attack), a quantitative analyses of repair scars may provide misleading insights into
predation. We will assume in the subsequent interpretation that the repair scars provide
representative sample for all attacks, but some alternative interpretations will also be
noted.

Behavior of the predator. — If all, or most of the scars, were made by one species
of predator (e.g., the willet), the variation in scar morphology reflects the variable
foraging behavior of that predator. Stenzel et al. (1976), for example, observed willets
to display as much as five foraging behaviors when searching for prey: peck, multiple
peck, probe, multiple probe, and theft. Changes in searching method may introduce
variation in the strength of the attack and the angle at which an attack is attempted.
This, in turn, may affect the morphology of a scar produced in an unsuccessful attack.
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Alternatively, variation in the scar morphology may be a function of the prey escape
response. G. palmeri is capable of rapid withdrawal into the deeper parts of its burrow
with a surprising strength (personal observations). According to our field observations
(see also Kowalewski & Demko 1996), the G. palmeri burrows can easily exceed
50 em. Thus, the depth of burrows exceeds notably the length of the crab’s claws and
even the length of the bills of both willets (up to 7 cm: after Hayman et al. 1986) and
curlews (up to 22 ¢m; after Hayman et al. 1986). It seems likely that both the capturing
method of the predator as well as the escape response of G. palmeri is likely to change
with brachiopod size. Indeed, the differences in the anterior-posterior distribution of
different scar types (Fig. 10) suggest that the variation in scar morphology may be
related to brachiopod size.

It is also possible that variation in scar morphology reflects variation in the
crystallography and mineralogy of the lingulid shell. The orientation of apatite crystals,
the orientation of organic matrix. and proportion of organic to non-organic phases tend
to vary strongly across the shell. In Lingula, for example, the length of the c-axis in
apatite, the degree of orientation of crystals, and proportion of apatite relative to the
organic matter all increase toward the shell center (lijima er al. 1988; lijima &
Moriwaki 1990). Finally, as stressed earlier, variation in scar morphology may simply
reflect the fact that there is more than one species of predators that altempt to prey on
lingulids.

Site-selective durophagous predation can be evaluated by assessing randomness in
the spatial distribution of predatory traces on a shell. This line of evidence has been
repeatedly used for predatory drillholes, both Recent and fossil (e.g., Reyment 1971;
Negus 1975; Kowalewski 1990: Anderson 1992). In case of our data, however, the
non-random distribution of scars (Fig. 7) most likely reflects the fact that the direction
of attack is strongly constrained spatially: a shorebird (or crab) that attempts to pull a
brachiopod out of its burrow is most likely to seize the anterior shell edge. In addition,
the dorso-ventral distribution of scars (Fig. 6) does not suggest a valve-selective
predation, and the distribution of scars along the anterior shell edge (Fig. 7) also shows
a lack of any site-selective tendencies. Note, that the lack of site-selectivity is consist-
ent with behavior of willets, which frequently prey upon infaunal organisms by
randomly probing burrows or by detecting prey movement under water (e.g., Stenzel
eral. 1976).

The correlation between prey size and scar size (Fig. 5) may be used as an argument
for size-selective predation. Note that although the correlation was found only for
u-shaped scars, this most likely reflects that fact that other scar types were all made in
large specimens (Fig. 10); i.e., the independent variable S, varies so little that any
potential correlation cannot be detected. It is, however, debatable whether the scar size
is well correlated with the predator size, and we have no rigorous data on the
size-variation in shorebird and crab populations in the area. A seemingly more convine-
ing argument for size-selectivity is provided by the strong correlation between prey
size and the frequency of attacks (Fig. 9). Alternative explanations exist here. however
(e.g., Vermeij & Dudley 1982), First, larger/older individuals have potentially had
more chance to encounter a predator than the smaller/younger ones. Second, a larger
individual may be more likely to survive the attack than a smaller one because the
damage done by the predator is smaller relative to the brachiopod size and, possibly,
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Fig, 15, The anterior-posterior distribution of scars on the brachiopod shell. Data the same as in Fig. 9, but
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November 1993, X — February 1994).

because the larger brachiopods may be able to withdraw their shell into their burrows
with more strength.

Seasonality of predation. — The most interesting and least ambiguous line of
evidence regarding predator behavior is provided by the anterior-posterior distribution
of scars (Fig. 9). The significantly multimodal distribution suggests substantial vari-
ation in predatory attacks through time. We believe that the modes reflect seasonal. late
fall/winter predation attempts.

The youngest mode is located at the anterioredge (Fig. 9). The distance data, plotted
separately for each of the three sampling seasons (Fig. 15), indicate that this mode is
present both in the November 1993 as well as the February 1994 samples. All scars in
the November 1993 anterior mode must have been made, therefore, in late Fall 1993,
a short time before the collection of the samples. The scars in the anterior mode of the
February 1994 sample, may have also been made in the late Fall 1993 (G. palmeri
ceases or slows its growth during the winter months; Batten & Kowalewski 1995;
Anand et al. submitted), or during the 1993/1994 Winter. The second anterior mode,
both in the November and February samples, is located 3 mm from the anterior shell
edge. The distance between the modes corresponds very well to the annual growth of
the G. palmeri population of 2.4 mm (Table 2). Thus, the second mode corresponds to



ACTA PALAEONTOLOGICA POLONICA 42 (4) 521

the late Fall 1992 and/or Winter 1993. This is confirmed by the March 1993 sample
which contains a significant mode at the anterior edge. When the March 1993 sample
is corrected for growth, the mode coincides with the second anterior mode in the
November 1993 and February 1994 samples (Fig. 15).

Unfortunately, we do not have data on the brachiopod populations prior to March
1993, and thus, we do not know how much the brachiopod populations grew in
previous seasons. However, the growth ring analysis suggests that the two posterior
modes coincide with seasonal growth rings (Batten & Kowalewski 1995; Anand et al.
submitted). Also, in all extant lingulids, the rate of growth slows down with increasing
size/age (see Chuang 1961; Paine 1963; Worcester 1969; Kenchington & Hammond
1978), and consequently, the annual growth increments decrease toward the anterior
shell edge. Thus, the increase in the distance between the modes away from the anterior
shell edge (Fig. 9) strongly suggests that the two posterior modes also represent
seasonal, fall/winter predation. The third mode, most likely, represents the late Fall
1991 and/or Winter 1992 and the fourth mode the late Fall 1990 and/or Winter 1991,

The seasonal pattern of predation recorded in the anterior-posterior distribution of
scars is consistent with the hypothesis that the wintering shorebirds are responsible for
scars. Willets and curlews are migratory birds that winter on the oceanic coasts of North
and Central America (Johnsgard 1981; Hyman ef al. 1986; Richards 1988). The coasts
of Baja California and California are their major wintering grounds (Johnsgard 1981;
Hayman et al. 1986; Wilbur 1987; Richards 1988). Those seasonal populations can be
extremely abundant and often become the dominant predator in the intertidal com-
munities (Wilbur 1987). Moreover, migratory shorebirds such as willets are known to
occasionally remain in their wintering grounds for the entire year (Haymen et al. 1986),
which would account for the presence of some scars in-between the modes (Figs 9, 15).

Impact on Glottidia populations. — Scars in live-collected specimens (or repair
scars in fossil specimens) represent unsuccessful predation attempts, and thus, as
pointed out above, the frequency of specimens with scars does not necessarily correlate
with predation intensity. Nevertheless, it is worth noting that the frequency of speci-
mens with scars is high: comparable to the frequencies observed in modern mollusks
(e.g.. Vermeij ef al. 1981) and higher than those observed in articulate brachiopods
(e.g., Thayer & Allmon 1991). The high frequency of brachiopods with scars may mean
that shorebirds (or crabs) are very unsuccessful predators of lingulids and either cannot
learn from, or can afford, their frequent failures. This *clumsy-but-stubborn-predator
model” is. however. inconsistent with gut content studies (Paine 1963; Pereira 1990),
that show that shorebirds are successful predators of lingulids. Thus, the high fre-
quency of brachiopods with scars indicates, we think, a high intensity of predation
(unless birds are successful predators and scars record an unsuccessful predation by
crabs). The high predation intensity is corroborated by the fact that specimens with
multiple scars are not frequent which suggests. in turn, a high rate of successful attacks.
Note also. that even if all predation events were unsuccessful. the wound caused by the
attack is likely to affect the brachiopod’s chances of survival: unhealed scars are often
found several mm away from the anterior shell margin suggesting that brachiopods
require months or even years to fully repair injuries caused by predators (alternatively,
these unhealed scars may have been fresh scars made away from the anterior margin).
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At least four explanations can be offered for the fact that specimens with scars are
significantly more frequent in Locality One than in Locality Two. First, the older
populations from Locality One (at least 3—4 years old; see Kowalewski 1996a; Anand
et al. submitted) have had more opportunity to encounter a predator than the younger
populations from Locality Two (1-2 years old). Thus, even if there were no differences
in frequency of attacks between the two localities, populations from Locality One
would be expected to include a higher proportion of specimens with scars. Second, it
is possible that predators are more successful when preying on smaller brachiopods.
Third, when hunting predators may select for larger preys (but see above). Finally,
some subtle microhabitat differences between the two localities — in particular, the
substantially finer granulometry of the intertidal sediment in Locality Two (see Kowa-
lewski 1996a) — may influence the intensity and effectiveness of foraging by predator’s
(especially shorebirds, see Quammen 1982).

The increase in the frequency of specimens with scars through time, between March
1993 and November 1993, most likely reflects the cumulative increase in specimens
attacked by predators. In addition, the variation in predation intensity among the
subsequent winters and the increased rate of failed attacks with increased age of the
brachiopod may also have contributed to the observed pattern. The available data are
insufficient to evaluate the relative importance of those factors. The lack of variation
in frequency of specimens with scars among the three patches that range in microhabi-
tat from the uppermost intertidal to the lower middle intertidal (Kowalewski 1996a),
suggests that predators prey equally intensely in the upper and middle intertidal.

Implications

Biological implications. — Despite the many ambiguities that hamper the inter-
pretation of repair scars, we believe that our study indicates the existence of strong
seasonal interactions between shorebirds (and/or crabs?) and inarticulate brachiopods.
Moreover, given the very high population densities of G. palmeri in the area (Kowa-
lewski 1996a), not only may the shorebirds (and/or crabs?) be an important predator
of the brachiopod, but the brachiopod may be an important part of the predators diet,
especially during the winter months,

The predation on Recent articulate brachiopods is in general much less intense that
that on mollusks (e.g., Thayer & Allmon 1991; Thayer 1985; James et al. 1992). This
relatively lower predation intensity has been attributed to poor palatability and low
energetic value of the articulate brachiopods (Thayer 1985; Baliniski 1993). This study
suggests that in contrast to articulate brachiopods, lingulids are not repellent to
predators. Indeed, a simple field experiment suggests that they may be a very palatable
invertebrate prey: we fed live-collected specimens of G. palmeri to seagulls and
observed the same individual seagull happily returning for more. Our study is consist-
ent with gut content data suggesting that many groups of predators eat lingulids (Paine
1963; Cooper 1973; Pereira 1990; Mason & Clugston 1993; Emig in press; Campbell
& Campbell manuscript). Lingulids are also eaten by humans (e.g., Stimpson 1860;
Yatsu 1902; Emig in press), and in some areas they form their °...favorite article of
food...” (Stimpson 1860: p. 445).
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The data presented here suggest that further biological research on brachiopod-
shorebird/crab interactions in the Colorado Delta may bring forth important contribu-
tions toward better understanding of the intertidal ecosystems of the innermost Gulf of
California. This may also prove important for understanding the marine ecology and
conservation biology of nearshore marine ecosystems in general because lingulids can
be very abundant in intertidal habitats (Emig 1983; Kenchington & Hammon 1978;
Savazzi 1991: Kowalewski 1996a).

Finally, this study shows that repair scars may offer insights into the seasonality of
predation, and thus, into the ecology of migratory animals and their impact on their
transient ecosystems.

Paleontological implications. — Repair scars in lingulid shells may be preserved
in the fossil record. This study shows that predators (most likely shorebirds) are
capable of scarring the shells of a large proportion of the intertidal populations of
G. palmeri. Moreaver, repair scars in Glottidia are also known from at least two other
localities: (1) the intertidal flats of the Gulf of Nicoya, Costa Rica (specimens of G.
audebarti collected and provided to us by J.A. Vargas 1996), and (2) the Florida coast
of the Gulf of Texas, USA (Paine 1963). Clearly, predatory repair scars are common in
intertidal populations of lingulids.

Unquestionable lingulids (family Lingulidae) are known since the Late Devonian
(Williams 1977) whereas sandpipers (order Chadriiformes. family Scolopacidas) —
a monophyletic (Jehl 1968), exclusively predatory family, which includes willets and
long-billed curlews — are known from the fossil record since the Late Cretaceous
(Brodkorb 1963, 1967). The genus Numenius appears in the fossil record by the Middle
Miocene and the genus Tringa (a close relative of Catoptrophorus) by the Oligocene
(Brodkorb 1967). Clearly, predatory shorebirds and lingulid brachiopods have co-
existed in intertidal ecosystems since at least the middle Tertiary, but may have
co-existed as early as the Late Cretaceous (molluscivorous birds are known from the
fossil record since at least the Late Eocene; Cracraft 1973; Vermeij 1977). The
shell-crushing ability of modern predatory arthropods (e.g, stomatopods, spiny lob-
sters. crabs) may have evolved in the Late Mesozoic or Paleogene (see Vermeij 1977,
1987). Thus durophagous arthropods and lingulid brachiopods have co-existed in
benthic ecosystems since at least the early Tertiary.

To our knowledge. however, repair scars have never been reported in fossil lingu-
lids. This may be partly due to the fact that lingulids have very low fossilization
potential (Worcester 1969; Emig 1990; Kowalewski 1996a). Indeed. post-Jurassic
lingulids have very poor fossil record (Kowalewski & Flessa 1996), and thus, are rarely
preserved well enough, or in a sufficient number, to allow for the recognition of repair
scars. Also, and perhaps more likely, fossil lingulids may have been rarely examined
for repair scars by pazleontologists. We hope that the criteria and quantitative data
offered here will stimulate future paleoecological research on lingulids and will lead
to the identification of repair scars in fossil lingulids.

If repair scars in brachiopods are predominately made by shorebirds, then speci-
mens with scars may offer a useful paleoenvironmental indicator as such brachiopods
must have lived in the intertidal zone. The confinment of scarred specimens to
intertidal populations indeed seems to be the case for extant Glottidia. In the course of
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a morphometric project (Kowalewski er al. 1997), we obtained specimens from six
localities. Specimens from three intertidal localities (Localities One and Two from Baja
California, and one locality from Costa Rica) bear repair scars, whereas those from
three subtidal localities (musuem collections form the subtidal of southern California,
North Carolina, and the Gulf of Mexico) lack scars. This suggests that repair scars that
might be found in Tertiary fossil lingulids could be used as an evidence that those
brachiopods lived in the intertidal environment; especially if other lines of evidence
exist to suggest that shorebirds were responsible for the scars. It should be noted,
however, that scars were found in subtidal populations of Lingula (C.C. Emig written
communication 1997).

Because scars in the brachiopod shell can record seasonal predation by migratory
birds, the identification of fossil populations of brachiopods with frequent repair scars
may be particularly exciting. Such populations may help in identifying seasonal
predation in ancient migratory birds. Because post-Jurassic lingulids have had a very
low fossilization potential (Kowalewski 1996a; Kowalewski & Flessa 1996), they are
less prone to time-averaging than mollusks (Kowalewski 1996b, 1997), and thus,
Tertiary lingulid assemblages may offer temporal resolution sufficiently fine for the
analysis of seasonal predation.

In summary, we hope that this paper will stimulate paleontological research on
predatory traces on lingulids — in particular, their implications for ecological and
co-evolutionary interactions between lingulids and their predators.
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Appendix 1

The Monte-Carlo mode] based on the Poisson distribution. The SAS program (for SAS release 6.11)
that performs the procedure described here is available upon request from M. Kowalewski.

The approach proposed here is based on the method described by Reyment (1971) to analyze
the spatial distribution of predatory marks. In contrast to the Reyment's approach, we employ here
a non-parametric, computer-intensive technique that would not have been feasible 25 years ago.
when the Reyment's approach was published. The test evaluates whether the spatial distribution of
scars 1s different from random. In this approach, the scar-frequency distribution calculated for the
actual data was compared to the distribution expected for random data predicted by the Poisson
distribution with mean A.

ho= Nis (1
where A — poisson distribution mean; N — number of sears; and s — number of sectors.

A given scar-frequency distribution includes s observations where NV equals:

N= i\'-,' (2)
=1

where v 15 2 number of scars in an -th sector. Consider a 3>3 grid of 9 sectors that contains 7 scars.
Suppose, for example, that there is | sector with 3 scars, 4 sectors with | scar, and 4 sectors with
0 scars. The scar-frequency distribution is thus based on 9 observations (3.1.1.1.1.0.0,0.0) that sum
upto7.

The null hypothesis that the data have a random spatial distribution can be evaluated by
comparing the sector-frequency distribution 1o the theoretical distribution predicted by Poisson
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function with A = N/s. In the above example of 9 sectors and 7 scars, the expected distribution
should be calculated for A = (1.7778. The significant difference between the actual distribution and
the expected distribution rejects the null hypothesis that data came from the population with a random
spatial distribution. In Reyment’s approach the two distributions are compared directly using the X*
statistic. However, such an approach requires an arbitrary a prieri lumping of the categories that
contain small percentage of observations (Reyment 1971) and also requires assumptions of X7 test
which can be avoided when using a computer-intensive method (e.g.. Diaconis & Efron 1983).

Our approach consists of the following steps:

Step 1. 10000 random datasets with sample size s, are drawn from the Poisson distribution with
mean A, where A is calculated from the actual data. In the simulation, we used the Poisson function
provided by SAS (see SAS 1991).

Step 2. Each of the random datasets is compared to the expected Poisson distribution with mean
A. The difference between the two distributions is estimated by G (a log likelihood ratto), the
parameter which is often considered superior 1o the X7 statistic’.

o (f@e
o_zgm)ﬂln[fﬁ)ﬂ]

where G — likelihood ratio, f{i), —number of observation in category i, f{i). — number of expected
observation in category i as expected from Poisson distribution.

Note, that 10 000 G-values derived in the simulation provide an estimate of the probability
distribution for random datasets with sample size 5 drawn from Poisson function with a mean A,

(3)

Step 3. A single G-value for the actual data is calculated using the same expected Poisson
distribution as used in Step 2. The probability assoctated with the obtained G-value (p) is then
estimated using empurical distribution of G-values obtained in Step 2. We used the percentile method
(also called nave bootstrap approach, see Efron 1979):

p=xi 4)
where p — is probability that data came from a Poisson-distributed population, x — a number of
randomly derived G-values greater than or equal 10 the G-value calculated for the actual data, and

i = number of iterations (10 000 in our case). Note that { defines the number of decimal places that
can be reported for p; when p =0, then p < 1/i (i.e.. 0.0001 in our case).

1) Note, that the choice of the goodness-of-fit statistic is not critical in our approach because the probability
function is built empirically through a Monte-Carlo simulation. Thus, X* or Kolmogorov-Smirnov D
could be used equally successfully in our approach.

Appendix 2

Bootstrap procedure for local significance of modes (employed here to analyze data presented on
Fig. 10). The program written in SAS/IML is available upon request from M. Kowalewski.

In order to assess the statistical significance of multiple modes in a single distribution, we propose
here a simple bootstrap procedure. The procedure estimates the probability of whether a given mode
is locally significant — i.e.. significant in respect to the directly adjacent bins (frequency classes) —
or locally insignificant (i.e., could be produced by sampling of a population which lacks that mode).
The procedure is based on the resampling of the actual data according to the following protocol.

Step 1. The modes o be evaluated are identified’ in the original data (in our case, 4 modes
indicated on Fig. 10}

Step 2. A sample (in our case 203 distance measurements presented on Fig, 10) is resampled
with replacement. The resulting bootstrap sample is used to calculate a new frequency distribution.
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Each mode is then evaluated according to the simple criterion. If the number of observation in the
mode is greater than in any of the two adjacent frequeney-classes, the bootstrap sample is assigned
value of *17. If any of the two adjacent classes has equal or greater number of observation than the
mode, the sample is assigned value of *0",

Step 3. Step 2 is repeated n number of times, In our analysis n = 10,000. The null hypothesis
for a given mode is rejected™ if p < 0.05. Where p (probability that sample came from a population
where the ‘mode’ has fewer or equal number of observations than at least one of the two directly
adjacent bins) is given by the following formula;

=]—= |
p=1 ” (1)

where x — number of bootstrap samples which were assigned ‘1" in the procedural Step 2. and
n — mumber of iterations.

1) Note that position and height of modes depend on how we define the bins, In case of our data, bins are
1-mm intervals (Fig. 10),

2) Although the analysis evaluates four hypothesis. the tests are dependent (i.e.. based on the same
bootstrap samples) and Bonferroni correction should not be applied.

Blizny drapieznicze w muszlach wspélczesnego
ramienionoga lingulidowego Glottidia palmeri
iich znaczenie paleontologiczne i ekologiczne

MICHAL KOWALEWSKI, KARL W, FLESSA i JONATHAN D. MARCOT

Streszczenie

Szczeg6lowa analiza iloSciowa blizn drapiezniczych w muszli ramienionoga bezza-
wiasowego z grupy lingulidéw oparta jest na 820 okazach Glotiidia palmeri Dall,
1870. Okazy zebrano z dwdch stanowisk z réwni miedzyplywowych péinocno-
wschodniej Zatoki Kalifornijskiej w Meksyku. Blizny drapieznicze wystepuja w
23.4% osobnikéw. Mozna je podzieli¢ na cztery kategorie: blizny u-ksztaltne, kiesze-
niowe, spekaniowe oraz pozostate, Niezaleznie od ich morfologii, blizny koncentruja
sig przy przedniej krawedzi muszli. Wigkszo$¢ blizn zorientowana jest rozwarta strong
w kierunku przedniej krawedzi muszli i wiele z nich sklada si¢ z dwéch blizn
zlokalizowanych naprzeciwlegle na brzusznej i grzbietowej skorupce ramienionoga.
Analiza ilociowa wskazuje, ze (1) blizny wahaja sie w wielkosci od 1,5 do 24 mm?
(Srednia = 2,5 mm?) i wszystkie cztery kategorie blizn maja podobne rozkiady wielko-
sci; (2) rozmieszezenie blizn na powierzchni muszli nie jest losowe, podczas gdy ich
rozktad grzbieto-brzuszny wydaje sie by¢ losowy; (3) proporcja zagojonych blizn
wzrasta w kierunku tylnej czeSci museli; (4) rozklad blizn jest uderzajaco multimodal-
ny i sugeruje sezonalne drapieznictwo skoncentrowane pozng jesienia i zima; (5) cze-
stos¢ blizn wzrasta wraz z wielkoscia ramienionoga; i (6) czesto$¢ okazdw z bliznami
wabha si¢ znaczaco pomigdzy dwoma badanymi stanowiskami, jak réwniez w obrebie
stanowiska | w czasie, ale nie waha sig znaczaco pomigdzy réznymi miejscami
oprébowania w obrebie stanowiska 1.
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Blizny reprezentuja nieudane ataki jakiego$ epifaunalnego drapieznika. wypo-
sazonego w nozycowy narzad chwytny (np. szczypce kraba, dziéb ptaka). Wysoka
czgstos¢ atakow, ich sezonalnod¢ i poprzednie badania ekologiczne zgodnie sugeruja,
ze blizny sa wynikiem atakéw drapieznych ptakéw (Catoptrophorus semipalmatus lub
Numenius americanus). Wybrzeza Pétwyspu Kalifornijskiego s miejscem zimowania
drapieznych ptakéw i goszcza ich liczne populacje. Nie mozna jednak catkowicie
wykluczy¢, ze drapieznikami byly kraby. Poniewaz blizny reprezentuja nieadane ataki,
ilosciowe analizy dotyczace selektywnosci miejsca ataku, selektywnosci wielkosci
ofiary 1 wplywu drapieznictwa na dynamike populacji ramienionoga sg trudne do
jednoznacznego zinterpretowania. Niemniej jednak, wyniki sugeruja istnienie silnej
sezonalnej zaleznosci ekologicznej pomigdzy ptakami (krabami?) i ramienionogami.
Analiza ilustruje metody iloSciowe uzyteczne w badanich wspdélczesnych i kopalnych
blizn drapieZniczych i ma istotne implikacje paleontologiczne. Drapiezne ptaki, kraby
i ramienionogi mogly wspdlzamieszkiwaé strefy miedzyplywowe poczawszy od
péZnego mezozoiku. Tak wige, blizny drapieznicze w muszlach ramienionogéw moga
mie¢ dlugi zapis kopalny, interesujacy dla paleontologii, szczeg6lnie z punktu widze-
nia paleoekologii ewolucyjnej. Poniewaz blizny w muszlach lingulidéw pozwalajg
rozpozna¢ sezonalne drapieznictwo, kopalne blizny moga potencjalnie dostarczy¢
danych ekologicznych i etologicznych, ktére sy zazwyczaj rzadko dostgpne w paleon-
tologii.



