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ABSTRACT 

 

I examined how predatory damage in bivalve shells can be used to assess the trophic 

importance of species, how oxygen isotope ratios in shells can be used to estimate past 

salinity, and how Colorado River flow affects growth rates in a bivalve mollusk.  I 

devised methods to distinguish predatory damage from mechanical breakage in Mytilus 

trossulus at Argyle Creek, Washington.  After 100 h of tumbling, live-collected mussel 

shells were abraded and disarticulated but not otherwise damaged.  Eight percent of the 

dead-collected shells were broken during tumbling.  Three types of diagnostic damage 

were inflicted by crab predation in lab experiments: nibbles, nibbles and chips, and peels; 

and trampling and tumbling caused three types of chipping: crescentic, angular, and 

slivered.  Crushed shells and shells with fractured margins were caused by both predation 

and trampling.  The source of damage could be correctly identified in ~ 75% of the shells.  

I also investigated the trophic importance of Mulinia coloradoensis in the Colorado River 

Delta (CRD).  I analyzed the frequency of predatory damage on shells from before the era 

of upstream water diversions (the “predambrian”).  I documented that five to 50% of the 

shells were attacked by predatory gastropods or crabs.  The clam’s population decline 

probably decreased the population sizes of its predators.  I also reconstructed the pristine 

pre-impact salinity regime of the CRD.  I estimated predambrian salinities by using 

oxygen isotopes in shells of M. coloradoensis.  Since the construction of upstream water 

diversions, average salinity in the estuary has increased to 38‰; in the predambrian, M. 

coloradoensis grew when salinity ranged between 22-38‰.  I studied the growth of M. 
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coloradoensis by examining the sclerochronology of its shell and comparing growth rates 

in predambrian and dambrian specimens.  Each micro-growth increment in M. 

coloradoensis consists of two semidiurnal growth increments showing a strong 

fortnightly periodicity reflecting tidal cycles.  In shells of similar height, predambrian M. 

coloradoensis shells recorded twice the number of fortnights than dambrian shells, 

suggesting that dambrian shells grew twice as fast as predambrian shells.  The observed 

differences in growth rate between pre-and post-dam M. coloradoensis are probably 

regulated by density-dependent processes. 
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EXTENDED ABSTRACT 

 

The skeletal remains of living species can provide insights into the impact of human 

activities and provide guidelines for habitat restoration.  I used data archived in Recent 

marine mollusk shells in the Friday Harbor, Washington area and the northern Gulf of 

California to evaluate the significance of shell damage, growth increments and stable 

isotopes in the reconstruction of trophic interactions, growth rates, and environmental 

tolerances. 

First I focused on techniques to allow the proper recognition of shell damage.  

Because of their potential damage to molluscan prey populations, the effect of 

durophagous (shell-breaking) crabs on the populations of their victims is especially 

important.  Methods to distinguish predatory damage from mechanical breakage were 

investigated in the marine bivalve mollusk Mytilus trossulus (Gould, 1850) at Argyle 

Creek, San Juan Island, WA.  I combined field observations and experimental data to 

compare the biological damage caused by different species of cancrid and grapsid crabs 

with the mechanical damage caused by tumbling and trampling experiments.  After 100 h 

of tumbling, live-collected mussel shells were abraded and disarticulated but not 

otherwise damaged.  Eight percent of the dead-collected shells were broken during 

tumbling.  There was a proportional (length, width and thickness) size reduction in both 

tumbled-live and tumbled-dead shells after 100 h.  Breakage due to crab predation under 

laboratory conditions was ~ 19%.  Mussels smaller than 35 mm can be completely 

consumed by both types of crabs.  Three types of diagnostic damage were inflicted by 
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crab predation: nibbles, nibbles and chips, and peels.  Trampling and tumbling also 

yielded three diagnostic breakage patterns: crescentic chips, angular chips, and slivered 

chips.  Crushed shells and shells with fractured margins were caused by both predation 

and trampling.  Overall, the source of damage could be correctly identified in three out of 

four shells.  This study suggests that inferring levels of crab predation based on damage 

in fossil specimens can be reliable if such analyses are calibrated by experimental studies 

of living representatives or analogs. 

I also investigated the trophic importance of the bivalve mollusk Mulinia 

coloradoensis Dall, 1894, a threatened species in the Colorado River Delta (CRD).  I 

used shells from four different localities, and analyzed the frequency of predatory 

boreholes, edge peeling, and repair scars on shells that date from before the era of 

upstream water diversions (the “predambrian”).  A ∼ 90% reduction in population size of 

the M. coloradoensis population followed upstream diversion of freshwater.  There was 

no compensatory increase in the abundance of other shelly species.  I documented that 

five to 50% of the shells were attacked by one kind of predator (gastropods or crabs).  In 

general, predation by snails decreased southwards while crab predation decreased 

northwards.  My study suggests that the clams’ population decline probably decreased the 

population sizes of its predators, thus affecting higher levels in the trophic web.  This 

study showed how paleoecological approaches can be used to assess the trophic 

consequences of human-caused environmental change even if the skeletal remains of 

predators are not available. 
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The second half of my research targeted the ontogenetic and environmental history of 

M. coloradoensis as preserved in their shells.  Previous studies in the CRD established 

the relationship between ambient CRD temperature and the ratio of 16O and 18O (δ18O) of 

shell carbonate (δ18Os) in Chione cortezi.  I reconstructed the pristine pre-impact salinity 

regime of the CRD.  I estimated predambrian salinities of the estuary by using oxygen 

isotopes in subfossil shells of M. coloradoensis.  Since the construction of upstream 

water diversions, average salinity in the estuary has increased to 38‰.  I found that in the 

predambrian estuary, M. coloradoensis grew when salinity ranged from 22-33‰ at the 

mouth of the river.  Populations ~ 40 km distant grew at salinities from 30-38‰.  Then I 

estimated the river flow needed to reduce salinities at the mouth of the river to those 

recorded in the most distant localities: the range is 120-290 m3 s-1.  If these flows were 

sustained for a month, they would total from 2-4% of the river’s annual virgin flow.  I 

estimated the minimum annual flow required at 8-18% of the river’s annual average 

virgin flow of 1.6 x 1010 m3.  Because of competing demands for freshwater, restoration 

of estuaries requires estimates of minimum required inflows to sustain key species.  A 

better understanding of M. coloradoensis’ biology is needed to determine the causes of its 

population decline as well as the timing of appropriate restoration flows. 

I studied the growth of M. coloradoensis by examining the sclerochronology of its 

shell and comparing growth rates in predambrian and dambrian specimens.  I found that 

each micro-growth increment in M. coloradoensis consists of two semidiurnal growth 

increments, which show a strong fortnightly periodicity reflecting tidal cycles.  Thus, I 

was able to count lunar months and found that in shells of similar height, the number of 
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fortnights indicated that all live-collected dambrian individuals were less than one year 

old, while predambrian clams were younger than two years in age.  Predambrian M. 

coloradoensis shells had twice the number of fortnights than dambrian shells, suggesting 

that dambrian shells grew twice as fast as predambrian shells.  Mulinia coloradoensis 

stops growing twice a year, first apparently for reproduction purposes (late October) and 

the second time when the water temperature is probably too cold (below 13º C).  The 

δ18Os values provided a minimum estimate of the temperature range in the CRD, when 

the clams were living (13º-32º C).  The observed differences in growth rate between pre-

and post-dam M. coloradoensis are probably being regulated by density-dependent 

processes, affected by unfavorable environmental conditions (i.e. salinity), or - most 

likely - a combination of such factors.  Although predambrian population densities of M. 

coloradoensis were greater than those in the present-day dambrian, the growth rate of the 

predambrian individuals was slowed by competition for food, space or both. 

A common problem faced by conservation biology and ecology is the lack of 

knowledge of baseline conditions that allows direct comparison to pre-impact conditions.  

Knowledge of baseline conditions allows the discrimination of anthropogenic and 

“natural” changes that may have affected an ecosystem.  When such pre-impact 

information is missing, paleobiological and bio-geochemical techniques can be used to 

reconstruct baseline conditions and provide insight into the biology of threatened species. 
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CHAPTER 1 

INTRODUCTION 

 

The list of environmental changes resulting from anthropogenic activities is 

overwhelming, and, unfortunately, it does not seem that the list will get shorter in the 

near future, despite the fact that more humans are realizing that Earth’s resources are 

finite.  As the challenging environmental effects of the increase in human population 

density accumulate, the field of conservation biology grows at an accelerated rate.  

Although conservation strategies are still far from perfect, significant advances are 

happening because we are now considering both current patterns of biological diversity 

as well as the processes that threaten and underpin those patterns (Mace et al. 1998). 

A common problem faced by conservation biology and ecology is the lack of 

knowledge of baseline conditions that allow direct comparison to pre-impact conditions.  

Knowledge of baseline conditions allows the discrimination of anthropogenic from 

“natural” changes that may have affected an ecosystem.  The need to develop quick, 

reliable and cost-effective techniques to evaluate and detect human effects on natural 

populations has been recognized since the late 1970’s (e.g. Green 1979).  Underwood 

(1992) discusses many of the strategies for implementing methods for estimating 

potential changes in the magnitude of population variation in time and space.  Despite the 

recommendations derived from such studies, the common problem of having only one 

potentially impacted site - and no “control” or baseline - remains in many cases. 
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Here is where the fields of paleobiology and paleoecology become useful.  

Nowadays, there is a vast array of tools that allow historical environmental 

reconstructions.  Thus, by using the fossil record we can begin to test whether biotic 

assemblages have been constant, variable, or ephemeral through time, and we can relate 

the degree of assemblage persistence (Cintra-Buenrostro et al. 2002) to the prospect of 

future changes (e.g. climatic or anthropogenic).  The use of skeletal remains - “putting 

the dead to work” - can give us insights into future as well as past environmental 

conditions and interactions. 

Data are archived in marine mollusk skeletons in many ways, and therefore the 

sampling strategies to decipher and use such valuable information also varies.  In the 

studies reported here, two different sources of information were extracted from marine 

bivalve remains in order to determine trophic interactions among species, and to 

reconstruct an environment from sclerochronology (counts of internal growth increments, 

sensu Jones 1998), and stable isotopes. 

My research is part of the efforts that many colleagues (K. Flessa, D. Dettman, M. 

Kowalewski, B. Schöne, D. Goodwin, and K. Rowell) have been making in the last 

decade to better understand the heavily impacted Colorado River Delta (CRD).  Two 

approaches have been extensively used in my research: 

(1) The sclerochronology of marine bivalve shells.  Because the ontogenetic and 

environmental history of clams can be preserved in their hard parts, shells of these 

organisms have been used as records of growth and as environmental recorders.  Both 

Schöne et al. (2002) and Goodwin et al. (2003) documented the temperature-dependence 
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of growth rates for Chione cortezi Carpenter, 1864 and Chione fluctifraga (Sowerby, 

1853).  Dettman et al. (2004) determined the influence of Colorado River flow on the 

oxygen isotope composition of growth bands.  The relationship between ambient CRD 

temperature and the ratio of 16O and 18O (δ18O) of shell carbonate (δ18Os) in C. cortezi 

was established by Goodwin et al. (2001), and the effect of Colorado River influx on 

growth rates in C. cortezi and C. fluctifraga by Schöne et al. (2003). 

(2) The use of stable isotopes.  I used the oxygen isotope fractionation of Grossman 

and Ku (1986) because it has been shown to be applicable to a wide range of species (e.g. 

Wefer and Berger 1991), including some in the CRD (Goodwin et al. 2001).  Seasonal 

temperature changes create a cycle in the δ18Os when the δ18O of ambient water (δ18Ow) 

does not undergo large changes.  Because warmer temperatures produce more negative 

δ18Os values, the most negative δ18Os value is most likely the time of maximum 

temperature during the year.  The extreme δ18Os values mark the temperature-determined 

limits of growth.  If ambient temperatures are beyond the range of growth temperatures, 

such temperatures will not be recorded in the shell simply because the shell is no longer 

growing at those temperatures.  Thus, the δ18Os values provide a minimum estimate of 

the temperature range experienced during the growth of the individual shell. 
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A NOTE ON THE ORGANIZATION OF THIS DISSERTATION 

The manuscripts presented in my dissertation are formatted for submission to 

professional journals.  Thus, each appendix is formatted according to the specific 

guidelines of the particular journal.  I am the senior author on all of the documents 

herein; the last three manuscripts are multi-authored. 
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CHAPTER 2 

PRESENT STUDY 

 

The methods, results, and conclusions of this study are presented in the papers 

appended to this dissertation.  The following is a summary of the most important findings 

in this document. 

Predator-prey interactions are recognized as one of the most significant interactions 

among organisms (e.g. Kelley et al. 2003).  By studying durophagy (shell breaking or 

eating) and its effects on shells, I examined how trophic interactions could be inferred 

from skeletal remains (see Aronson 2001 for a discussion).  I focus mostly on techniques 

to allow the proper recognition of shell damage (Appendix A).  Because of their potential 

damage to molluscan prey populations, including commercially important resources, the 

effect of durophagous crabs on the populations of their victims becomes especially 

important.  Some crabs that prey on mollusks typically attempt to gain access to the 

bivalve’s tasty soft tissues by chipping and peeling at the growing edge of the shell, while 

others will attempt to crush the entire shell.  To complicate matters, some crabs are 

known to switch from chipping to crushing (see Boulding 1984, Zuschin et al. 2003).  

The difficulties of distinguishing predatory damage from abiotic mechanical breakage 

were investigated in the marine bivalve mollusk Mytilus trossulus (Gould, 1850) at 

Argyle Creek, San Juan Island, WA.  I combined field observations and experimental 

data to compare the biological damage caused by different species of crabs with the 

mechanical damage caused by tumbling and trampling experiments.  Three types of 
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diagnostic damage were inflicted by crab predation: nibbles, nibbles and chips, and peels.  

Trampling and tumbling also yielded three diagnostic breakage patterns: crescentic chips, 

angular chips, and slivered chips.  Crushed shells and shells with fractured margins were 

caused by both predation and trampling.  Overall, the source of damage could be 

correctly identified in 75% of the cases.  This study suggests that inferring levels of crab 

predation based on damage in fossil specimens can be reliable if such analyses are 

calibrated by experimental studies of living representatives or analogs. 

I then used this information to investigate not only the potential effect that predatory 

swimming crabs could have had on the bivalve clam Mulinia coloradoensis Dall, 1894, a 

threatened species in the Colorado River Delta (Appendix B), but also to document its 

trophic importance.  Although M. coloradoensis and Mytilus trossulus inhabit very 

different environments (e.g. substrate and energy level), and show morphological 

differences that might affect the resulting breakage patterns, both species share a thin 

shell that could have a similar sensitivity to physical damage during tumbling.  

Furthermore, abrasion caused by sediments in tumbling experiments was successfully 

reproduced (Kuenen 1956).  In fact, abrasion on bivalve shells is faster in rolling barrels 

than in the surf zone (Driscoll 1967).  Thus, I analyzed the frequency of predatory 

boreholes, edge-peeling, and repair scars on shells that date from before the era of 

upstream and water diversions (the “predambrian”).  Because Mulinia coloradoensis is 

unharvested and lacks the charisma of other species, promoting its protection is more 

difficult.  Nonetheless, I documented that five to 50% of the shells were attacked by one 

kind of predator (gastropods or crabs).  Kowalewski et al. (2000), suggest that a ∼ 90% 
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reduction in population size of M. coloradoensis followed upstream diversion of 

freshwater without a compensatory increase in the abundance of other shelly species.  

Thus, my study suggests that the clams’ population decline probably decreased the 

population sizes of its predators, thus affecting higher levels in the trophic web.  This 

study showed how paleoecological approaches can be used to assess the trophic 

consequences of human-caused environmental change even if the skeletal remains of 

predators are not available. 

The lack of ecological studies in the predambrian Colorado River estuary motivated 

the reconstruction of ancient environmental conditions and interactions (Appendix C), 

this reconstruction is necessary for a glimpse into the nature of the unaltered ecosystem.  

Because of competing demands for freshwater, restoration of estuaries requires estimates 

of minimum required inflows to sustain key species.  A common problem in determining 

minimum necessary inflows in many restoration efforts is the lack of information on 

biotas and their responses to inflows in “pristine”, pre-impact baseline conditions 

(discussed in Pauly 1995, Dayton et al. 1998, NRC 2005).  In this study I estimated 

predambrian salinities of the estuary by using oxygen isotopes in subfossil shells of M. 

coloradoensis.  Since the construction of upstream water diversions, average salinity in 

the estuary has increased to 38‰ (Lavín et al. 1998).  I found that in the predambrian 

estuary, M. coloradoensis grew when salinity ranged from 22 to 33‰ at the mouth of the 

river.  Populations ~ 40 km distant grew at salinities from 30 to 38‰.  I estimated the 

river flow needed to reduce salinities at the mouth of the river to those recorded in the 

most distant localities: the range is 120-290 m3 s-1.  If these flows were sustained for a 
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month, they would total from 2-4% of the river’s annual virgin flow.  I estimated the 

minimum annual flow required at 8-18% of the river’s annual average virgin flow of 1.6 

x 1010 m3.  The study suggested that a better understanding of M. coloradoensis biology 

is needed to determine the causes of its population decline as well as the timing of an 

appropriate restoration flow. 

The need for information about M. coloradoensis environmental tolerances and 

growth, which are essential to efforts to restore some of the original habitats of the CRD 

has been urged by Zamora-Arroyo et al. (2005).  Thus, I tackle this issue in Appendix D - 

a study of growth of the species.  I found that each micro-growth increment in M. 

coloradoensis consists of two semidiurnal growth increments, which show a strong 

fortnightly periodicity reflecting tidal cycles.  Thus, I was able to count lunar months and 

find that in shells of similar height, the number of fortnights indicated that all live-

collected post-dam (dambrian) individuals were less than one year, while predambrian 

clams were younger than two years.  Predambrian M. coloradoensis have twice the 

number of fortnights than dambrian shells, suggesting that dambrian shells grew twice as 

fast as predambrian shells.  A high-resolutions study of one specimen suggests that 

Mulinia coloradoensis stops growing twice a year, first perhaps for reproduction 

purposes (late October), and the second time when the water temperature may be too cold 

(below 13º C).  The δ18Os values provided an estimate of the temperature range in the 

CRD when the clams were growing (13º-32º C).  I interpret the observed differences in 

growth rate between pre-and post-dam M. coloradoensis as being regulated by density-

dependent processes.  Although predambrian population densities of M. coloradoensis 
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were greater than those in the present-day dambrian, the growth rate of the predambrian 

individuals was slowed by competition for either food or space. 
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ABSTRACT 

Shell damage, if properly recognized, can provide information about biotic 

interactions between mollusks and their predators.  However, it can be difficult to 

distinguish predatory damage from mechanical breakage, thus making interpretation of 

damaged modern and fossil shells problematic.  In order to establish a clear-cut 

distinction between ante-mortem predatory crab damage and ante-and post-mortem 

mechanical damage in Mytilus trossulus shells, a combined field and experimental 

approach was used.  Mussels were exposed to predation by crabs, tumbled-live, tumbled-

dead and trampled.  After 100 h of tumbling, live-collected mussel shells were abraded 

and disarticulated but not otherwise damaged.  Eight percent of the dead-collected shells 

were broken during tumbling.  There was a proportional (length, width and thickness) 

size reduction in both tumbled-live and tumbled-dead shells after 100 h.  Breakage due to 

crab predation rate under laboratory conditions was ~ 19%.  Mussels smaller than 35 mm 

can be completely consumed by cancrid, xanthid and grapsid crabs.  Three types of 

diagnostic damage were inflicted by crab predation: nibbles, nibbles and chips, and peels.  

Trampling and tumbling yielded three diagnostic breakage patterns: crescentic chips, 

angular chips, and slivered chips.  Crushed shells and shells with fractured margins were 

caused by both predation and trampling.  Only 20% of the trampled-shells could be 

mistaken for preyed-upon shells.  Only 27% of the preyed-on shells could be mistaken 

for mechanically-damaged shells.  Overall, the source of damage could be correctly 

identified in 74% of the shells tested.  Proper identification of crab predation in dead 

shells of this commercially important resource may prove valuable in studies of trophic 
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interactions in modern environments.  Inferring levels of crab predation based on damage 

in fossil specimens can be reliable if such analyses are calibrated by experimental studies 

of living representatives or analogs. 

 

Keywords: Predation, Crabs, Mussels, Brachyura, Bivalves, Tumbling, Trampling. 

 

INTRODUCTION 

This study focuses on the mussel Mytilus trossulus (Gould, 1850), and its natural 

enemies, the crabs Hemigrapsus nudus (Dana, 1851), H. oregonensis (Dana, 1851), and 

Cancer oregonensis (Dana, 1852).  Using these organisms as a model system, the study 

combines experimental data and field observations to compare the biological damage 

caused by crabs with the mechanical damage caused by tumbling and trampling 

experiments. 

Shell damage, if properly recognized, can provide information about biotic 

interactions between mollusks and their predators.  The study of predator-prey 

interactions from field-collected empty shells of mollusks is an inexpensive and non-

invasive strategy employed by ecologists.  Because of their potential damage to 

molluscan prey populations, including commercially important resources, the effect of 

durophagous (shell-breaking or eating) crabs on the populations of their victims becomes 

especially relevant.  Some crabs that prey on mollusks typically attempt to gain access to 

the bivalve’s tasty soft tissues by chipping and peeling at the growing edge of the shell, 

while others will attempt to crush the entire shell.  To complicate matters, crabs and other 
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peeling predators are known to switch to crushing, the effectiveness of which is 

dependent on the shell’s strength relative to the strength of the crushing claw (see 

Boulding 1984, Zuschin et al. 2003).  Successful chipping or peeling attacks can leave 

distinctive damage on the shell margin, while unsuccessful attacks are often repaired, 

leaving characteristic repair scars on the shell (Vermeij 1983a, Allmon et al. 1990, 

Alexander & Dietl 2001). 

Proper recognition of shell damage is even more important to paleoecologists who 

cannot make direct observations of predation but can often find shells preserved in the 

fossil record.  Indeed, there is an impressive and diverse fossil record of predatory traces 

covering all periods of the Phanerozoic (Vermeij 1987, Kowalewski & Kelley 2002, 

Kelley et al. 2003), which provide invaluable insights into past ecosystems.  However, in 

cases other than predatory boreholes, it is often difficult to differentiate between “ante-

and post-mortem” mechanical damage and “ante-mortem” predatory damage.  Thus, it 

has proven difficult to attribute marginal shell damage in bivalves to predation by 

crustacean decapods, particularly crabs. 

Identification of the cause of breakage is possible when the cause results in fragments 

with distinctive, source-dependant breakage patterns (Vermeij 1983a, 1983b, Cate & 

Evans 1994, Zuschin et al. 2003).  Peeled shells are diagnostic of crab predation (Lawton 

& Hughes 1985).  In contrast, crushed shells can be produced by other predators 

(including larger crabs, fishes and birds) as well as rolling rocks (Vermeij 1983a, 1983b, 

Lawton & Hughes 1985, Cadée 1994, Cate & Evans 1994, Zuschin et al. 2003).  Other 
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distinctive types of damage to the bivalve shell can be produced during burrowing (Checa 

1993). 

Although a high percentage of shell fragments has been used to indicate high 

predation rates, their use to estimate predation pressure in fossil faunas is questionable 

because some predators leave either one (i.e. birds) or both valves (i.e. seastars) intact 

(Cadée 1994).  Furthermore, the angular fragments produced by crushing predators can 

be degraded by subsequent physical abrasion (Cadée 1994), thus obscuring the true origin 

of the fragments (Oji et al. 2003).  Once abrasion occurs, the resulting fragments from 

durophagous predation will be very similar to the ones produced by transportation or 

tumbling (Stanton & Nelson 1980).  Further useful reviews of shell-crushing are provided 

by Cate & Evans (1994) and Zuschin et al (2003). 

Given the many difficulties encountered in distinguishing shell damage under natural 

conditions in the field or in the fossil record, a laboratory approach using controlled 

experiments can provide useful insights. 

 

METHODS 

Specimen collection 

Thirty individuals of the grapsid crab Hemigrapsus oregonensis, 10 individuals of H. 

nudus, and 336 of the bivalve mussel Mytilus trossulus were collected during low tide at 

Argyle Creek, San Juan Island, WA, USA in July-August, 2004.  Argyle Creek is a 

unique pseudo-subtidal habitat between two saltwater systems: Argyle Lagoon and North 

Bay (Lazo 2004).  The semidiurnal tidal regime does not completely affect the Creek, and 
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it remains covered by water even during the lowest low tide, providing predators with the 

opportunity to continue feeding throughout the entire tidal cycle. 

In addition, and because the following species also prey upon M. trossulus and occur 

in Argyle Creek - although they were not observed during any of the visits (for details see 

below) - xanthid and cancrid crabs were also collected: one individual of Lophopanopeus 

bellus (Stimpson, 1860), one Cancer productus Randall, 1839, and one C. oregonensis 

during low tide in False Bay, San Juan Island, WA and seven individuals of C. 

oregonensis and one Cancer magister (Dana, 1852), by dredging from 70-75 m at Rock 

Point (48° 29.52 N and 122° 56.97 W), Lopez Island, WA. 

A survey was conducted to estimate the population size of M. trossulus at Argyle 

Creek during low tide in July-August, 2004.  Sixteen quadrats, each 50 x 50 cm, were 

sampled in Argyle Creek.  All live M. trossulus were counted in situ while all dead shells 

were collected for further analysis and counting in the laboratory.  Because the present 

study was conducted only for comparative purposes (see below), a rigorous assessment of 

temporal changes in the mussel population (i.e. variation through seasons and years) was 

not conducted. 

 

Laboratory Experiments 

All crabs and live-collected mussels were brought back to the laboratory (Friday 

Harbor Laboratories, University of Washington) and placed on seawater tables with 

continuously flowing water and salinity of ~ 26‰, which was similar to the salinity at 

the Creek.  Prior to the experiments, all crabs were acclimated and starved for 48 h.  Each 
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crab was placed inside a 1 l plastic beaker with meshed sides, which allowed proper 

identification of the crabs and their prey without any additional stress to the predator.  

The number of confounding factors (e.g. greater versus smaller area available/crab) was 

also reduced with this approach.  All crabs were males to avoid confounding effects 

between genders.  All crab containers included cobbles from the collection area (to 

reduce the stress level).  Pilot studies indicated that at least one individual from each of 

the crab species consumed an undamaged live mussel. 

Mussel size classes were defined based on the size-frequency distribution of 

specimens previously obtained in the field.  This practice served to distinguish if a 

particular mussel size was affected more than another by any of the experimental 

approaches.  Three non-overlapping size classes of mussels (< 20.6, 21.2-34.6, and > 

35.1 mm), measured in terms of the maximum shell length, were used in the experiments.  

Carapace width and length were measured for each crab.  Standard measurements 

(maximum shell length, width and thickness) were taken for all mussels.  Caliper 

precision was ± 0.01 mm.  One mussel of each size class was offered to each crab.  

Mussels were changed as soon as they were preyed upon.  Predation was monitored at 

least twice a day.  All mussels used in the experiment lacked epibionts to prevent the 

opportunistic Hemigrapsus spp. from feeding on alternative prey. 

To differentiate between ante-and post-mortem physical (e.g. wave action) damage 

and ante-mortem predatory damage, 30 live mussels (10/size class), with a smooth 

margin and non-abraded surface were used in a tumbling experiment.  Although, as 

Cintra-Buenrostro et al. (2005) indicate, such experiments may not exactly duplicate the 
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natural tumbling experienced by shells in the surf zone, the experiment provides some 

insight into the character of mechanical damage that can be generated at the shell margin 

by abiotic processes.  All specimens were measured and photographed, and then placed 

in a 750 ml (10 cm diameter) tumbling barrel with 500 ml of water and ~ 130 g of sand 

and ~ 130 g of gravel-to-cobble size sediments (collected from the same site as the 

mussels).  The tumbling barrel was rotated at 53 rpm.  Weight of the sediment and the 

weight of mussels (~ 130 g) were both determined before the tumbling experiment was 

started.  Balance precision was 0.01 g.  The shells were tumbled for 6 min, 1 h, 10 h, and 

100 h.  Given a tumbling barrel with a 10 cm diameter and the rotation rate of 53 rpm, the 

tumbling speed approximates 530 cm/min.  One hundred hours of tumbling is thus 

equivalent to ~ 30 km of transport or in-place tumbling in the surf zone.  After each of 

the four time periods used in the experiment, each shell was removed from the barrel, 

examined for damage to the shell margin, and photographed.  All shells were returned to 

the tumbling barrel after each examination until the total of 100 hours of tumbling was 

accomplished. 

Tumbling experiments were repeated with dead-collected shells with non-abraded 

surfaces and smooth margins.  Because variations in the weight of the experimental 

mussels occurred, the same proportion of shell, sand and gravel-to-cobble size sediment 

was used as with the experiment with live-collected mussels.  The number of mussel 

shells in each size class was the same in all experiments. 

All shells collected from the field were counted, measured and examined for the 

presence of any type of damage.  Because Argyle Creek is an area heavily visited by 
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tourists, bird watchers, researchers, and others, shell breakage may also be generated by 

people stepping-on the shells.  To evaluate the nature of such anthropogenic shell 

breakage, 60 shells (20/size class) with smooth margins and non-abraded surfaces were 

stepped-on.  Half of these trampling experiments involved shells placed on a sandy 

substrate, and the other half used a mixture of sand, gravel and cobbles (all sediment was 

collected in the Argyle Creek area). 

The shape, length and depth of shell damage that resulted from biological ante-

mortem attacks by crabs, mechanical tumbling of live or dead shells, and mechanical 

crushing by trampling was visually compared.  The number of shells showing damage 

and the number of instances that a particular damage occurred were recorded.  A 

comparison between the damage patterns inflicted by different species of crab was not 

performed because not all crab species preyed on the mussels during the experiment, 

because some crab species were represented only by one or few individuals, and because 

only nine mussels were preyed upon by H. oregonensis.  Nonetheless, all damage 

resulting from either crab predation or abiotic processes (tumbling and trampling) was 

compared. 

 

Statistical Analyses 

Preservational and methodological artifacts may cause bias in comparisons of live 

and dead mollusks.  In order to reduce errors and increase statistical power, Cohen (1988) 

was followed to determine a minimum sample size [n 0.05 (u = 1; 1 - β = 0.8) = 12.3] of quadrats 

for the survey experiment using abundance data on the mussels collected during the pilot 
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study.  Three different quadrat sizes (25 x 25, 50 x 50, and 100 x 100 cm) were also used 

during the pilot study.  All mussels within the quadrat of each size were counted in situ, 

and the appropriate quadrat size was determined using Underwood (1997). 

Rank correlation coefficients are useful for testing for differences in relative 

abundance between fossil assemblages and their live source (Kidwell 2001).  Here, 

Kendall’s  τ (rτ) rank correlation coefficient was used instead of Spearman (rs) because 

both a different interdependence deviation, and a higher reliability of closer ranks were 

expected (Sokal & Röhlf 1995). 

 

RESULTS 

Predation 

A total of 336 mussels, with average maximum length and width of 20.8 + 0.6 and 

13.7 + 0.3 mm, were offered to the crabs.  Average maximum length per class ranged 

from 13.2 to 39.5 mm, while average maximum width ranged from 9.5 to 23.9 mm (Fig. 

1). 

There was no significant variation in the average maximum carapace width among 

the crab species (Fig. 2).  Taxa represented by only one individual had the following 

maximum carapace widths: Lophopanopeus bellus = 29.7 mm, Cancer productus = 50.6 

mm, and C. magister = 163 mm. 

A total of 63 mussels were preyed upon by the crabs: nine were killed and consumed 

by H. oregonensis, three by L. bellus, 12 by C. productus, 10 by C. magister, and the rest 

(29) by C. oregonensis (Table 1).  Hemigrapsus nudus did not successfully prey on a 
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mussel, although they tried.  Most of the successful predation was achieved by crushing 

(Table 1) both mussel valves.  The laboratory observations indicate that M. trossulus 

greater than 35 mm in size are safe from predation by the most common crab (H. 

oregonensis) in Argyle Creek. 

In general, H. oregonensis attacks close to the middle of the mussel’s commissure 

and leaves a zig-zag or serrated pattern (Fig. 3a and 3b).  Cancer oregonensis, while it 

also attacks the middle part of the mussel’s commissure, tends to do more damage to one 

of the valves (Fig. 4a).  Shells of some of the mussels killed by both species were 

damaged either on the anterior or posterior margin but far from the commissure (see 

damage comparison section).  Because not all crab species killed enough prey, and 

because the number of individuals represented by most crab species were low, a 

comparison of mussel damage stereotypy among species was not possible.  However, 

damage inflicted by each crab species was used to distinguish ante-mortem predatory 

damage from ante-and post-mortem mechanical breakage (see next section). 

From the field-collected information, a total of 530 mussels were found alive during 

the survey, the number of dead mussels was 222 (444 shells).  As expected, the within-

quadrat abundance of live and dead shells was highly correlated (r τ = 0.68, F 0.05 (1, 14) = 

30.02, P = 0.0001) indicating a significant live-dead agreement.  In other words, if a 

quadrat had a large number of live individuals, it tended to have a large number of dead 

individuals. 

Dead mussels at Argyle Creek numbered ~ 40% of the live population.  Further 

inspection of the 444 dead shells for predatory shell damage indicated that six individuals 
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(~ 3%) were killed by naticid snails, and 110 mussels (~ 50%) perished from crab 

predation (see damage comparison section).  The cause of death for the remaining 106 

mussels could not be determined.  The reported percentage attributed to predation only 

accounts for those shells in which distinctive predatory damage was observed (see 

discussion). 

 

Damage comparison 

Five types of damage were caused by crab predation: peels, nibbles, nibbles and 

chips, crushing, and fractured margins.  In several instances a combination of more than 

one type occurred (Tables 1 and 2). 

Peels: deep adjacent chips along the shell margin with a characteristic zig-zag pattern 

(Fig. 3a) or an almost straight, scissor-like cut.  Peeling damage varies from few mm to 

some cm along the commissure.  Damage extends along either or both anterior or 

posterior margins.  In contrast to nibbling, peeled damage penetrates more deeply into the 

shell, sometimes as much as 20 mm. 

Nibbles: many adjacent chips along the shell margin resulting in an echelon or zig-

zag pattern (Fig. 3b) though not as prominently as in peeling (see above).  Nibbling tends 

to occur along several cm of either the anterior or posterior shell margin, but each chip 

along the nibble never exceeds a few mm in length.  Each chip may penetrate one or two 

mm beyond the margin. 

Nibbles and chips: chips are small (from a few mm to a cm) concave indentations 

along the anterior or posterior margins (Fig. 3c).  The indentations can extend for a few 
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mm into the shell.  Predatory chips occur in combination with nibbling along the shell’s 

growing margin. 

Crushed: shell fragments, which vary in size and shape (Fig. 4a).  Most fragments 

have at least two very sharp points.  Fragments of shells crushed by predators are 

indistinguishable from fragments caused by trampling (Fig. 4b). 

A common result after 100 h of tumbling for both live and dead-shells was a 

proportional (length, width, and thickness) reduction in size, and a well-polished shell 

surface.  Aside from such reduction in size, no mechanical damage was detected on the 

30 live-mussels after 100 h of tumbling.  All individuals perished at 10 h, and all tissues, 

except for the still-attached ligament in most of the larger individuals, disappeared after 

100 h.  Lack of mechanical damage was also observed for the tumbled-dead shells, but a 

few (four) showed minor chipping - crescentic chips, see below - on the marginal area 

(Fig. 3d) after 1 h of tumbling (Fig. 5).  Only one was fractured on its margin - fractured 

margin, see below - along the posterior area close to the umbo (Fig. 6a).  The fracture 

appeared at 10 h and had increased in length by 100 h. 

Five breakage patterns occurred due to trampling: crushing, crescentic chips, angular 

chips, fractured margins, and slivered chips. 

Crescentic chips: semicircular chipped damage that extends no more than a cm along 

either anterior or posterior margin (Fig. 3d).  The depth of the concave chips do not 

exceed 1 cm.  Chipping from trampling occurs without the nibbles caused by crab 

predation. 
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Angular chips: can occur individually leaving a square-cornered chip that never 

penetrates more than 1 cm in depth and extends only a few mm in length along the shell 

margin (Fig. 3e); or as a series of chips along the shell margin, each of which is a few 

mm in length and depth.  Echeloned chips can occur on either margin (Fig. 3f).  Damage 

to the shell margin is not as extensive as in nibbling (Fig. 3b) or as in nibbling and 

chipping (Fig. 3c).  Sometimes damage leaves clear and sharply angular indentations of 

two or three mm in length, which are not scissor-like and therefore differ from damage 

caused by peeling.  In these cases, the traces never form echelons, although they can be 

repetitive, forming a zig-zag pattern. 

Fractured margins: a line of breakage penetrating the shell from a few mm to few 

cm; sometimes extending almost through the entire shell (Fig. 6a).  Shell fragments may 

or may not be detached.  Fracture lines tend to cut across growth lines at a high angle.  In 

extreme cases, angular and sometimes triangular breakage along the margin penetrates up 

to several cm into the shell (Fig. 6b).  Fractures typically cut across growth lines at a high 

angle.  Detached fragments vary in size from mm to cm.  Those cannot be distinguished 

from fragments generated by crabs during crushing (Fig. 4).  Fractured margins are the 

most common damage resulting from trampling (Table 2). 

Slivered chips: subtle breakage parallel or nearly parallel to the shell margin (Fig. 7), 

extending from a few mm to a cm. 

The percentage of shells affected by predation under laboratory conditions, and 

trampling was similar, but differed from predation in the field and tumbling.  No 

breakage occurred with the tumbled-live mussels (Fig. 8). 
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Twenty-five shells were damaged by trampling or tumbling (see totals in Table 2).  

Of these 25 shells, 20 bore the distinctive angular chips, crescentic chips or slivered chips 

found only in mechanically damaged shells.  Some of these 20 shells showed more than 

one type of distinctive damage.  Thus, 20 (80%) of the 25 shells damaged by trampling or 

tumbling could be correctly assigned to a source of damage.  One-hundred and twenty-six 

shells were damaged by crab predation.  Ninety-two of these shells showed the peels, 

nibbles, nibbles and chips that are diagnostic of crab predation.  Thus, 92 (73%) of the 

126 preyed-on shells could be correctly assigned to a source of damage. 

Of the 151 (25 + 126) shells that were damaged by predation, trampling or tumbling 

112 (74% (20 + 92)) showed damage that was diagnostic of either predatory or 

mechanical (trampling or tumbling) damage.  Shells that were damaged by predation 

tended to exhibit more instances of damage (653 instances of damage on 126 shells for an 

average of 5.2 instances per shell) than shells that were damaged by mechanical means 

(85 instances on 25 shells, for an average of 3.4 instances per shell). 

 

DISCUSSION 

Identification of damage 

Traces identified as nibbles and chips in the present study, can be compared to traces 

called “arcuate” or “horseshoe” by Checa (1993), and later categorized as “embayed” by 

Alexander & Dietl (2001).  These studies focused on repair scars attributed to burrowing 

(Checa 1993) or all types of shell breakage (Alexander & Dietl 2001).  A major 

difference from the nibbles and chips damaged-shells is the rugged surface (Fig. 3c), 
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which is absent on the arcuate (Plate 1k and 1l in Checa 1993) and embayed (Figs. 3g and 

3k in Alexander & Dietl 2001) shells, where the repaired area is often smooth. 

Nibbles are probably the easiest damage to recognize because of their extension along 

the shell margin (Fig. 3b).  Only two (Plate 1d and 1k) of the damaged shells from 

burrowing reported by Checa (1993) are comparable to the traces left by predatory 

nibbling, however they clearly differ because of the contiguous penetration pattern - 

referred as cluster breaks by Checa (1993) - into the shell when damaged by burrowing. 

Predatory damage from peeling might be the hardest to distinguish from patterns due 

to other causes, particularly when compared with abraded or serrated repaired damage 

resulting from isolated or aligned arcuate breakage from burrowing (Plate 1i in Checa 

1993).  However, peeled damage typically penetrates deeply into the shell (Fig. 3a), 

whereas the arcuate breakage observed by Checa (1993) penetrates only a few mm.  

Furthermore, in other shells damaged by burrowing (Plate 1e and 1j in Checa 1993), the 

repair scar tends to have a contiguous penetration pattern into the shell. 

The lack of damage to tumbled-live shells (Fig. 8), and the minor damage (~ 8%) 

recorded by the tumbled-dead shells (Fig. 5 and 8) are good news for distinguishing 

damage from ante-mortem biological crab predation and ante-and post-mortem 

mechanical breakage.  The minor damage occurring as a result of tumbling is easily 

distinguished from damage caused by crab predation. 

The results of the tumbling experiment are even more useful because they suggest 

that damage to the dead-shells in Argyle Creek is most likely due to either trampling or 

crab predation.  Argyle Creek is relatively protected from waves, thus crushing by rocks 
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is probably not a major cause of breakage except during big storms.  Breakage during 

storms cannot be completely ruled out because no sampling was performed before and 

after such events.  However, cluster breaks - repair damage displaying an oblique or 

radial arrangement of the affected margin over a length of time - around growth 

increments were not observed in the majority of the individuals.  Such damage is, 

according to Checa (1993), caused during storms and repaired during subsequent growth.  

The progressive rounding associated with shell abrasion from high-energy impacts on 

rocks (Zuschin et al. 2003) was not observed in Argyle Creek.  In fact, Cate & Evans 

(1994) suggest that predation rather than natural mechanical breakage is the cause of 

most shell fragmentation in low-energy environments.  In any event, the paleoecological 

and taphonomic value of fragments is limited because of the difficulty of distinguishing 

different sources of breakage and fragmentation (Vermeij 1983a, Cate & Evans 1994).  

Furthermore, Lescinsky et al. (2002) suggest that biostratinomic (i.e. post-mortem, pre-

burial) fragmentation is quantitatively unimportant during the first two years of exposure, 

and is restricted to chipping at the shell’s margin. 

The lack of mechanical damage on the tumbled-live shells, but minor mechanical 

damage (8% broken) on the dead ones (Fig. 8) might be explained by differences in the 

shell’s time since death (sensu Kidwell & Bosence 1991).  A shell’s mechanical strength 

and elasticity decreases as shells dry out because the organic matrix of the shells decays 

(Glover & Kidwell 1993); new (recently dead) shells are less sensitive to breakage than 

older shells (Currey 1980).  Degradation of the organic matrix has been used to explain 
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strength decreases in shells of Mytilus edulis Linnaeus, 1758, immersed in water for 

seven weeks (Zuschin & Stanton 2001). 

From the tumbled-dead shells that were broken, only one (~ 1.6%) was fractured 

along the posterior area close to the umbo (Fig. 6a), while the rest (four) showed minor 

chipping along the margins area (Fig. 3d).  A similar breakage pattern was also observed 

for shells of Mulinia coloradoensis Dall, 1894, where only 2% of the tumbled material 

showed marginal damage similar to that caused by crab predation (Cintra-Buenrostro & 

Flessa 2004, Cintra-Buenrostro et al. 2005).  Thus, tumbling barrel experiments with 

Mytilus trossulus indicate that post-mortem physical damage to the shell margin is 

distinctively different from damage caused by crab predation. 

Although all natural conditions are not duplicated by tumbling experiments, Kuenen 

(1956) indicated that the abrasion caused by sediments was successfully reproduced.  In 

fact, abrasion on bivalve shells is faster in rolling barrels than in the surf zone (Driscoll 

1967).  Although no significant breakage on either M. trossulus (this study) or Mulinia 

coloradoensis (Cintra-Buenrostro & Flessa 2004, Cintra-Buenrostro et al. 2005) was 

detected during tumbling, other mollusk and brachiopod skeletons have broken up during 

similar experiments (Chave 1964, Driscoll & Weltin 1973, Oji et al. 2003, DeFreitas-

Torello 2004).  Mytilus spp. has proven to be a very durable shell (Chave 1964).  

Breakage during abrasion by tumbling with chert pebbles for ~ 183 h at 30 rpm resulted 

mostly from particle-against-particle crushing (Chave 1964).  In another experiment, 

destruction of M. edulis shells was less than 50% after 100 h of tumbling (DeFreitas-

Torello 2004). 
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Shells tumbling with sediments yielded broken mollusk valves with angular margins, 

which in shallow-marine deposits could be mistaken for evidence of durophagous 

predation because neither currents nor wave agitation produce shells with angular 

margins (Oji et al. 2003).  However, if subsequent abrasion or bioturbation by boring 

organisms (Cadée 1994) occurs, the fragments produced by predators will be very similar 

to those resulting from transportation or tumbling (Stanton & Nelson 1980). 

The approaches taken here allowed proper identification of the source of damage 

inflicted to the mussel shells in ~ 75% of the cases, suggesting that it is feasible to clearly 

distinguish mechanical from biological damage.  Crushed fragments and fractured 

margins are not diagnostic, while peels, nibbles, nibbles and chips, angular chips, 

crescentic chips and slivered chips are diagnostic.  The good news is that both crab 

predation and mechanical breakage usually result in distinctive shell damage.  The bad 

news is that ~ 25% of the damage is not diagnostic; it could be from either cause.  If M. 

trossulus crab damage plus mechanical damage is similar to that of other species in the 

fossil record, the use of these criteria could help distinguish between ante-mortem 

predatory crab damage and ante-and post-mortem mechanical damage. 

The best approach may be to employ the criteria used here, and, when faced with 

non-diagnostic damage identification, take into account the difference in the average 

number of instances occurring per damage type.  The latter is a strong criterion that could 

eliminate a large number of confusing instances of shell damage.  Although more 

experimental and field studies are needed, adding this extra criterion may provide a 

solution in some cases. 
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Application of these criteria might overestimate predation because not all causes of 

damage result in the same distinctive breakage pattern all the time, because many other 

factors that cause breakage were not studied (see also words of caution section), and 

because some crabs are known to attack empty shells (LaBarbera 1981, Walker & 

Yamada 1993).  Moreover, trampling in Argyle Creek might be more frequent than 

reported here, where only one set of experiments was performed. 

To summarize, the combined field and laboratory approach used here allowed the 

proper identification of shell damage resulting from crab predation in 73% of the cases, 

and the proper identification of shell damage resulting from trampling in 80% of the 

cases.  The overall proper identification of shell damage was 74%.  In other words - 

excluding crushed fragments - if a sample consisted of 100 shells with 50 showing the 

type of damage found in the experiments with predatory crabs, 10 to 13 of those 50 crab-

damaged shells were probably damaged by physical processes.  Thus, proper 

identification of crab predation in dead shells is possible in this commercially important 

genus.  This may prove valuable in studies of trophic interactions in modern 

environments.  If a latitudinal gradient in shell-crushing predation exists, it should be 

possible to recognize it on the basis of analyses of dead-shells. 

It is also likely that traces of crab predation on mussel shells from fossil and subfossil 

environments can be recognized correctly, especially when also using other indicators 

diagnostic of particular predators (reviewed in Zuschin et al. 2003, p. 59).  Extrapolation 

to other taxa might be possible but should be confirmed by field and laboratory studies. 
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Predation 

Shell damage on mussels killed by H. oregonensis was similar to that on ones killed 

by C. oregonensis.  This suggests that it might not be possible to distinguish the two 

predators from the damage that they cause to shells, particularly when crabs similar in 

size are used.  Hemigrapsus oregonensis can reach up to 49 mm in carapace width 

(Telnack & Phipps 2005), and the maximum carapace width reported by Kozloff (1973) 

for Cancer oregonensis is 40 mm.  Nevertheless, differences in crab chelae affect both 

predation method (i.e. crushing vs. peeling) and success rates (West & Cohen 1991).  A 

wide range of mussel opening techniques, which varied according to prey size and shell 

strength, were reported by Zipser & Vermeij (1978).  Carcinus maenas (Linnaeus, 1758) 

exhibited different techniques also related to prey size and strength (Elner 1978).  Within 

the San Juan Archipelago, H. nudus, Cancer oregonensis, C. productus and 

Lophopanopeus bellus switched from crushing to peeling as prey size increased 

(Behrens-Yamada & Boulding 1998).  Although stereotypical shell damage might not 

occur, identification of the predator may be likely when other evidence (e.g. microhabitat 

or bathymetric distribution) can be associated with the death assemblage that includes the 

damaged shells. 

A mollusk’s protection against peeling is primarily due to its shell size and thickness 

(Vermeij et al. 1980).  The laboratory observations indicate that M. trossulus greater than 

35 mm in size are safe from predation by the most common crab (H. oregonensis) in 

Argyle Creek.  If this is the case, the grapsids can still have lethal effects on the M. 

trossulus population by attacking the vulnerable juvenile stages.  Behrens-Yamada & 

  



 54

Boulding (1996) reported that in the mid-and upper intertidal zone on the northeastern 

Pacific the abundance of both generalist predators (H. nudus and H. oregonensis), and 

Cancer productus (a mollusk specialist) is high enough to affect other molluscan 

populations. 

It is worth noting that the unique conditions of Argyle Creek allow predators to feed 

continuously through the tide cycle.  Despite this fact, no cancrids were observed during 

any of the visits (although all visits were during lowest low tide).  A considerable number 

(220) of dead shells collected at Argyle Creek show signs of crab predation, suggesting 

that under natural conditions either the crabs studied here are capable of consuming many 

mussels or that other durophagous crabs visit the Creek during high tide.  Nevertheless, 

such an upper limit to the size-refugia might be high because at Argyle Creek, H. 

oregonensis are able to consume many other prey items - including algae - and the energy 

investment required to either nibble, peel or crush a mussel of any size can be avoided or 

compensated by prey-switching.  Because crab predation on intertidal mussels is 

inversely correlated with tidal flow (Leonard et al. 1999), both the size-refuge and the 

mussels’ destiny changes during high tides, when bigger crabs (i.e. C. magister) enter the 

Creek and feast upon available bivalves.  Moreover, predation rates on wave protected 

shores at or near Friday Harbor Laboratories (FHL) on San Juan Island by H. nudus, L. 

bellus, C. oregonensis, and C. productus on Littorina sitkana Philippi, 1845, ranged from 

2-77% per high tide period (Behrens-Yamada & Boulding 1996). 

The peeled shells in the Creek can be safely attributed (74% of the time) to crab 

predation as demonstrated by the experimental approach used here.  Although fishes 
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might also prey on the mussels, evidence suggests that their contribution may not be high 

because the characteristic shell damage inflicted by the Pile Perch (Damalichthys vacca 

(Girard)) was not produced on shells crushed by the crabs, nor on specimens crushed by 

rocks in the San Juan Archipelago (Behrens-Yamada & Boulding1996). 

Surprisingly enough, H. nudus did not prey upon any mussel despite the fact that they 

successfully peeled some mussels during the pilot experiment, and have successfully 

peeled small specimens of the gastropod Littorina sitkana within the FHL facilities under 

similar conditions as the ones used in the present study (i.e. Behrens-Yamada & Boulding 

1998).  Those authors argued that H. nudus are poor peelers because their weak claws 

lack sharp, shearing tips.  However, its congeneric (H. oregonensis) shares similar claws 

and even though smaller in overall body size was successful at predation under laboratory 

conditions. 

 

Words of Caution 

1.  The estimated 50% crab predation rate at Argyle Creek on the mussels can be a 

misleading figure because only dead shells were used to estimate predation rates - and 

only at one time.  Because no subsequent surveys were performed to estimate Argyle 

Creek’s mussel population size, the 50% figure represents only a snapshot in time.  

Seasonal differences in chipped or crushed shells percentages occur with seasonal 

differences in predation (Beal et al. 2001).  Most of the time, abundance patterns are 

based on organism surveys over short time scales, which may provide little insight into 

the temporal changes characteristic of benthic assemblages (Gray 1981).  Thus, 
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extrapolation from the present research to larger areas is not yet justified.  More work is 

required over a larger area and over a longer time. 

2.  Peeling frequencies alone underestimate rates of crab predation, particularly with 

those crabs able to switch their prey handling strategy. 

3.  Before extrapolation to the fossil record of damaged shells, further testing of 

tumbled-and trampled-shells is needed.  Experiments and field studies should vary 

densities of both sediment and valves, encrusted vs. non-encrusted valves, valves with 

borers present or absent, and should replicate higher energy environments. 

 

CONCLUSIONS 

Crushing was the most common mechanism used by crabs for successful predation on 

M. trossulus.  Species-level stereotypic damage could not be detected, but predation by 

crabs did result in distinctive damage to shells.  Five types of damage were inflicted by 

crab predation: crushing, peels, nibbles, nibbles and chips, and fractured margins 

No mechanical damage was detected on the tumbled-live mussels after 100 h.  

Mechanical damage on tumbled-dead mussels after 100 h was minor.  A common result 

for both tumbled-live and tumbled-dead shells was a proportional (in length, width, and 

thickness) size reduction and a well-polished surface after 100 h. 

Five breakage patterns occurred in trampled shells: crushing, crescentic chips, angular 

chips, fractured margins, and slivered chips.  Greatly fragmented fractured margins are 

the most common damage resulting from trampling.  Fragments of shells crushed by 

predators are indistinguishable from fragments caused by trampling. 
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Eighty percent of the shells damaged by trampling exhibited damage distinctly 

different from the damage caused by predation.  Seventy-three percent of the shells 

damaged by predation exhibited damage distinctly different from the damage caused by 

trampling.  Overall, application of these criteria results in a correct assignment of damage 

in 74% of the shells.  Thus, in Mytilus trossulus at least, the cause of damaged shells can 

be assigned with confidence in ~75% of the cases; that is in three out of four individuals.  

This is potentially good news for the use of marginal damage as an indicator of predation 

in the fossil record. 
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Table 1.  Type of damage inflicted on Mytilus trossulus shells by different species of 

crab during successful predation. 

 

Species  Nibbles 

& Chips 

Crushing Crush 

& Peel 

Nibble Nibble 

& 

Crush 

Nibble 

& Peel 

Peel

 

         

Cancer magister  0 10 0 0 0 0 0 

Cancer 

oregonensis 

 0 9 2 8 1 4 5 

Cancer 

productus 

 0 4 4 0 0 2 2 

Hemigrapsus 

oregonensis 

 0 5 1 2 1 0 0 

Lophopanopeus 

bellus 

 1 0 0 0 0 1 1 

Total  1 28 7 10 2 7 8 

 

  



 65

Table 2.  Type of damage inflicted on Mytilus trossulus shells by all different agents 

studied in the laboratory.  The first number is the number of shells affected by a 

particular type of damage; the number within parentheses is the number of instances of a 

particular type of damage.  Because many shells displayed more than one type or instance 

of damage, the sum of the number of shells or instances in each column exceeds the total 

number of shells damaged. 

 

Type of Damage Crab Predation in 

Lab 

Trampled Tumbled-

Dead 

Tumbled-

Live 

     

Diagnostic     

Nibbles 64 (183) 0 (0) 0 (0) 0 (0) 

Nibbles and 

Chips 

2 (2) 0 (0) 0 (0) 0 (0) 

Peels 54 (121) 0 (0) 0 (0) 0 (0) 

Angular chips 0 (0) 4 (15) 0 (0) 0 (0) 

Crescentic chips 0 (0) 3 (7) 4 (9) 0 (0) 

Slivered chips 0 (0) 2 (2) 0 (0) 0 (0) 

Not Diagnostic     

Fractured 

margins 

48 (73) 13 (36) 1 (1) 0 (0) 

Crushed 74 (274) 7 (15) 0 (0) 0 (0) 

Sum 242 (653) 29 (75) 5 (10) 0 (0) 

     

Total 126 (580) 20 (60) 5 (8) 0 (0) 
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Fig. 1.  Mussel (Mytilus trossulus) average length vs. width (mm) for all individuals, and 

within each size-class.  Bars represent standard errors from the mean.  Numbers of 

individuals for each category are in parentheses. 

 

Fig. 2.  Crab maximum carapace width (mm).  Bars represent standard errors from the 

mean.  Numbers of individuals for each taxa are: 30 Hemigrapsus oregonensis, 10 

Hemigrapsus nudus, and eight Cancer oregonensis. 

 

Fig. 3.  Breakage patterns in Mytilus trossulus shells: a) predatory crab peeling, b) 

predatory crab nibbling, c) nibbles and chips by predatory crabs, d) crescentic chips by 

trampling, e) angular individual chip by trampling, and f) series of echeloned angular 

chips by trampling. Scale bar in cm.  In all cases (a-f) an outline of the marginal damage 

was increased 1.5 from its actual size. 

 

Fig. 4.  Fragmentation in Mytilus trossulus shells produced by: a) predatory crushing, and 

b) trampling.  Scale bar in cm. 

 

Fig. 5.  Dead-mussels (Mytilus trossulus) shell breakage (%) after tumbling time.  

Numbers on top indicate number of tumbled-shells. 
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Fig. 6.  Mechanical breakage patterns in trampled Mytilus trossulus shells: a) fracture 

line, and b) greatly fragmented fracture margins.  Scale bar in cm.  For the fracture line 

(a) an outline of the damage was increased 1.5 from its actual size. 

 

Fig. 7.  Slivered chip breakage patterns in trampled Mytilus trossulus shells.  Scale bar in 

cm.  Outline of the marginal damage was increased 1.5 from its actual size. 

 

Fig. 8.  Mytilus trossulus shell damage (%) caused during each experiment and from field 

survey.  Numbers on top indicate number of shells used in each experiment and total 

counted in the field, respectively. 
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Fig. 3. 
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Fig. 4. 
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ABSTRACT 

Analyses of predatory damage on subfossil hard parts can be used to document the 

trophic role played by species that were abundant prior to human impact even when pre-

impact surveys are lacking or when predators have not left skeletal remains.  Before 

upstream dams and water diversions, the bivalve Mulinia coloradoensis was the most 

common mollusk inhabiting the Colorado River Estuary.  Today, only a small population 

has survived the environmental changes caused by the reduction in the river’s flow.  

When abundant, this species was a major source of food for predatory gastropods and 

crabs, as shown by the characteristic damage inflicted by these predators.  Boreholes 

made by predatory gastropods were found in 23% of the 600 individuals sampled from 

shell accumulations that date from the era prior to upstream dams and diversions.  

Marginal shell damage characteristic of predatory portunid crabs was found in 27% of 

the individuals.  Thirty-four percent of the individuals had damage from earlier attacks.  

Shells were tumbled to provide criteria to distinguish ante-mortem biological damage to 

the shell margin from post-mortem physical damage.  The decline in the population of 

this prey species likely caused a decline in the populations of its predators and species 

higher in the food chain, prey-switching, or both effects.  Restoration of river flow would 

increase populations of M. coloradoensis and species that depend on it for food, 

including commercially important crabs. 
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INTRODUCTION 

Since the completion of Hoover Dam in 1935, upstream dams and water diversions 

have transformed the Colorado River Estuary in the upper Gulf of California.  In the 

“predambrian” - the era before the dams - an estimated 16-18 x 109 m3 per year of water 

was supplied by the Colorado River to its estuary.  Now, surface water reaches the Gulf 

of California only in unusually wet years (Zamora-Arroyo, et al., 2001). 

The decreased river flow increased the estuary’s salinity (Rodriguez, et al., 2001a), 

altered its circulation (Lavín, et al., 1998), cut off the supply of sediment to the delta 

(Thompson, 1968; Carriquiry and Sánchez, 1999), reduced the estuary’s productivity 

(Kowalewski, et al., 2000), and drastically reduced the population of the bivalve mollusk 

Mulinia coloradoensis Dall, 1894 (Mollusca: Bivalvia) (Rodriguez, et al., 2001b) - once 

the dominant shelly invertebrate.  [Eugene V. Coan (pers. comm. 2003) reports that this 

species is a junior synonym of Mulinia modesta.  However, until formal publication of 

the new synonymy, we use the name M. coloradoensis to refer to the Colorado Delta 

population]. 

Mulinia coloradoensis is an infaunal, suspension- feeding bivalve mollusk that 

reached densities between 25 and 50/m2 before water diversions reduced river flow to the 

estuary (Kowalewski, et al., 2000).  Shells of this species make up ~90% of those in the 

delta’s active cheniers (Kowalewski, et al., 1994).  Low δ18O values in predambrian 

shells of this bivalve and the decreasing abundance of M. coloradoensis shells with 

increasing distance from the river’s mouth indicate that this clam lived in brackish water 

(Rodriguez, et al., 2001a, b), and that its population decline is related to the diminished 
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flow of freshwater to the estuary (Kowalewski, et al., 2000).  Small populations of this 

species persist in the low intertidal and shallow subtidal zone near the river’s mouth, 

where agricultural return flows and rare excess river flows serve to occasionally lower 

salinities.  The species is a shallow burrower. 

The abundance of M. coloradoensis in the predambrian shell accumulations suggests 

that it may have been an important food resource for species higher in the trophic web.  If 

true, the decline of M. coloradoensis may have caused a decline in the abundance of its 

predators.  In this paper, we identify the bivalve’s predators and document the trophic 

importance of M. coloradoensis by analyzing the frequency of predatory boreholes, edge 

peeling and repair scars on shells that date from before the era of upstream dams and 

water diversions. 

In the 4th century B.C., Aristotle recognized that certain predatory gastropods killed 

their prey by drilling holes through the prey’s calcareous exoskeleton (Carriker, 1961).  

Today, analyses of predatory boreholes and repair scars are used by paleontologists to 

reconstruct trophic relationships in ancient ecosystems (for reviews, see Vermeij, 1987; 

Brett, 1990; Aronson, 2001; Kowalewski and Kelley, 2002; Kelley, et al., 2003).  

Although some nematodes, flatworms and octopods are drilling predators, most boreholes 

in Recent bivalve mollusks are the result of predation by naticid and muricid gastropods 

(Anderson, et al., 1991; Kabat, 1990; Kelley and Hansen, 1996; Kowalewski and Kelley, 

2002).  The size, shape, and location of boreholes provide evidence for the identity, size, 

behavior and prey preference of drilling predators (see extensive review by Kelley and 

Hansen, 2003). 
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Other predators of bivalves may either crush the entire shell or damage the shell’s 

margin (see extensive reviews by Alexander and Dietl, 2003 and Zuschin, et al., 2003).  

Crabs that prey on mollusks typically attempt to gain access to the bivalve’s tasty soft 

tissues by chipping and peeling at the growing edge of the shell.  However, crabs are not 

the only durophagous predators that chip or peel the shell’s margin.  For example, 

gastropods (e.g., species of Melongenidae, Buccinidae (see Nielsen, 1975), 

Fasciolariidae, and even some Muricidae), stomatopods, octopi and even seastars are 

known to rely on this technique (see Alexander and Dietl, 2003).  In addition, predatory 

birds can also damage shell margins (Drinnan, 1957; Kowalewski, et al., 1997; 

Kowalewski and Flessa, 2000).  To complicate matters, crabs and other peeling predators 

are known to switch to crushing, the effectiveness of which is dependent on the shell’s 

strength relative to the strength of the crushing claw (see Boulding, 1984; Zuschin, et al., 

2003).  Successful chipping or peeling attacks can leave distinctive damage on the shell 

margin while unsuccessful attacks are often repaired, leaving characteristic repair scars 

on the shell (Vermeij, 1983; Allmon, et al., 1990; Alexander and Dietl, 2001). 

Because no ecological studies were conducted of the Colorado River Estuary before 

the construction of upstream dams and water diversions, paleoecological approaches to 

reconstructing ancient trophic interactions are necessary for a glimpse into the character 

of the predambrian ecosystem of the Colorado River Estuary.  In doing so, we can assess 

the trophic consequences of the decline of what was the estuary’s most abundant bivalve 

species.  If predambrian shells of M. coloradoensis frequently show boreholes and edge 
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peeling, then the decline of this species probably led to the decline of its predators and 

species higher in the trophic web, changes in trophic pathways, or both. 

 

LOCALITY AND METHODS 

We collected shells of Mulinia coloradoensis within the Reserva de la Biósfera Alto 

Golfo de California y Delta del Río Colorado (Fig. 1).  This is an arid and hot region 

((average annual precipitation 68 mm; evaporation rate up to 250 cm/yr; water 

temperatures average 15º and 30º C during winter and summer, respectively (Thompson, 

1968; Ezcurra and Rodriguez, 1986)). 

Dams and water diversions on the Colorado River have greatly diminished freshwater 

and sediment discharges to the delta.  Salinity has increased and now ranges from 35-

40‰ (Lavín, et al., 1998).  Since 1960, the Colorado River’s sediment discharge is only a 

small fraction of its former sediment load - averaged yearly sediment transport through 

the Grand Canyon was once 135 x 106 t (Milliman and Meade, 1983).  These changes 

have strongly affected the dynamics of the estuary.  The upper Gulf of California is now 

a negative estuary - showing a gradient of increasing salinity from the ocean to the 

estuary’s upper reach due to seawater evaporation - (Lavín, et al., 1998) and the lack of 

sediment supply has resulted in the winnowing of previously deposited mud and silt and 

the concentration of shells in cheniers (Thompson, 1968; Kowalewski, et al., 1994). 

We collected shells of M. coloradoensis from four localities within the Colorado 

Delta: Isla Montague, Isla Sacatosa, Las Isletas, and Campo Don Abel (Fig. 1).  The 

shells date from the 1,000 years before the dams, as indicated by radiocarbon and amino 
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acid dates of Chione spp. shells in the same deposits (Kowalewski, et al., 1998).  

Although M. coloradoensis shells were not directly dated, their close association with 

Chione spp. shells within the cheniers supports their predambrian age. 

We sieved bulk samples with a three mm mesh screen, and examined 300 valves from 

each locality for evidence of drilling, marginal peeling damage and damage repair.  Three 

hundred valves represent no fewer than 150 individual clams (for an extensive discussion 

of shell counts and estimates of the numbers of individuals and predation frequencies, see 

Bambach and Kowalewski, 2000; Hoffmeister and Kowalewski, 2001; Kowalewski, 

2002).  We measured shell height (dorso-ventral dimension) and length (anterior-

posterior dimension) with a caliper (measurement precision = 0.1 mm). 

We calculated drilling, peeling and repair frequencies based on 1,200 shells (average 

length = 22.9 + 0.3 mm).  Completed boreholes (functional drill-holes sensu Kitchell, et 

al., 1986) (Fig. 2a) and damage at the shell margin (Fig. 2b) were counted as successful 

attacks, while incomplete holes, repaired holes or repair scars parallel to growth lines 

(Fig 2c) were counted as unsuccessful attempts.  Because snails drill a single valve, we 

divided the total number of shells with boreholes by 150 to estimate the drilling 

frequency.  Because crabs peel both valves, we divided the number of damaged margins 

or scars by two and then by 150 individuals to estimate the peeling frequency.  If, as 

Alexander and Dietl (2003) point out, Gilinsky and Bennington’s (1994) simulations 

suggest that the number of isolated valves may be a better indicator of the number of 

individuals than half the total number of right and left valves, then our estimates of 

peeling frequency are underestimates by as much as a factor of two.  We define the 
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frequency of repair as the number of non-marginal repair scars per individual clam 

(assuming 150 individuals). 

Shell margins can also be damaged during burrowing (Checa, 1993; Alexander and 

Dietl, 2001).  We used Checa’s (1993, p. 310-314) criterion for shell damage (i.e., breaks 

in which a shell piece is detached from the main shell along a definite line) to distinguish 

damage caused by predators from damage caused by burrowing activities. 

In addition, we conducted an experiment to differentiate between post-mortem 

physical (e.g., wave action) damage and ante-mortem peeling damage.  We photographed 

and placed 100 shells (average length = 21.1 + 0.9 mm) that had a smooth margin and a 

non abraded surface in water in a 750 ml (10 cm diameter) tumbling barrel.  The 

tumbling barrel was rotated at 53 rpm for 10 min, 1 hr, 10 hrs, and 100 hrs.  The product 

of 53 rpm and 10 cm diameter is equivalent to 530 cm/min.  Assuming such product 

approximates a linear distance, one hundred hours of tumbling is equivalent to ~30 km of 

transport or in-place tumbling in the surf zone.  Although these conditions may not 

exactly duplicate the natural, in situ tumbling experienced by the shells in the surf zone, 

the experiment provides some insight into the character of mechanical damage at the 

shell margin.  We examined and photographed each shell after each time period for 

damage to the shell margin.  Shells were returned to tumbling barrel until completion of 

the 100 hours. 

Because many of the predambrian shells were thin, we were not able to apply the 

usual criterion of beveled versus non-beveled shape (Bromley, 1981) to distinguish 

naticid from muricid boreholes. 
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Because M. coloradoensis is now so rare that field observations are impractical and 

we have not established any individuals in aquaria, we were not able to observe predation 

on live individuals. 

RESULTS 

Tumbling barrel experiments indicate that post-mortem physical damage to the shell 

margin is distinctively different from damage caused by crab predation.  Typical damage 

caused by mechanical breakage was not confined to the margin, tended to be ragged, and 

was either convex, concave, or semi-perpendicular to the shell margin (Fig. 2d).  This is 

distinctively different from the observed peeling or “nibbling” marginal damage typical 

of crab attacks (Fig. 2b).  Only two (2%) tumbled shells showed marginal damage similar 

to that caused by crab predation.  After 100 hrs, 30 out of 100 shells were damaged, and 

14 of those 30 were completely destroyed.  Smaller (< 10 mm) shells were more likely to 

be destroyed.  Oji, et al. (2003) also noted differences between shell fragments that were 

apparently caused by predation and those that were fragmented in tumbling bins. 

An average of 23% of the individuals were killed by predatory gastropods (Table 1); 

boreholes typically measure from 1 to 3 mm in diameter, and tend to occur in the vicinity 

of the umbo.  Fifteen of the 1,200 valves had multiple boreholes.  Twenty-seven percent 

of the individuals had peeling or nibbling damage on the shell margin (Table 1); these 

individuals are presumed to have been killed by predatory crabs.  M. coloradoensis was 

preyed upon at all measured sizes by both types of predators. 

The presence of shell repair (Table 1) indicates that some clams survived the first 

attack of either type of predator.  Frequency of repair averaged 34%; repair scars from 
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crab attacks were much more common than repaired boreholes; only one shell had a 

repaired borehole.  One hundred and nine individuals had more than one repair scar.  One 

hundred sixty-three clams died as a result of crab predation and 213 marginal repair scars 

were present.  This yields a success rate of 43% (163/376) for crab attacks.  Eighteen 

percent (24 individuals) of the shells with complete boreholes also showed marginal 

peeling damage.  Detailed information on the location, borehole size, scar length and size 

of prey can be found in Cintra-Buenrostro and Flessa (2004). 

 

DISCUSSION 

Identification of Predators 

The most likely predators of predambrian Mulinia coloradoensis were naticid and 

muricid gastropods and portunid crabs.  The shapes of the boreholes (when identification 

was possible; see methods) conform to those previously identified as those made by 

naticids (beveled hole) and muricid (straight-sided hole) gastropods (Bromley, 1981; 

Kabat, 1990), as well as to the size relationship - muricid boreholes are significantly 

smaller than naticid boreholes - documented by Kowalewski (1993).  Kowalewski (1993) 

found that 89% of the boreholes in Colorado Delta M. coloradoensis were made by 

naticid or muricid gastropods.  Although octopi occur in the area, we did not find any of 

the small, irregular or oval boreholes characteristic of cephalopod mollusks (Kabat, 

1990). 

The presence of muricid boreholes may be somewhat surprising because M. 

coloradoensis is infaunal and muricid gastropods typically prey upon epifaunal species 
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(Reyment, et al., 1987; Kelley, 1988; Arua and Hoque, 1989).  However, we have found 

some live M. coloradoensis with as much as a quarter of the shell’s posterior portion 

exposed above the sediment surface and Hexaplex nigritus is sometimes found infaunally 

(G. Vermeij, pers. comm. 2004).  Naticids, on the other hand, are typically infaunal 

predators (Kitchell, et al., 1981).  Based on his morphometric analysis of 98 boreholes in 

M. coloradoensis from the same area, Kowalewski (1993) concluded that 65 (66%) were 

made by naticid gastropods with only 23 (23%) made by muricid gastropods; the rest (10 

boreholes) were undetermined, but perhaps could be attributed to other predators, e.g. 

octopus. 

Peeling-nibbling damage is most likely due to predation by portunid crabs.  Portunid 

crabs are known to prey on Mulinia lateralis on the Atlantic and Gulf coasts of North 

America.  For example, Virnstein (1977) documents that predation by the blue crab, 

Callinectes sapidus, controls the population size of M. lateralis.  Blue crabs exhume 

individual bivalves and then either crush the shell or peel back its edge to gain access to 

the soft parts. 

The most common naticid gastropods in the northern Gulf of California today are 

Neverita reclusiana and Natica chemnitzii, and the most common muricid is H. nigritus.  

The most abundant portunid crab in the area today is Callinectes bellicosus; other 

portunids in the region are C. arcuatus, Portunus xantusii, Cronius ruber and Eurytium 

spp. (Brusca, 1980).  The maximum size of Mulinia coloradoensis in this study was 7 cm 

and most of the potential portunid predators are that size or smaller, except for 

Callinectes spp., which can reach 20 cm in carapace width.  Because crabs might switch 
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from peeling to crushing as they increase in size, our estimates of predation frequencies 

may mostly reflect predation by the smaller crabs and by juvenile C. bellicosus. 

Twenty-three percent of the specimens were killed by predatory gastropods.  Key, et 

al. (2001) (see also Kelley and Hansen, 2003, Fig 2) found that approximately 24% of 

Recent bivalves from the Gulf and Atlantic Coastal Plain were drilled by predatory 

gastropods.  Our estimates of the intensity of gastropod predation on the Colorado Delta 

are quite similar. 

In our samples, 27% of the individuals were preyed upon by crabs.  Unsuccessful 

crab attempts at predation were also common (28%).  The incidence of successful crab 

predation is higher than the ~ 20% reported by Stanton and Nelson (1980) in their 

analysis of the bivalves of the Eocene Stone City Formation.  However, crab predation on 

M. coloradoensis was less than the 75-94% reported by West and Cohen (1994) for 

gastropod prey in recent Lake Tanganyika.  Clearly, crab predation was a major source of 

mortality in M. coloradoensis in the predambrian estuary. 

The presence of marginal peeling-nibbling damage on 24 (18%) of the 137 

successfully drilled individuals suggest that either these clams first escaped predation by 

crabs only to succumb to snail predation before the peeling damage could be repaired, or 

that we recorded some marginal damage that was not the result of a predatory attack.  

Given the high frequency (28%; Table 1) of unsuccessful crab predation (as documented 

by repaired damage) we suspect that the former is the most likely explanation. 

The peeling and drilling frequencies on M. coloradoensis reported here are only 

estimates of overall predation frequencies.  Individuals that were preyed upon by 



 89

predators that either left no mark on the shell or that completely destroyed the shell are 

not reflected in our estimates.  Deaths from predators that left no marks (e.g., asteroids) 

would make our frequencies under-estimates of the true predation rates.  On the other 

hand, because the denominator in our estimates is the minimum total number of whole 

shells, deaths from predators that crushed entire shells (e.g., some crabs, fishes, 

shorebirds - see Cadée, 1994; Cate and Evans, 1994) would inflate estimates of peeling or 

drilling predation.  However, overall predation (peeling, drilling and crushing) 

frequencies would be under-estimated because crushed shells were not counted.  

Suppose, for example, that 50 shells out of 100 have either boreholes or marginal 

damage, thus producing an estimate of 50/100, or 50% predation frequency.  If, however, 

the original prey population totaled 200, 50 shells were whole but showed marks of 

predation; and 100 of the shells had been obliterated by crushing predators, then the true 

predation frequency would be 150/200, or 75%.  In addition, predatory boreholes may 

weaken the shell’s structure, making the shell more susceptible to subsequent destruction 

(see Roy, et al., 1994; Zuschin and Stanton, 2001; and Zuschin, et al., 2003 for an 

extensive discussion).  All these factors conspire to make our estimates of predation on 

M. coloradoensis conservative: actual predation frequencies were probably higher. 

 

Conservation Paleobiology 

Conservation paleobiology (Burnham, 2001; Kowalewski, 2001; Flessa, 2002) is the 

application of paleoecological and geochemical techniques to the analysis of the 

prehistoric and historic skeletal remains of species threatened with extinction.  In the case 
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at hand, we seek to document the former trophic importance of a species that is now rare, 

and consider the possible trophic consequences of its decline. 

Inasmuch as M. coloradoensis constitutes up to 90% of the shelly fauna in the pre-

dam ecosystem (Kowalewski, et al., 2000), our results indicate that this species was an 

important source of food for predatory gastropods and crabs.  The decrease in the size of 

the prey population must have lead to either a reduction in the abundance of predators, a 

switch to other prey, or some combination of these two effects. 

Kowalewski, et al. (2000) document that the reduction in population size of M. 

coloradoensis occurred without a compensatory increase in the abundance of other shelly 

species.  If the soft-bodied fauna (mostly polychaete annelids) increased as M. 

coloradoensis declined, then predatory crabs might have been able to switch to this 

resource but shell-drilling gastropods would have been out of luck.  No data exist on the 

population density of the delta’s predambrian soft-bodied fauna.  Although quantitative 

data are not available even for the living soft-bodied fauna, the density of annelids and 

burrows on the Colorado Delta today does not appear to be especially high (compared to 

that of tidal flats in the North Sea and the northeastern United States; KWF personal 

observations).  Thus, we doubt that an increase in the soft-bodied fauna followed the 

decrease in the shelly fauna.  This suggests that, even if the predatory gastropods and 

crabs were able to switch to alternate prey, they would have also suffered population 

declines. 

The abundance of predatory gastropods in the predambrian shelly deposits provides 

some support for this hypothesis.  The naticid, Neverita reclusiana, comprises 0.6% (609 
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individuals) of the shells in predambrian deposits, but none have been found alive in the 

area now (Avila-Serrano personal observations).  The muricid, Hexaplex nigritus, 

constitutes 0.001% of the predambrian assemblage, but it was not recorded by Avila-

Serrano (unpublished data) during a survey of the living fauna.  The gastropod Natica 

chemnitzii occurs in both predambrian and live assemblages.  This species makes up 

0.2% of the living shelly fauna, 0.002% of the nearby shell remains (Avila-Serrano, 

unpublished data) and 0.4% of the shells in the adjacent beach deposits (Kowalewski, et 

al., 1994; N. chemnitzii listed as Polinices spp.).  Portunid crabs are rarely preserved 

because their skeletons are poorly calcified.  The few claws that have been found are not 

indicative of the portunids’ original abundance because of their poor preservation.  

However, estimating predambrian population densities of both gastropods and crabs 

requires information on the species’ population biology and demography.  Such 

information is not presently available. 

Present-day population densities of crabs are not known but are probably reduced 

because of fishing activity (see below).  In any event, we speculate that predambrian crab 

populations were probably larger than unharvested, “dambrian” ones because of the 

greater availability of M. coloradoensis prey. 

The frequency of shell damage cannot directly estimate the decline in the population 

sizes of predators that fed on this once-abundant species.  However, if no prey-switching 

occurred and if trophic efficiency in marine food webs follows Lindeman’s (1942) “10% 

rule” (or some value between 2 and 25%, as estimated by Pauly and Christensen (1995)), 

then the 90% decline in the prey species would likely have caused a 90% reduction in the 
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populations of the predatory species.  These declines may have then precipitated declines 

in the populations of species that fed on the predatory gastropods and portunid crabs.  

Population sizes of other carnivores (sea stars, rays, fishes and shorebirds) could have 

also decreased. 

In addition to the trophic consequences for the dambrian ecosystem, the now-

diminished food supply for portunid crabs has likely had economic consequences for the 

region.  Callinectes bellicosus and C. arcuatus are commercially harvested in the estuary 

and northern Gulf of California.  Crab traps were introduced to the area in the late 1980’s 

(Montemayor-López, 2001) and commercial exploitation of this resource began in the 

early 1990’s.  An average of 3,000 ton/yr were harvested in Sonora during the 1990’s 

(Montemayor-López, 2001).  Although it is difficult to estimate the size of a now-

vanished resource, it seems reasonable to speculate that some restoration of Colorado 

River flow to its estuary would result in an increased abundance of M. coloradoensis and 

thus an even larger population of these economically important crabs.  Restoration of 

flow would not only benefit natural systems, but also support the livelihood of the 

region’s fishermen. 

 

CONCLUSIONS 

In addition to providing information on environmental tolerances, species 

composition and relative abundances in baseline assemblages, shelly assemblages can 

preserve a record of trophic interactions that have been altered by the effects of human 

activity. 
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The frequency of boreholes, edge damage, and shell repair in the predambrian shells 

of Mulinia coloradoensis indicate that this species was an important source of food for 

predatory gastropods and crabs in the predambrian ecosystem of the Colorado River 

Estuary.  The ∼ 90% reduction in the population size of M. coloradoensis caused by the 

decreased flow of river water to the estuary likely caused a similar decline in the size of 

the populations of its predators, extensive prey-switching, or both effects.  Restoration of 

some freshwater flow to the Colorado River Estuary would likely increase the population 

of this once-abundant species, as well as increase the populations of commercially and 

ecological important species that depend on it for food. 

Paleoecological approaches that employ analyses of predatory damage can be used to 

assess the trophic consequences of human-caused environmental change, even in the 

absence of pre-impact biotic surveys, and even when the skeletal remains of predators are 

lacking. 
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Table 1.  Frequency (%) of successful and unsuccessful predation on Mulinia 

coloradoensis by predators in the Colorado Delta and Estuary.  Numbers within 

parentheses represent numbers of preyed upon valves. 
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Figure 1.  Colorado Delta, upper Gulf of California, and sample localities: (1) Isla 

Montague, (2) Isla Sacatosa, (3) Las Isletas, and (4) Campo Don Abel. 

 

Figure 2.  Mulinia coloradoensis: (A) shell with borehole drilled by predatory gastropod; 

(B) shell with marginal damage made by a predatory crab; (C) shell with repair scar 

indicating unsuccessful attack by crab earlier in clam’s life; (D) shell with marginal shell 

damage caused in tumbling barrel experiment.  Scale bar = 1 cm.  In all boxes (A-D) a 

rough outline of the feature was drawn. 
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Locality Successful predation Unsuccessful predation 

 Total 

snails 

Total 

crabs 

Total, snails 

& crabs 

Snails Crabs Total 

Isla Montague 30.6 

(92) 

26.3 

(79) 

56.9 4.0 (12) 17.3 

(52) 

21.3 

Isla Sacatosa 21.2 

(63.5) 

30.3 

(91) 

51.5 4.0 (12) 22.3 

(67) 

26.3 

Las Isletas 24.6 

(74) 

20.6 

(62) 

45.2 12.0 

(36) 

41.7 

(125) 

53.7 

Campo Don Abel 14.6 

(44) 

31.3 

(94) 

45.9 4.6 (14) 31.7 

(95) 

36.3 

Average 22.7 

(273.5) 

27.1 

(326) 

49.8 6.2 (74) 28.3 

(339) 

34.5 

 

Notes: N = no fewer than 150 clams in each locality.  Total of successful (complete 

boreholes or marginal damage) and unsuccessful predation (incomplete boreholes, 

repaired boreholes and repaired marginal damage) may exceed 100% because some 

individuals showed evidence of more than one attempt at predation.  Back calculations of 

frequency to number of valves might not be exact due to roundness. 
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Abstract 

Because of competing demands for freshwater, restoration of estuaries requires 

estimates of minimum required inflows to sustain key species.  In this study we estimate 

the pre-dam salinities of the Colorado River estuary by using oxygen isotopes in 

subfossil shells of the estuarine bivalve mollusk Mulinia coloradoensis.  Since the 

construction of upstream water diversions, average salinity in the estuary has increased 

to 38‰ and the population of M. coloradoensis has decreased by ~ 90%.  In the 

“predambrian” estuary, specimens grew when salinity ranged from 22 to 33‰ at the 

mouth of the river while populations 40 km distant grew at salinities from 30 to 38‰.  

The river flow needed to reduce salinities at the mouth of the river to those recorded in 

the most distant localities ranges from 120 to 290 m3 s-1.  If these flows were sustained 

for a month, they would total from 2 to 4% of the river’s annual virgin flow.  We estimate 

the minimum annual flow required at 8 to 18% of the river’s annual average virgin flow of 

1.6 x 1010 m3.  A better understanding of the bivalve’s biology is needed to determine the 

causes of its population decline as well as the timing of an appropriate restoration flow 

for the recovery of M. coloradoensis. 

 

Keywords: Bivalves, Mollusks, Colorado River, Gulf of California, Stable Isotopes. 
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Introduction 

Estuaries worldwide have been adversely affected by the upstream diversion of 

freshwater for agricultural and municipal uses.  Decreases in the amount of freshwater 

and changes in the timing of its delivery can affect coastal sedimentation, coastal 

productivity, species abundance, and species composition (for reviews, see e.g. 

Copeland 1966; Skreslet 1986, Drinkwater and Frank 1994; Sklar and Browder 1998; 

Alber 2002).  As the losses of ecosystem services provided by estuaries have become 

evident, efforts at ecological restoration have increased, with the central question of 

“How much inflow is needed to sustain estuaries?” motivating both basic and applied 

research (see the Montagna et al. 2002 special issue of Estuaries). 

A common problem in determining minimum necessary inflows in many restoration 

efforts is the lack of information on biotas and their responses to inflows in “pristine”, pre-

impact baseline conditions (for discussions of the missing or shifting baseline problem in 

many settings, see Battarbee et al. 1985; Dixit et al. 1992; Pauly 1995; Dayton et al. 

1998; NRC 2005).  One solution to this problem is the analysis of organic remains from 

natural deposits or collections that date from before the impact.  For example, Jackson 

et al. (2001) employ this approach in assessing historical changes in coastal 

productivity, Kowalewski et al. (2000) estimate past population densities of an estuarine 

bivalve using abundances in shelly deposits, and Finney et al. (2000) use the 

sedimentary record of nitrogen isotopes in Alaskan lakes to evaluate the impact of 

fishing on salmon populations. 

In this paper, we examine the oxygen isotope record preserved in the shells of a 

once-abundant population of an estuarine bivalve mollusk (Mulinia coloradoensis) from 

the Colorado River Estuary, in the northern Gulf of California, México.  We use the 
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isotopic record preserved in these shells to determine the range of salinities under which 

this species grew in the era before upstream diversions eliminated most of the river’s 

flow to its estuary.  These salinities are the basis of estimates of minimum river flows 

that would be necessary to restore a population of this species. 

 

Changes to the Colorado River Estuary 

For our purposes, we divide the history of the Colorado River into two eras: (1) the 

“predambrian”, or the era before the construction of Hoover Dam and the filling of Lake 

Mead and (2) the “dambrian”, the time since that important event.  Hoover Dam allowed 

the regulation of downstream flow and the construction of aqueducts for agriculture and 

cities. 

Upstream dams and water diversions on the Colorado River (Hoover Dam, Glen 

Canyon Dam, All-American Canal, Colorado River Aqueduct, Central Arizona Project) 

have profoundly affected the river’s delta and estuary.  Salinity has increased and 

estuarine circulation has been altered (Lavín et al. 1998; Lavín and Sánchez 1999), the 

delivery of sediment has been greatly reduced (Thompson 1968; Carriquiry and 

Sánchez 1999), and the composition, abundance, growth rates and trophic structure of 

shelly invertebrates have changed (Kowalewski et al. 2000; Schöne et al. 2003; Cintra-

Buenrostro et al. 2005).  In addition, the increase in shrimp catches following controlled 

releases of river water (Galindo-Bect et al. 2000) and isotopic indicators of brackish 

water in the natal otoliths of the fish Totoaba macdonaldi and Cynoscion othonopterus 

(Rowell et al. 2004; Rowell et al. in press) strongly suggest that populations of these 

commercially important species were larger in the predambrian. 
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The drastic decline in the population of the bivalve, M. coloradoensis, provides 

perhaps the most dramatic evidence of biotic change in the Colorado River estuary 

following the decrease in freshwater inflow.  During the predambrian, this species 

reached densities of 25 - 50 individuals m-2; nowadays, in the dambrian, M. 

coloradoensis is rare and the bivalve (Chione spp.) is dominant, but reaches densities of 

only ~ 5 individuals m-2 (Kowalewski et al. 2000).  Mulinia coloradoensis has 

experienced a ~ 90% decrease in abundance; the species was not only abundant, it was 

an important prey item for predatory snails and crabs, including some commercially 

important species (Cintra-Buenrostro and Flessa 2004; Cintra-Buenrostro et al. 2005). 

Low δ18O values in predambrian shells of M. coloradoensis, and the decreasing 

abundance of its shells with increasing distance from the river’s mouth suggest that this 

clam lived in brackish water and that its population decline resulted from the diminished 

flow of freshwater to the estuary (Rodriguez et al. 2001a, 2001b).  We now use the 

methods devised by Dettman et al. (2004) to determine the salinity conditions under 

which this species grew during the predambrian of the Colorado River estuary, and to 

then estimate the minimum amount of river flow that may be needed to restore a viable 

population of M. coloradoensis. 

The analyses presented here are not just an academic exercise.  Interest in restoring 

key habitats of the Colorado Delta and its estuary is increasing (Morrison et al. 1996; 

Luecke et al. 1999; Pitt 2001; Marcos and Cornelius 2004; Zamora-Arroyo et al. 2005).  

The key questions, as in other efforts at riparian and estuarine restoration, concern the 

amount of water needed and the appropriate timing of its delivery to the habitat that is to 

be restored.  In the case of riparian and aquatic habitats in lower Colorado River, Pitt et 

al. (2000) recommend a perennial flow of 4 x 107 m3.  In addition, Zamora-Arroyo et al. 
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(2001) prescribe a spring flow of 80 - 120 m3 s-1 every four years.  The total annualized 

recommended flow amounts to approximately 0.5% of the mean annual flow of the 

Colorado River (Glenn et al. 2001b).  How do these estimates of flow for the riparian 

habitats compare to the estimates for the estuarine species reported here? 

 

Materials and Methods 

Study Area 

The Colorado River and its estuary are located in the northern Gulf of California at 

the border between Sonora and Baja California, México (Fig. 1).  This is an arid and hot 

region (average annual precipitation 6.8 cm; evaporation rate up to 250 cm yr-1; water 

temperatures average 15º and 30º C during winter and summer, respectively (Thompson 

1968; Ezcurra and Rodriguez 1986)).  Thompson (1968) provides a detailed description 

of the area’s environmental setting, and Glenn et al. (2001a and references therein) 

provide a review of the area’s ecology and conservation biology. 

Dams and water diversions on the Colorado River have greatly diminished 

freshwater and sediment discharges to the delta.  In the predambrian, river discharges 

reached 7,000 m3 s-1 (Glenn et al. 2001a).  Nowadays, flow from the Colorado River 

rarely reaches the Gulf of California (GC).  Dambrian salinities range from 35 - 45‰ 

(Schöne et al. 2003), with an average of 38‰ (Lavín et al. 1998), while predambrian 

values ranged from near 0‰ at the mouth of the river during the spring flood to 36 - 38‰ 

at the seaward edge of the mixing zone.  Evaporation dominates the present day salinity 

and stable isotope character of the northern GC (Dettman et al. 2004).  The isotopic 

composition of GC seawater is always positive, with an average of 0.54‰ (VSMOW).  

Colorado River water today averages -12.0‰, with little seasonal fluctuation because of 
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upstream reservoirs.  Dettman et al. (2004) estimate predambrian water values from -

16.5 to -8.4‰ based on δ18O values in shells of freshwater bivalves collected before the 

dams.  The most negative values occurred during the spring snowmelt of May, June and 

July.  This contrast between the δ18O of GC water and that of predambrian Colorado 

River water allows us to estimate paleosalinities from the δ18O composition of 

predambrian shells. 

 

Sampling and Analytical Procedures 

Six living M. coloradoensis were collected from the low intertidal and shallow subtidal 

at Isla Montague (Fig. 1).  Two were collected in December 2000 and four in March 

2003.  Fifty-one subfossil shells were collected from 2000 to 2004 in six localities 

throughout the Colorado River Delta (Fig. 1).  The subfossil shells date from 1,000 yrs 

before the dams, as indicated by radiocarbon and amino acid dates of Chione spp. 

shells in the same deposits (Kowalewski et al. 1998).  Although M. coloradoensis shells 

were not dated directly, their close association with Chione spp. shells within the shelly 

deposits of the beach ridges supports their predambrian age. 

Shells were sectioned along the axis of maximum growth; thick sections were 

mounted on glass slides, and polished (0.3 µm).  Calcium carbonate samples (50 - 100 

µg) were drilled from the shell cross-sections using either a stabilized dental drill and 0.3 

mm diameter dental burrs or a computer controlled micromill (Nu-wave / Merchantek), 

which targeted a sample resolution of ~ 100 µm. 

The stable isotope composition of the shell carbonate was measured in two 

laboratories: most samples were processed at the University of Arizona and some at the 

University of California at Davis.  Both labs used automated sample preparation lines for 
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carbonates.  These react the sample with dehydrated poly-phosphoric acid and transfer 

clean CO2 to the mass spectrometer for isotope measurement.  Measured δ18O values 

were normalized to NBS-19 and NBS-18 based on internal laboratory standards, with a 

± 0.1‰ precision of repeated standards for δ18O. 

We identified local minima in the δ18O of shell carbonate (δ18Os) as negative values 

surrounded by two or greater more positive δ18Os values. 

 

Estimating Paleosalinity 

The approach taken here to calculate paleosalinity in the northern GC is a 

modification of that used in Dettman et al. (2004).  The method is based on the fact that 

the oxygen isotope ratio of M. coloradoensis shell carbonate is controlled by the δ18O of 

the water (δ18Ow) in which it grew and the ambient temperature.  If two different shell 

carbonate samples were precipitated at the same temperature, any difference in δ18Os 

between the two samples can be attributed to a difference in the δ18Ow in which they 

grew.  This is useful in the context of paleosalinity studies because there is typically a 

large difference in the δ18O composition of freshwater and seawater, and because 

temperature landmarks can be selected in mollusk shells that make it likely that 

temperatures were similar in compared samples.  Note that oxygen isotope fractionation 

in molluscan aragonite and the controls on shell isotope chemistry are relatively well 

known.  The oxygen isotope fractionation relationship of Grossman and Ku (1986) for 

mollusk shells has been shown to be applicable to a wide range of bivalve species 

(Wefer and Berger 1991; Dettman et al. 1999; Goodwin et al. 2001) and we assume 

here that it is applicable to M. coloradoensis. 
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Because of extensive diversions on the Colorado River, river water no longer 

reaches the GC, and dambrian shells record the hypersaline environment of the modern 

estuary.  If dambrian and predambrian shells grown at similar temperatures can be 

compared, any difference in the predambrian and dambrian δ18Ow would be recorded as 

the difference in the δ18O of shell carbonate (δ18Os).  This difference is caused by the 

presence of isotopically negative Colorado River water mixing with the near 0‰ 

seawater of the GC.  The magnitude of the difference reflects the proportion of 

freshwater to seawater.  Because both salinity and oxygen isotope ratios are 

conservative properties of water, a simple linear mixing relationship between seawater 

and freshwater can be used.  The end-members of this mixing relationship (in both 

salinity and δ18Ow) have been determined by Dettman et al. (2004).  The linear 

relationship of salinity and δ18Ow today does not vary seasonally because there is no 

seasonal change in the δ18O of Colorado River water due to the long residence time of 

water behind the dams (Figure 2).  In the predambrian, however, there was a large 

seasonal change in the δ18Ow of Colorado River, which affects the mixing relationship.  

Dettman et al. (2004) used predambrian freshwater bivalves from the Colorado River to 

estimate the seasonal variation in the δ18Ow shown in Figure 2. 

This mixing relationship is expressed as follows: 
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where f is the decimal fraction of river water at the shell location, the numerator is the 

difference in shell carbonate for samples grown at similar temperatures, and the 

denominator is the difference between the pure seawater and pure freshwater end-

members.  We use a summer predambrian value of -16.5‰ in this paper.  This rather 
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unusual cycle, with more negative δ18Os values in the summer, is a result of the summer 

time snowmelt in the Rocky Mountains, which in predambrian times led to an annual 

flow-maximum from May to July.  There is also some variability in the seawater end-

member, and this is difficult to quantify because of spatial variability and infrequent water 

sample collection in the GC.  Our mean δ18Oseawater value is 0.54‰ (with 95% confidence 

interval (CI) of 0.06 to 1.13).  The selection of carbonate δ18Os values is discussed 

below.  Once friver is calculated it is a simple matter to calculate local salinity: 

Salinity = 38‰ (1 - friver)        

 (2) 

Modern salinities in the Colorado River Delta under no-flow conditions average 38‰ 

(Lavín et al. 1998). 

Although growth banding has proven very useful in determining season of growth in 

other species, the pattern of banding in M. coloradoensis is complex and a simple 

description of banding structure as a time indicator in the shell has not yet been worked 

out.  In contrast, Chione cortezi has strong daily bands, grouped in fortnightly tidal 

cycles, and clear annual bands (Schöne et al. 2002).  This allowed a direct comparison 

of δ18Os values for the same fortnight in an annual band from two different shells.  

Dettman et al. (2004) used this approach - assuming that, for example, the fifth fortnight 

of the year represented similar growth temperatures in two Chione spp. shells, and that 

the δ18Os difference between the fifth fortnight was therefore only due to the difference in 

the δ18O of the ambient water.  Because the sclerochronology in M. coloradoensis is not 

well known, we must turn to other landmarks in the shell. 

Seasonal temperature change creates a cycle in the δ18Os carbonate when the 

oxygen isotope ratio of ambient water does not undergo large changes.  Because cooler 
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temperatures produce more positive δ18Os values, the most positive δ18Os value is most 

likely the time of minimum temperature during the year.  Conversely the most negative 

δ18Os values can be associated with the warmest time of the year if there is little change 

in the oxygen isotope ratio of ambient water.  This assumes that shell growth occurs 

throughout the year.  In this study, an initial use of the most negative isotopic values in 

M. coloradoensis shells was taken as landmark of the maximum summer temperature.  

Stable isotope profiles of both predambrian (TS3) and dambrian (IM7A1R) M. 

coloradoensis are shown in Figure 3.  Note that the dambrian shell is significantly more 

positive in δ18Os than the predambrian one - a clear reflection of the presence of 

isotopically negative river water during this shell’s growth. 

A comparison of the most negative δ18Os values in dambrian and predambrian shells 

should be a comparison of shell grown at similar temperatures (the warmest growth in 

the spring / summer season), and the difference in these values would reflect the 

difference in the δ18Ow in which the animals grew.  An example of the most negative 

predambrian δ18Os values can be seen in Fig. 3, where two minimum values for the 

predambrian shell (TS3) -5.4 and -5.9‰ would represent two sequential summer δ18Os 

values.  The minimum dambrian δ18Os value used in Equation 1 for summer is not based 

on observations, however, because some of the live collected (dambrian) M. 

coloradoensis were occasionally exposed to controlled releases of river water to the GC 

in the last decade.  An example of this is the -4.0‰ value in shell IM7A1R (Fig. 3), which 

correlates with a known release of river water in 1999.  This single anomalous point is 

much more negative than that expected from a shell growing in pure seawater under the 

typical shallow water temperature cycle of the GC (15 to 30° C).  Therefore, we calculate 

the δ18Os value expected for a mollusk living in end-member seawater at 30° C, the 
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warmest monthly temperature for the intertidal zone (Alvarez-Borrego et al. 1975; 

Goodwin et al. 2001) in the northern GC.  This calculation is based on the molluscan 

aragonite fractionation relationship of Grossman and Ku (1986), with minor modifications 

(Goodwin et al. 2001), and a δ18Ow value of 0.54‰ VSMOW.  The value for dambrian 

δ18Os is -1.83‰ VPDB, which agrees relatively well with the broad summer minimum 

values seen for the live-collected IM7A1R in Figure 3.  Table 1 shows the dambrian 

δ18Os values for 30° C and the average seawater δ18Ow, as well as the range in dambrian 

δ18Os values resulting from the ± 95% CI on the δ18Ow of seawater. 

Associating the 30° C temperature with the most negative δ18Os value is a 

conservative comparison for purposes of estimating river flow because the lowest δ18Os 

values in predambrian shells are clearly caused by the presence of significant amounts 

of river water at the site of shell growth (e.g. the values in the -5 to -6‰ range in Fig. 3).  

Such values are far less than those that could be generated by normal high 

temperatures (a δ18Os value of -6‰, with water at current values of 0.54‰ would require 

a growth temperature of 56.8º C, a temperature more than 25° C higher than any values 

that have been directly measured).  Historical (instrumental) data on predambrian river 

flow shows that the peak flood stage occurred in the months of May, June, and July.  

This peak flow was well before the temperature maximum, which occurs in late August 

(Schöne et al. 2002), and a more appropriate average temperature for these three 

months is 25° C.  Therefore we also compare minimum predambrian δ18Os values with a 

dambrian δ18Os value calculated at 25° C, giving -0.67‰ VPDB (Table 1).  Although this 

yields a less conservative (lower) value for salinity than the 30° C value, it is probably a 

closer match to the environmental conditions that the predambrian shells experienced 

during maximum river flow. 
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In summary, the predambrian early to mid summer salinity is calculated from 

minimum δ18Os values.  The minimum value is compared to two dambrian δ18Os values, 

one based on 30° C and one based on 25° C (Table 1).  The former leads to more 

conservative (higher) estimates of salinity, while the latter probably better reflects the 

actual temperatures of the δ18O minimum event (spring snowmelt) in typical years.  

Because the samples used in these comparisons probably grew at similar temperatures, 

the difference is primarily due to the summer time difference in δ18Ow under predambrian 

and dambrian conditions.  This δ18Os difference can be used in a mixing relationship 

between summer freshwater and seawater to calculate the proportion of river water in 

the mixing zone (Equation 1).  The ambient salinity can be calculated (Equation 2) from 

this proportion. 

 

Estimating River Discharge 

Because Dettman et al. (2004) have calibrated the proportion of river water with 

absolute amounts released to the estuary, we use their Equation 2 to estimate the 

discharge of Colorado River water that would produce the estimated salinity at Isla 

Montague, at the mouth of the river. 

Dettman et al. (2004) Equation 2: 

Discharge = (20.2 m3 s-1 / 0.01) friver 

These estimates of maximum discharge are converted to a value for the month of 

June by multiplying the instantaneous value by the number of seconds in June.  We use 

June because it is the month of maximum discharge (Fig. 9), based on 30 years of 

measured flow (Harding et al. 1995; Dettman et al. 2004).  We estimate annualized flows 
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by multiplying the June flow by four because June flows comprise ~ 25% of the river’s 

annual discharge (Fig. 9). 

All our discharge estimates are for Isla Montague rather than the locality from which 

the salinity estimates are derived.  We cannot easily predict river discharges at Isla 

Montague that would result in the salinities estimated from more distant localities 

because the rate at which river water mixes with seawater with increasing distance from 

the river’s mouth is unknown. 

This situation does not present a difficulty.  Indeed, it allows to pose a practical 

question: if a population distant from the river’s mouth (Isla Montague) were to be 

transplanted to the river’s mouth, what river discharges would be needed to reproduce 

the estimated predambrian salinities from that distant locality?  The question is a 

practical one because of the societal demands on the river’s water.  Any restoration 

strategy will likely seek to minimize the freshwater allocated for habitat needs.  The 

same volume of river water mixed with small amounts of seawater near the river’s mouth 

will have a greater effect on seawater than the same volume mixed with a large amount 

of seawater distant from the river’s mouth.  Thus, our estimated flows are prescriptions 

for salinity for a restored population of M. coloradoensis at Isla Montague. 

 

Critical Assumptions 

This approach to estimating past estuarine salinities (and river flows) depends on 

several critical assumptions: 

(1) We assume that the seasonal temperature cycle in the Colorado River estuary 

during the past 1,000 years (the age range of the predambrian shells) is the same as 

that of today.  If temperatures in the past were warmer, our calculated salinities 
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overestimate the true values.  If past temperatures were cooler, our calculated salinities 

underestimate the true values.  Note, however, that temperature exerts a relatively small 

effect on δ18Os values: a temperature shift of ~ 4.7° C is needed to change the δ18Os 

values by 1‰ (Grossman and Ku 1986), an amount that, under summer flow conditions, 

leads to a 2.2‰ difference in the calculated salinity. 

(2) We assume that the δ18Ow of the open Gulf of California during the past 1,000 

years (the age range of the predambrian shells) is the same as that of today.  If GC 

δ18Ow values were higher in the past, our calculated salinities underestimate the true 

values.  If GC δ18Ow values were lower in the past, our calculated salinities overestimate 

the true values.  Inasmuch as the δ18Ow of GC depends on the rate of exchange of GC 

water with the open Pacific and the region’s evaporation regime, we think that an 

assumption of near constancy for the past 1,000 years is reasonable. 

(3) We assume that the minimum δ18Ow of Colorado River during the past 1,000 

years (the age range of the predambrian shells) was the same as that observed in two 

specimens of a predambrian freshwater bivalve.  If however, these individuals ceased 

growth during the full flood stage of the river, our estimated minimum δ18O for Colorado 

River water of -16.5‰ may be more positive than the true value (see Dettman et al. 

2004 for further discussion).  If this δ18O estimate is not as negative as actual conditions 

during flood-stage flow, then our calculated salinities underestimate the true values. 

(4) Equation 1 can only estimate salinities that are the same as or less than those 

encountered today.  When predambrian δ18Os values are less than those of today, then 

the fraction of river water is a positive value.  When predambrian δ18O values are the 

same as those of the dambrian, then the fraction of river water in the estuary is zero.  If, 

however, local evaporation or temperature effects are such that δ18Os values are greater 
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than those of today, then the fraction of river water is a negative value.  Under these 

circumstances, salinity cannot be estimated from Equation 2 because a negative fraction 

of river water is impossible.  Thus, our approach does not allow us to estimate salinities 

in excess of the current 38‰. 

Finally, because our salinity estimates are based on δ18O values from the shells, our 

method can only estimate ambient salinities during the growth of the specimen.  If 

ambient salinities are higher or lower than the values tolerated by a growing individual, 

then such values will not be recorded.  Mulinia coloradoensis does not occur in 

freshwater, suggesting that the species cannot tolerate (or at least grow in) some 

estuarine salinities.  Extremely low salinity conditions (associated with maximum river 

flows) will not be recorded in the shell.  This may prevent the use of δ18Os values from M. 

coloradoensis as indicators of river flow through all times of the year.  However, because 

the purpose of this paper is the estimation of salinity tolerances of a viable and stable 

population of M. coloradoensis as a guide to restoration, any growth cessation under 

extreme salinities does not hinder our efforts. 

 

Results 

We analyzed a total of 709 carbonate samples from 57 different valves of M. 

coloradoensis.  The locality, number of shells, minimum, maximum, and average δ18O 

values are shown in Table 2.  All data are available in this journal’s digital archives (url). 

The average δ18Os for the predambrian M. coloradoensis shells from Isla Montague, 

at the mouth of the river, are 3.0‰ less than the average from the live-collected shells 

(Table 2, Fig. 4).  Average δ18Os values increase with increasing distance from Isla 

Montague until Southern Orca and then decrease slightly at Estero Grande and Campo 
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don Abel (see Fig. 1 for a map of the localities).  None of the average predambrian δ18Os 

values are as high as the average value for the live-collected shells at Isla Montague. 

The average minimum δ18Os values from predambrian shells show a steady increase 

to the south, with the exception of a slight decrease at the Estero Grande locality (Fig. 

5).  These minimum values reflect conditions during the annual spring / summer 

snowmelt. 

Estimated minimum salinities vary both within and among the six localities (Fig. 6).  

Two sets of estimates are shown: one based on an assumption of an ambient 

temperature of 25º C, the other based on 30º C at the time of the minimum δ18Os values.  

The pattern of increasing salinity with increasing distance from Isla Montague, at the 

river’s mouth, is evident in both columns of histograms.  Note that salinities based on the 

assumption of 30º C (Fig. 6 h - j) are ~ 2.0‰ higher than those based on the assumption 

of an ambient temperature of 25º C (Fig. 6 a - f). 

The estimated average minimum salinity at each locality (Fig. 7) is based on the 

values shown in Fig. 5 and Equation 2 for the summer snowmelt season.  Minimum 

predambrian growth salinities are from 4.8 to 10.3‰ less than those at Isla Montague 

today. 

River flows needed to produce the estimated salinities vary from 120 to 550 m3 s-1, 

total estimated flows for June range from 0.03 x 1010 to 0.14 x 1010 m3, and annualized 

flows vary from 0.12 to 0.56 m3 x 1010 (Table 3).  As noted above, these discharges are 

calculated for Isla Montague because our lack of knowledge of how dilution increases 

with increasing distance from the river’s mouth.  These values estimate the discharge 

needed at Isla Montague to reduce the current 38‰ salinity there to the lower, 

predambrian salinities, observed at Isla Montague and all other localities. 
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Discussion 

Variation among Localities 

The lower δ18Os values (and corresponding lower estimated salinities) for the 

predambrian shells at Isla Montague are easily interpreted as the consequence of the 

dilution of isotopically depleted Colorado River water with ~ 0.54‰ GC water in the era 

before upstream dams and water diversions.  The gradual increase in predambrian δ18Os 

values (and corresponding salinities) with increasing distance from Isla Montague is 

most likely the consequence of the progressive dilution of Colorado River water with 

increasing distance from the river’s mouth.  These two general features of δ18Os values 

in predambrian M. coloradoensis shells were also noted by Rodriguez et al. (2001b).  

However, they estimated neither predambrian salinities nor the discharge necessary to 

produce those salinities.  Furthermore, their smaller sample size (90 samples from 12 

shells, (which are also used in this study) and “coarser” geographic resolution (four 

localities instead of our six) prevented them from detecting the slight decrease in δ18Os at 

Estero Grande and Campo don Abel. 

An intriguing feature of Figure 5 is the plateau or slight decrease in δ18Os values at 

Estero Grande and Campo don Abel.  This feature could be caused by some aspect of 

estuarine circulation that concentrated Colorado River water along this stretch of the 

shoreline, by a local influx of isotopically negative freshwater, or by warmer water 

temperatures in those localities.  We know of no process that might concentrate 

Colorado River water (or retard its diffusion with GC water) along this shore.  The 

association of this anomaly with the mouth of Estero Grande suggests that a local 

source of freshwater - including groundwater runoff - is one plausible explanation.  

Indeed, a local fisherman reported to us that a reduction on the abundance of the shelly 
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fauna happened at this locality due to pollution from a mine adjacent to the drainage, 

suggesting that some freshwater enters this estero and may have done so in the 

predambrian.  Appealing as the local source of freshwater explanation may appear, 

streams draining off the eastern slope of the mountains of Baja California are, at 

present, ephemeral.  Furthermore, their water would not likely have a very negative δ18O 

signature because it would be derived from rain from Pacific storms rather than from 

snowfall in the interior of the continent.  Thus, perhaps the most likely explanation is 

higher water temperatures in this region.  Water entering Estero Grande during high 

tides will flood the adjacent tidal flats and heat rapidly during the day.  The ebb flow re-

entering the Gulf will be warmer than that of the surrounding water, lowering the δ18Os of 

the M. coloradoensis growing in the area.  A temperature difference of ~ + 7º C at Estero 

Grande would explain the ~ 1.4‰ difference in the average δ18Os values between Estero 

Grande and Southern Orca.  However, a temperature difference of ~ 19º C is needed to 

explain the difference between the most negative δ18Os at Estero Grande and the most 

positive δ18Os at Southern Orca. 

 

Variation within Localities 

Minimum salinities also vary within localities (Fig. 6).  This result is expected 

because the spring / summer snowmelt discharge of the predambrian Colorado River 

varied greatly from year to year (see Fig. 10 in Dettman et al. 2004).  The lowest growth 

salinities occur, as expected, at Isla Montague (Fig. 6a, g), at the mouth of the river.  The 

anomalously low estimates at Estero Grande (Fig 6e, k) may be, as discussed above, a 

consequence of high temperatures rather than isotopically negative freshwater.  The 

highest values are at Campo don Abel, the locality most distant from the river’s mouth, 
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where some minimum values (Fig. 6l) are identical to the 38‰ salinity that characterizes 

the region today.  This is not entirely surprising inasmuch as a small population of M. 

coloradoensis persists today at the river’s mouth, where salinities sometimes exceed 

that value. 

A larger sample size is required to characterize the frequency distribution of 

minimum salinities because the volume of the predambrian spring / summer snowmelt 

varied greatly from year to year.  For those localities with a relatively large sample size 

(Isla Montague, Fig 6a, g; Las Isletas, Fig. 6c, i; and Campo don Abel, Fig. 6f, l), there is 

a suggestion of a central tendency, but clearly, more data would be needed to reliably 

compare the frequency distributions of these estimates. 

 

Estimates of River Flow 

Estimated river discharges at Isla Montague needed to generate the estimated 

predambrian salinities (Table 3) show the same geographic variation shown by the 

minimum δ18Os values because the flow estimates are derived from them.  The flows 

required to produce the observed minimum δ18Os values at Isla Montague are the largest 

while those required to produce the minimum δ18Os values at Campo don Abel are the 

smallest.  The flows needed to produce the minimum δ18Os values at Estero Grande are 

anomalously high, given that locality’s distance from the source of the freshwater.  As 

noted above, the anomalously low δ18Os values at Estero Grande could be the result of 

factors other than the influx of Colorado River water. 
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Comparison with Other Estimates 

How salinities change with increasing distance from the Colorado’s mouth have been 

modeled by Carbajal et al. (1997), and observed during a controlled release in 1993 

(Lavín et al. 1998; Lavín and Sánchez 1999).  A comparison of their results to ours, and 

to salinities during no-flow conditions (Fig. 8) reveals some interesting features.  No-flow 

salinities during August, 1973 decrease slightly from the mouth of the river toward to 

most distant locality.  This inverse estuarine circulation is caused by the high 

evaporation rates and restricted circulation at the river’s mouth (Lavín et al. 1998).  

During a controlled release of 500 m3 s-1 during March and April of 1993 a more normal 

estuarine circulation was briefly re-established (Lavín and Sánchez 1999).  A modeled 

flood flow of 2,000 m3 s-1 produced salinities at Isla Montague as low as ~ 7‰.  Note that 

salinities during the controlled release and in the modeled flood flow reached near 

normal values at Estero Grande.  Although our estimates of salinity are estimates of the 

minimum salinities during growth of the M. coloradoensis shell (actual salinities may 

have been lower during cessations of growth), our estimates are close to those observed 

by Lavín and Sánchez (1999) during a controlled release of 500 m3 s-1.  Our estimated 

average minimum growth salinity of ~ 27‰ at Isla Montague, and its corresponding 

estimate of 400 - 550 m3 s-1 compares well to the ~ 32‰ during the controlled release of 

500 m3 s-1.  Given the error associated with the construction and interpolation of the 

isohalines in Lavín and Sánchez (1999), and the uncertainties associated with our 

isotopic approach, the values compare rather well. 

Given that the 2,000 m3 s-1 flood flow modeled by Carbajal et al. (1997) was a typical 

feature of the river during predambrian time, why don’t we see δ18Os values (and the 

resulting estimated salinities and flows) typical of such events?  Perhaps the most likely 
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explanation is that M. coloradoensis was not able to grow under such low salinity or high 

turbidity conditions.  Mulinia coloradoensis may have temporarily ceased growth under 

such extreme conditions, a common occurrence among bivalve mollusks (Bemis and 

Geary 1996; Jones 1998).  Alternatively, our samples may have either missed the brief 

peak flows or may have averaged-out the peak flows with shell material from adjacent 

time intervals (see Goodwin et al. 2003 for a discussion of the effects of sample 

resolution on temperature estimates). 

 

Implications for the Restoration of M. coloradoensis Habitat 

If the decline in the population of M. coloradoensis was a consequence of a 

decrease in the river’s flow, as suggested by Kowalewski et al. (2000), and Rodriguez et 

al. (2001a, 2001b), how much flow would be needed to restore this bivalve’s habitat?  

The most distant abundant population of M. coloradoensis was at Campo don Abel and 

predambrian growth salinities there were only slightly less than those encountered 

today.  Flows of from ~ 120 to 250 ± 20 m3 s-1 at Isla Montague today would be 

reproduce the minimum salinity regime of Campo don Abel in the predambrian (Table 3). 

However, the Campo don Abel population may have been a “sink” population, 

sustained by the influx of larvae from a lower-salinity setting, closer to the mouth of the 

river.  Assuming then that the population of M. coloradoensis at Southern Orca, the site 

with the next highest predambrian δ18Os values (and next highest predambrian salinities) 

was self-sustaining, and not a sink population sustained by the influx of larvae from 

elsewhere, flows of from ~ 150 to 290 ± 30 m3 s-1 would reproduce the minimum salinity 

regime of the predambrian Southern Orca at Isla Montague today. 
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These two localities (Campo don Abel and Southern Orca) provide a range of flows 

that would be needed to restore a portion of M. coloradoensis habitat: from ~ 120 to 290 

m3 s-1.  If these flows were sustained for the month of June (their most likely time of 

arrival during the predambrian), the total monthly flow would be from 0.03 x 1010 m3 to 

0.07 x 1010 m3.  Further assuming that these June flows constituted 25% of the river’s 

annual discharge and that the river’s annual hydrograph was restored, an annual 

discharge of ~ 0.12 x 1010 m3 to 0.28 x 1010 m3 would be required.  The June values 

represent ~ 2 to 4% of the river’s long-term annual average flow of 1.6 x 1010 m3 

(Stockton and Jacoby 1976) and our prescription for annual flow is 8 to 18% of the long-

term annual average. 

The good news is that substantially less than the full flow of the Colorado would be 

needed to restore M. coloradoensis habitats to their predambrian salinities.  The bad 

news is that the annual estimates that our calculations prescribe are higher than the 

0.5% called for by Glenn et al. (2001b) to restore and sustain the delta’s riparian 

vegetation.  There is some reason to suspect that our estimates may be too high.  First, 

a sustained, year-long freshwater flow might not be required.  If only a month-long flow 

of from ~ 120 to 290 m3 s-1 was required, then such a flow would constitute only ~ 2 to 

4% of the predambrian river’s annual discharge.  Second, our estimates of minimum 

growth salinities may be estimates of minimum tolerable salinities - the lower threshold 

values, below which M. coloradoensis ceases growth.  Optimum salinities may be higher 

than those estimated here.  Only further research, including controlled experiments on 

the growth and reproduction of M. coloradoensis, could resolve this issue. 
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Alternative Explanations for the Decline of Mulinia coloradoensis 

There is strong circumstantial evidence linking the decline in the population of M. 

coloradoensis with the decrease in the flow of the river: (1) the species’ population size 

decreased after the completion of upstream dams and diversions (Kowalewski et al. 

2000); (2) the relative abundance of predambrian M. coloradoensis shells decreases 

with increasing distance from the river’s mouth (Rodriguez et al. 2001a, 2001b); (3) δ18O 

values in predambrian shells are lower than those in dambrian shells (Rodriguez et al. 

2001a, this paper); δ18Os values in predambrian shells increase with increasing distance 

from the river’s mouth (Rodriguez et al. 2001b, this paper); and (4) Mulinia lateralis, a 

congener from the Atlantic and Gulf coast of the USA has an optimal growth salinity  of ~ 

22‰ (Calabrese 1969). 

But other environmental changes have affected the estuary since the construction of 

upstream dams and water diversions.  Some of the changes are associated with the 

decrease in river flow (decreased sediment load, decreased input of naturally-derived 

nutrients, elimination of the spring / summer flood) while others are not (increased inputs 

of agricultural fertilizers and pesticides).  If one or more of these factors caused the 

decline in the population of M. coloradoensis, a simple return to predambrian salinity 

conditions would not restore the population. 

Although we cannot, at present, conclusively eliminate these alternative 

explanations, some evidence suggests that they are less likely than the direct effect of 

salinity. 

(1) Decreased sediment load.  Before the dams and water diversions, the Colorado 

River delivered ~ 160 x 106 metric tons yr-1 of sediment to its delta and estuary 

(Carriquiry and Sánchez 1999).  Today, most of that sediment load is trapped in 
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upstream reservoirs and the trickle of water that reaches the estuary directly or as return 

flow from agriculture carries a very small load of sediment.  Under current conditions, the 

previously deposited silt and mud is being re-suspended and eroded into deeper water, 

and shell-rich beach ridges line much of the delta front (Thompson 1968).  However, 

extensive intertidal and shallow subtidal mudflats (the preferred habitat of M. 

coloradoensis) still cover an area of ~ 24,000 ha (estimate based on twice the area of 

intertidal flats calculated by Kowalewski et al. 2000), and turbidity remains high because 

of the resuspension of previously deposited sediments (Alvarez and Jones 2004).  The 

extent and character of M. coloradoensis’ substrate seem little changed from the 

predambrian. 

(2) Decreased input of naturally-derived nutrients.  Along with freshwater and 

sediment, rivers also supply particulate and dissolved nutrients to their estuaries, which 

can then stimulate productivity (see, e.g. Nixon et al. 1986; Hallim 1991; Jordan et al. 

1991; Kimmerer 2002).  Cessation of Colorado River flow probably decreased the input 

of nutrients to its estuary and Kowalewski et al. (2000) suggested that this decrease in 

river-borne nutrients was a major factor, along with the increase in salinity, in M. 

coloradoensis’ decline.  However, present-day nutrient concentrations and primary 

productivity in the upper GC are very high (Hernández-Ayón et al. 1993; Millán-Núñez et 

al. 1999).  Ample nutrients may be available from upwelling and from the re-working of 

previously deposited deltaic sediments suggesting that productivity in the Colorado 

estuary may not be nutrient-limited.  Indeed, although the Wadden Sea of the 

Netherlands receives large inputs of river-borne nutrients, phytoplankton growth is 

largely limited by light (Colijn and Cadée 2003).  If, as now seems likely, productivity in 

the estuary is not nutrient-limited, then any lack of river-borne nutrients (if such would be 
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the case) in a managed, restored flow of the river would have little effect on restoration 

of M. coloradoensis habitat. 

(3) Elimination of the spring / summer flood.  The upstream dams that permit 

downstream river management (including diversions) on the Colorado have eliminated 

the seasonal flood of snowmelt.  They have, of course, also eliminated nearly all of the 

river’s flow.  But the question remains as to the importance of the timing of a freshwater 

pulse to the river’s estuary.  Our analyses here presume that the pulse of river water 

arrived in the late spring and early summer (May / June).  This is well-shown by studies 

of the hydrography of the predambrian river (Fig. 9) and is apparent in the δ18Os variation 

in predambrian Chione spp. shells from the estuary (Dettman et al. 2004).  If this pulse 

flow is an important trigger in M. coloradoensis’ life cycle, stimulating reproduction or 

larval development, for example, then providing the prescribed flows estimated here at 

some other time of the year, may not result in the restoration of this species’ population.  

Laboratory experiments or observations following controlled releases in different months 

would be necessary to evaluate the importance of the timing of the flow.  But in the 

absence of evidence to the contrary, a pulse flow in June would best reproduce natural, 

predambrian conditions. 

(4) Increased inputs of agricultural fertilizers.  Coastal “dead zones”, resulting from 

the increased inputs of agricultural fertilizers are now well documented (e.g. Turner and 

Rabalais 1994; Rabalais et al. 1996).  In the GC, Beman et al. (2005) show how 

agricultural runoff supports phytoplankton blooms off the mouth of the Yaqui River, ~ 

425 km to the south.  Like the Yaqui Valley, the lower Colorado Valley, the Imperial 

Valley and the Valle de Mexicali have been converted to cropland through the diversion 

of river water and the application of fertilizers.  However, unlike the Yaqui, Colorado 
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River water rarely reaches the GC.  The small amounts that do reach the Gulf as return 

flow, ground water flow and as controlled releases probably have little effect in fueling 

phytoplankton blooms because, as discussed above, productivity in the upper Gulf does 

not appear to be nutrient-limited, and concentrations of the agriculturally-derived 

nutrients are likely to be small. 

(5) Increased inputs of pesticides.  Agricultural activities in the nearby Valle de 

Mexicali and lower Colorado may have introduced pesticides (or herbicides) into water 

that may reach the river’s estuary, harming marine life there.  Although studies are few 

and their sample sizes small, it appears that pesticide levels in marine mollusks are very 

low.  For example, Núñez-Esquer (1975) reported an average of 67 ppb of DDT in 

Chione californiensis from the Isla Montague area; this is half the concentration at San 

Felipe, ~ 55 km from Isla Montague. Although Gutiérrez-Galindo et al. (1988a) report the 

presence of DDT and its metabolites in two species of fish throughout the Valle de 

Mexicali, levels were an order of magnitude lower than those permissible for human 

consumption.  Gutiérrez-Galindo et al. (1988b) found trans-nonachlor in ~ 35% of the 

sampled stations within tissues of the freshwater bivalve Corbicula fluminea, but again, 

the levels of chlorinated hydrocarbons - mainly DDT - were smaller an order of 

magnitude less than permissible levels and were even lower in the marine bivalves 

Chione californiensis and Modiolus capax.  Although sample sizes were limited to only 

one or two individuals, García-Hernández et al. (2001) found selenium concentrations 

lower than the potential toxic threshold and no detectable concentrations of mercury or 

DDT-family pesticides in “marine clams” (they provide no more specific identification) 

from the estuary.  They did, however find a cadmium concentration twice the potential 

toxic threshold in one specimen.  In light of these observed low concentrations and the 
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lack of an efficient mode of delivery of pesticides to the estuary (i.e. no river flow), we 

doubt that the decline in the M. coloradoensis population is the result of the application 

of pesticides in upstream agricultural areas. 

Although our analysis here focuses on a single factor - salinity - we recognize that 

many factors may have interacted to cause the decline in M. coloradoensis.  Additional 

laboratory and field study are needed to conclusively eliminate the alternatives 

discussed above and to identify the causes for the decline of M. coloradoensis’ 

population in the Colorado River estuary.  The most likely explanation at the present 

time is that the species has been adversely affected by the increase in the estuary’s 

salinity and that increased flow would serve to restore the species’ habitat. 

 

Summary 

Oxygen isotope values in the predambrian shells of the estuarine bivalve mollusk M. 

coloradoensis indicate that they grew in salinities from 4 to 10‰ less than the 38‰ that 

characterizes the estuary today.  Specimens from the mouth of the river indicate 

minimum growth salinities of 22 to 33‰ while those from 40 km from the river’s mouth 

range from 30 to 37‰.  Reducing salinities at the mouth of the river to these values 

requires river flows from 120 to 550 m3 s-1.  Potential restoration of a sustainable 

population of M. coloradoensis at the mouth of the river, at salinities characteristic of a 

large, pre-dam population ~ 27 km distant would require flows of 150 to 290 m3 s-1.  

Such flows during the month of June, the peak flow period in the pre-dam river, would 

total 0.04 x1010 m3 to 0.07 x1010 m3, or 2 to 4% of the river’s annual discharge.  

Restoring a seasonal cycle of flow with this peak flow as 25% of the annual flow would 

require ~ 0.16 x 1010 m3 to 0.28 x 1010 m3, or 8 to 18% of the river’s annual discharge.  
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Refining these estimates requires better understanding of the environmental controls on 

the growth and reproduction of this species. 
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TABLE 1.  δ18O values used to calculate friver in Equation 1: δ18Ow = water value; δ18Os = 

shell value; CI = confidence interval. 

 

 δ18Ow 

Predambrian 

Colorado River 

δ18Ow 

Gulf of 

California 

δ18Os 

@ 25º C 

δ18Os 

@ 30º C 

     

+ 95 % CI  1.13 ‰ - 0.08 ‰ - 1.24 ‰ 

Average - 16.5 ‰ 0.54 ‰ - 0.67 ‰ - 1.83 ‰ 

- 95 % CI  0.06 ‰ - 1.15 ‰ - 2.31 ‰ 
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TABLE 2.  Number of shells, number of local minima within all shells from that locality, 

minimum (Min), and average (Avg) δ18Os from each locality.  NA = not applicable. 

 

Locality Shells # Minima Min δ18Os (‰) Avg δ18Os (‰)

     

Live-collected     

Isla Montague 6 NA - 4.0 - 0.8 

Predambrian     

Isla Montague 12 21 - 7.6 - 3.8 

Punta Zacatosa  7 13 - 6.1 - 2.4 

Las Isletas 14 18 - 5.2 - 1.9 

Southern Orca 2 5 - 4.1 - 1.2 

Estero Grande 3 5 - 7.1 - 2.0 

Campo don Abel 13 20 - 4.2 - 1.9 
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TABLE 3.  Estimated average (standard error) Colorado River flow (m3 s-1) needed at 

Isla Montague to produce salinities there identical to those at each locality listed.  Flow 

values rounded off to nearest 10.  Estimates based on average minimum δ18Os values 

and either 25º or 30º C ambient temperatures.  Annual discharge estimated by 

multiplying June values (typically 25% of the annual flow) times four.  (See text for 

further explanation). 

 

Locality 
Flow (m3 s-1) 

June discharge (m3) Annual discharge 

(m3 x 1010) 

 25º C 30º C 25º C 30º C 25º C 30º C 

       

Isla Montague 550 (30) 410 (30) 0.14 x 1010 0.10 x 1010 0.56 0.40 

Punta Zacatosa 420 (40) 280 (40) 0.10 x 1010 0.07 x 1010 0.40 0.28 

Las Isletas 330 (20) 190 (20) 0.08 x 1010 0.05 x 1010 0.32 0.20 

Southern Orca 290 (30) 150 (30) 0.07 x 1010 0.04 x 1010 0.28 0.16 

Estero Grande 450 (100) 310 (100) 0.11 x 1010 0.08 x 1010 0.44 0.32 

Campo don 

Abel 

250 (20) 120 (20) 0.06 x 1010 0.03 x 1010 0.24 0.12 

 



 149

Fig. 1. Study area, and sample localities: 1) Isla Montague, 2) Punta Zacatosa, 3) 

Las Isletas, 4) Southern Orca, 5) Estero Grande, and 6) Campo don Abel. 

 

Fig. 2. Mixing between freshwater and seawater in the Colorado River Estuary.  

Heavy line is the present-day mixing relationship, with Colorado River δ18Ow at ~ -12.0‰.  

Seasonal change in the oxygen isotope ratio of predambrian Colorado River water 

creates different mixing lines for different seasons prior to dam emplacement.  Data from 

Dettman et al. (2004). 

 

Fig. 3. Two typical δ18Os profiles from Mulinia coloradoensis shells.  A dambrian 

(IM7A1R) shell collected live in December 2000, and a predambrian (TS3) shell.  Note 

cycles, most likely annual, in δ18Os values.  The dambrian shell is significantly more 

positive than the predambrian shell due to the lack of Colorado River water in the 

present-day estuary. 

 

Fig. 4. Average ± standard errors (bars) for all δ18Os values at each locality.  Isla 

Montague (IM) individuals were collected from both lived-collected shell individuals (D = 

dambrian), and subfossil (P = predambrian) shells; PZ = Punta Zacatosa; LI = Las 

Isletas; SO = Southern Orca; EG = Estero Grande; and DA = Campo don Abel. 

 

Fig. 5. Average ± standard errors (bars) for all minimum δ18Os values at each locality.  

The two Isla Montague dambrian (IM D) data points are calculated estimates of δ18Os 

values based on seawater temperatures of 25º and 30º C.  Locality labels as in Fig. 4. 

 



 150

Fig. 6. Frequency distribution of estimated salinity values based on minimum δ18Os at 

each locality under two end-member seawater temperatures 25º (a - f) and 30º C (g - l).  

Star symbol indicates present-day salinity (38‰) of estuary. 

 

Fig. 7. Average ± standard error (bars) for estimated salinity at each locality.  Locality 

labels as in Fig. 4. 

 

Fig. 8. Comparison of salinity among localities based on this study (open circles), 

Carbajal et al. (1997) modeled flow of 2,000 m3 s-1 (X), Lavín and Sánchez (1999) 

observations during a controlled release of 500 m3 s-1 (open diamonds), and no-flow 

conditions during August 1973 (filled triangles) from Alvarez-Borrego et al. (1973, in 

Lavín et al. 1998). 

 

Fig. 9. Average monthly discharges for the lower Colorado River prior to construction 

of dams (modified from Dettman et al. 2004). 
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U.S. DAMS AND MEXICAN CLAMS: EFFECT OF COLORADO RIVER WATER 

DIVERSIONS ON GROWTH RATES OF THE ESTUARINE BIVALVE MOLLUSK 

Mulinia coloradoensis (MACTRIDAE: BIVALVIA) 
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U.S. dams and Mexican clams: effect of Colorado River water diversions on 

growth rates of the estuarine bivalve mollusk Mulinia coloradoensis (Mactridae: 

Bivalvia) 
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Abstract 

Analyses of pre-and post-dam skeletal remains provide evidence for the biological 

effects of upstream diversion of Colorado River water before it reaches its estuary in the 

Gulf of California.  In this paper, we use sclerochronology and oxygen isotope variation 

to determine: (1) the relationship between size and age in the bivalve mollusk Mulinia 

coloradoensis; (2) rates and patterns of shell growth; and (3) differences in growth rates 

between pre-and post-dam individuals.  Each diurnal increment in M. coloradoensis 

consists of two semidiurnal growth increments and there is a strong fortnightly periodicity 

in micro-growth increment width, a reflection of tidal cycles.  All live-collected post-dam 

individuals were less than one year old, while pre-dam clams of similar height were 

younger than two years.  Pre-dam M. coloradoensis have twice the number of fortnights 

than post-dam shells, suggesting that post-dam shells grew twice as fast as pre-dam 

shells.  The isotopic record indicates two growth interruptions that left no distinctive 
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marks on either the shell’s surface or in the shell’s cross-section.  A ~ 30 days 

interruption occurred in late October and could be related to reproduction, while the 

second (~20 days) happened in December when water temperatures were apparently 

too cold.  Based on the observed temperatures and those estimated from δ18O shell 

values, M. coloradoensis grows in temperatures between ~ 13º to 32º C.  Lower growth 

rates in pre-dam individuals may have been caused by unfavorable salinity or increased 

competition for food or space. 

 

Keywords: Mollusks, Bivalves, Growth, Colorado River, Gulf of California, Stable 

Isotopes. 

 

Introduction 

Diversion of Colorado River water before it reaches the Gulf of California has 

affected the organisms that live in the river’s estuary.  Evidence for these effects is 

accumulating from both analyses of pre-and post-dam skeletal remains and from studies 

of the effects of controlled releases of river water during unusual wet years.  Both 

commercially valuable and non-commercial species have been affected.  Brackish water 

has been shown to be important in the development of two species of fish, Gulf Corvina 

(Cynoscion othonopterus Jordan and Gilbert, 1882), and the endangered Totoaba 

(Totoaba macdonaldi Gilbert, 1891) (Rowell et al. 2005, Rowell et al. submitted).  

Populations of brown and blue shrimp (Farfantepenaeus californiensis (Holmes, 1900) 

and (Litopenaeus stylirostris (Stimpson, 1871), respectively) increase following influxes 

of river water (Aragón-Noriega and Calderón-Aguilera 2000, Galindo-Bect et al. 2000).  

Growth rates in the commercially-harvested bivalve mollusk Chione cortezi Carpenter, 
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1864 have increased since upstream diversions (Schöne et al. 2003) and the population 

of the Colorado Delta Clam, Mulinia coloradoensis Dall, 1894, an unharvested species, 

declined by as much as ~ 90% (Kowalewski et al. 1994) since the dams.  The decline of 

this species could have had effects higher in the trophic web because it was an 

important source of food for snails and swimming-crabs (Cintra-Buenrostro and Flessa 

2004, Cintra-Buenrostro et al. 2005). 

Perhaps the most visible biotic effect of river diversion is the precipitous decline in 

the population of M. coloradoensis.  Shells of this species make up the beaches and 

islands that line the western margin of the Delta; however live individuals are difficult to 

find.  Oxygen isotopes in pre-dam shells of M. coloradoensis indicate that this species 

grew in brackish water (Rodriguez et al. 2001).  Before the dams, M. coloradoensis grew 

in salinities ranging from 22 to 33‰ at the mouth of the river, and from 30 to 38‰ ~ 40 

km distant from the river’s mouth (Cintra-Buenrostro et al. in prep.).  Nowadays, the 

species occurs only near the mouth of the river and population densities have declined 

from ~ 25-50 clams/m2 (Kowalewski et al. 2000) to less than 2-5 clams/m2 (Avila-

Serrano et al. in press). 

This now-rare clam was a dominant and trophically important species in the pre-dam 

Colorado Estuary, yet little is known about its biology.  Information about its 

environmental tolerances and growth are essential to efforts to restore some of the 

original habitats of the Delta (Zamora-Arroyo et al. 2005).  The problem, of course, is 

that it is not longer possible to study this species in its original habitat, and its much-

reduced population today makes direct study difficult.  In this paper, we apply techniques 

developed in paleobiology and paleoecology to reconstruct growth rates and patterns 

from the growth increments and stable isotopes contained in shells of this species.  In 
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doing so, we are “putting the dead to work” in order to decipher the conditions that are 

important to its growth. 

The ontogenetic and environmental history of bivalve mollusks can be preserved in 

their skeletons.  Thus, the shells of these organisms have been used as records of 

growth and as environmental recorders.  Thin increments of CaCO3-rich growth lines 

alternate with organic-rich lines in the shell.  The time represented by these micro-

growth increments varies among taxa and habitats, but solar and lunar days are 

commonly recorded in shallow-water species (Kennish 1980, Lutz and Rhoads 1980, 

Rhoads and Lutz 1980).  In many clams, the growth increments are episodic and record 

calcification events that are strongly influenced by environmental conditions through 

physiological responses (Pannella 1976, Dillon and Clark 1980, Kennish 1980, Lutz and 

Rhoads 1980, Rhoads and Lutz 1980, Beal et al. 2001), to tidal cycles, productivity, and 

water temperature and are affected by the organism’s age (Kennish 1980, Bianucci and 

Longinelli 1982, Jones and Quitmyer 1996).  Counts of internal growth increments 

(sclerochronology) are one of the most common tools used in the study of ontogenetic 

growth (Jones 1998). 

Studies of the sclerochronology of other northern Gulf of California bivalve mollusks 

have proven useful in determining growth rates, environmental controls on growth, and 

in environmental reconstruction.  Studies of Chione fluctifraga (Sowerby, 1853) and C. 

cortezi have documented the temperature-dependence of growth rates (Schöne et al. 

2002, Goodwin et al. 2003), the influence of Colorado River flow on the oxygen isotope 

composition of growth bands (Dettman et al. 2004), the relationship between ambient 

temperature and δ18O of the shell (Goodwin et al. 2001), and the effect of Colorado River 

influx on growth rates (Schöne et al. 2003).  However, the pattern of banding in M. 
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coloradoensis is complex and a simple description of this species’ sclerochronology has 

not yet been worked out. 

In this paper, we seek to use sclerochronology and oxygen isotope variation to 

determine: (1) the relationship between size and age in M. coloradoensis; (2) if M. 

coloradoensis grows throughout the entire year, and if not, when and why growth breaks 

occur; and (3) if there are differences in growth rates between pre-dam and post-dam 

individuals. 

 

Methods 

Study Area 

We collected samples from within the “Reserva de la Biósfera Alto Golfo de 

California y Delta del Río Colorado”.  This area is located between 31º 02’ to 31º 53’ N 

and 114º 32’ to 114º 55’ W (Fig. 1).  The area is arid and hot: average annual 

precipitation is 6.8 cm; evaporation rate up to 250 cm/yr; water temperatures average 

15º and 30º C during winter and summer, respectively (Thompson 1968; Ezcurra and 

Rodriguez 1986). 

Dams and water diversions on the Colorado River (CR) have greatly diminished 

freshwater and sediment discharges to the Delta.  Before dams and diversions, river 

discharges reached 7,000 m3/s (Glenn et al. 2001).  Nowadays, CR flow rarely reaches 

the Gulf of California (GC).  Before the dams and water diversions, the CR delivered ~ 

160 x 106 metric tons/yr of sediment to its delta and estuary (Carriquiry and Sánchez 

1999).  After 1960, CR sediment discharge decreased to one third of its former sediment 

load (Milliman and Meade 1983).  These changes have strongly affected the dynamics 

of the estuary.  The upper GC is now a negative estuary (Lavín et al. 1998), and the lack 

  



 166

of sediment supply has resulted in the winnowing of previously deposited mud and silt 

and the concentration of shells in shelly beaches known as cheniers (Thompson 1968).  

Glenn et al. (2001 and references therein) provide a review of the area’s ecology and 

conservation biology. 

Since dams and diversions, salinities range from 35 to 45‰, with an average of 38‰ 

(Lavín et al. 1998), while before dams and diversions values ranged from near 0‰ at the 

mouth of the river during the spring flood to 36-38‰ at the seaward edge of the mixing 

zone.  Evaporation dominates the present day salinity and stable isotope character of 

the northern GC (Dettman et al. 2004).  The isotopic composition of GC seawater is 

always positive, with an average of 0.54‰ (VSMOW).  Colorado River water today 

averages -12.0‰, with little seasonal fluctuation because of upstream reservoirs.  

Dettman et al. (2004) estimated pre-dam CR water values from -16.5 to -8.4‰ based on 

δ18O values in shells of freshwater bivalves collected before the dams.  The most 

negative values occurred during the spring snowmelt of May, June and July.  This 

contrast between the δ18O of GC water and that of pre-dam CR water allows us to detect 

the influence of CR water in the δ18O composition of pre-dam shells. 

 

Sampling and Analytical Procedures 

We collected dead shells of M. coloradoensis from Isla Montague (Fig. 1) during 

February 2001.  The shells date from the era before dams, as estimated from 

radiocarbon and amino acid dates (ranging from 64 years before present to 1482 years 

before present) on Chione spp. shells in the deposits (Kowalewski et al. 1998).  Although 

M. coloradoensis shells were not dated directly, their close association with Chione spp. 

shells within the shelly deposits of the cheniers and their strongly negative δ18O values 
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(see below) support their pre-dam age.  We sieved bulk samples with a three mm mesh 

screen, and examined six shells.  Additionally, we collected four live M. coloradoensis at 

Isla Montague during low tide on March 12, 2003.  These specimens were killed 

immediately after collection.  Our sample size is limited by the availability of live 

individuals and the cost of isotopic analyses. 

Height on each shell was measured with a caliper (precision + 0.01 mm).  Each shell 

was coated with epoxy resin and sectioned along the axis of maximum growth.  Two 

thick sections of shell were mounted on glass slides and polished (0.3 µm grit) in order 

to enhance the contrast of the microstructures.  The first section from each shell was 

used for stable isotope analyses.  Calcium carbonate samples (50-100 µg) were drilled 

from the shell cross-sections using either a stabilized dental drill and 0.3 mm diameter 

dental burrs, a computer-controlled micromill (Nu-wave/Merchantek), which targeted a 

sample resolution of ~ 100 µg (for details, see Cintra-Buenrostro et al. in prep), or a 

Rexim Minimo dental drill system with a 1 mm cylindrical mill and diamond-coated bit 

that followed the shape of the growth line.  However, notice that the number of shells 

and δ18O values used by Cintra-Buenrostro et al. (in prep.) differ from the ones reported 

here (Table 1) because of different objectives or because some specimens collected 

before 2001 were missing.  In addition, some additional samples for this study were 

taken in the Increments Laboratory of the Institute of Geology and Paleontology, J.W. 

Goethe University.  Stable isotope data, and in some cases the thick-sections, are 

archived in the “Centro de Estudios de Almejas Muertas”, Dept. of Geosciences, 

University of Arizona. 

The stable isotope composition of the shell carbonate was measured in three 

laboratories: at the Increments Laboratory, at the University of Arizona, and at the 
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University of California at Davis.  All labs used automated sample preparation lines for 

carbonates.  These react the sample with dehydrated poly-phosphoric acid and transfer 

clean CO2 to the mass spectrometer for isotope measurement.  Measured δ18O values 

were normalized to NBS-19 and NBS-18 based on internal laboratory standards, with a 

± 0.1‰ precision.  All stable isotope data for carbonates are reported relative to VPDB.  

Inter-lab comparisons of standards indicated that on average values differed by less 

than 0.008‰ for δ18O. 

One shell, IM-7-CCB, was sampled in great detail in order to establish how daily 

banding varied with temperature throughout the year.  Thus, 168 thin layers of IM-7-CCB 

were milled following internal micro-growth increments, starting at the area where the 

outer myostracum layer width was 1.0 mm - because of the drill bit size - and moving 

towards the commissure.  This technique resulted in a series of sub-annual samples 

from which we constructed a continuous, high-resolution stable isotope history of the 

shell’s chemistry throughout that individual’s life. 

Note that oxygen isotope fractionation of molluscan aragonite and the controls of 

shell-isotope chemistry are well known.  The oxygen isotope fractionation relationship of 

Grossman and Ku (1986) for mollusk shells has been shown to be applicable to a wide 

range of bivalves (Wefer and Berger 1991, Dettman et al. 1999, Goodwin et al. 2001) 

and we assume here that it is applicable to M. coloradoensis.  Seasonal temperature 

changes create a cycle in the δ18O of shell (s) carbonate (δ18Os) when the δ18O of 

ambient water (δ18Ow) does not undergo large changes.  Because warmer temperatures 

produce more negative δ18Os values, the most negative δ18Os value is most likely the 

time of maximum temperature during the year.  Conversely, the most positive δ18Os 

values can be associated with the coldest time of the year if there is little change in the 
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δ18Ow.  The extreme δ18Os values mark the temperature-determined limits of growth.  If 

ambient temperatures are beyond the range of growth temperatures, such temperatures 

will not be recorded in the shell simply because the shell is no longer growing at those 

temperatures.  The δ18Os values provide a minimum estimate of the temperature range. 

All δ18Os measures were converted to temperature as follows: Tº = 20.6 - 4.34 (δ18Os 

- (0.54 - 0.2)), where Tº = temperature (ºC), δ18Os = δ18O of shell carbonate (‰), and 

δ18Ow = δ18O of water (‰) = 0.54 - 0.2.  This calculation is based on the molluscan 

aragonite fractionation relationship of Grossman and Ku (1986), with minor modifications 

(-0.2‰ from Goodwin et al. 2001), and a δ18Ow value of 0.54‰ VSMOW based on the 

average water value for the GC (Dettman et al. 2004). 

The estimated temperatures from δ18Os for shell IM-7-CCB were compared with daily 

temperatures from instrumental data at 31.428º N and 245.625º E from NOOA Climate 

Diagnostic Center (http://www.cdc.noaa.gov/), which allowed us to temporally align the 

record by counting daily micro-growth increments backwards from the shell’s 

commissure because the clam was killed on March 12, 2003.  Goodwin et al. (2001) 

note that assigning a calendar date to a particular increment is difficult because of 

differences in growth rate and environmental variations.  Their work suggests an 

uncertainty of + two weeks and we presume it also applies to M. coloradoensis because 

similar uncertainties have been observed in other clams (e.g. Koike 1980 in Goodwin et 

al. 2001). 

Because polishing sometimes failed to enhance the contrast of the increments, a 

second section - when available - from each shell was etched by immersion for 25 min 

on “Mutvei’s solution”: 0.5% acetic acid and 12.5% glutaraldehyde and contains about 

five to 10 g of alcian blue powder per liter solution (Mutvei et al. 1994), carefully rinsed 
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with de-ionized water, and allowed to air dry (Schöne et al. 2005).  This technique not 

only results in differential dissolution of the semidiurnal increments, and highlights the 

contrast between growth patterns (Fig. 2); it also allows recognition of tidal bundles (Fig. 

2). 

Fortnightly growth-increments from each shell were viewed under a reflected-light 

stereomicroscope (Leica Wild M2C) and photographed with a Nikon Coolpix 995 

camera.  Growth-increment widths from each shell were counted from the umbo to the 

commissure, only on stained slides, and measured to the nearest 1 µm from digital 

images using Scion Beta 4.0.2.  Each shell was measured three times and the average 

width for each micro-growth increment is used here.  All counts began at the position of 

the first clearly distinguished fortnight, thus the approximate starting position varied 

among all individuals.  Fortnights were counted in all shells by at least two people. 

Our working hypotheses are: a) micro-growth increments form on a lunar daily basis, 

and b) the width of these growth increments changes regularly. 

Growth trends related to ontogenetic ageing were removed from the time-series by 

applying standard techniques described by Schöne et al. (2002).  The generally 

declining growth rate with increasing ontogenetic age was estimated with a cubic-spline 

function.  In order to remove the growth trends (growth decline and heteroscedasticy due 

to lower variance in older portions of the shell) from the lunar daily increment 

chronology, we calculated a new time-series by dividing the measured growth by the 

predicted growth (growth index values = GI).  The GI time-series was standardized (SGI 

chronology).  In order to identify periodic oscillations of shell growth, i.e. tide-controlled 

shell growth, we applied continuous wavelet transformation. 
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Results 

Description of Patterns 

Although the average shell height of pre-dam M. coloradoensis was significantly 

greater than those collected alive (Fig. 3), the sample size is small and the difference in 

average height (~ 0.5 cm) is also small.  Further sampling is called for. 

Although M. coloradoensis is locally known as “almejas blancas” - “white clams” in 

English - most individuals are not white; color varies from white to beige and in some 

individuals even darker colors occur.  All six pre-dam and all four post-dam shells 

showed at least one darker clump of commarginal bands - clusters of growth lines 

parallel to the shell’s margin.  The position of these commarginal bands varied in 

number, location and size among the shells.  Clumps of commarginal bands in pre-dam 

shells ranged from two to seven, and covered about 0.5 to 7.0 mm of the shell’s height.  

In post-dam shells there were one to three clumps, covering from 0.3 to 3.9 mm in 

height. 

All observed commarginal bands in the shell’s exterior corresponded to darker 

clumps in color - in the thick section of each shell.  Thus, external marks on the shell 

corresponded to internal growth patterns.  Shells that had been immersed in Mutvei’s 

solution displayed distinctive tidal bundles, where the lines and increments formed 

during spring tides are stronger than those formed during neap tides (Fig. 2). 

Each diurnal increment (in broad increments, particularly in shell portions closer to 

the umbo) consists of two semidiurnal growth increments.  That is, a faint line separates 

each diurnal increment into two increments, which is more evident at higher-

magnification; a subdaily micro-growth increment in M. coloradoensis thus consist of two 

lines, one thicker than the other.  Although micro-growth lines are visible, their widths 
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were less than 0.004 cm; no smaller measurements were possible.  Some micro-growth 

lines delimit micro-growth increments; this is particularly evident in young portions of the 

shell, where increments form ridges on the outer surface.  A typical pattern within a 

micro-growth increment is a group consisting of a thick to thin to thick line.  Micro-growth 

increment widths varied from 0.004 to 0.02 cm. 

In addition, periodic fluctuations of micro-growth line strength and micro-growth 

increment widths form bundles of narrow increments and strong lines alternating with 

bundles of broad increments and weak lines (Fig. 2).  Thus, M. coloradoensis cross-

sections contain a record of spring and neap tides, from which lunar months can be 

counted.  Neap and spring tides appear as clusters of sub-daily bands into fortnight 

bundles consisting of six to 14 thick lines followed by a similar number of faint (thinner) 

lines.  The series of thick micro-growth increments is formed during spring tides (Fig. 2).  

Although the fortnightly micro-growth pattern occurs in all the shells, it is more 

conspicuous in earlier shell portions; in later portions the fortnights are more crowded 

and finding all fortnights is difficult. 

Fortnights were counted in each of the stained (with alcian blue) thick-sections used 

for the low-resolution analysis.  Both semidiurnal bands and fortnights were counted on 

the specimen used in the high-resolution analysis (see below). 

 

High-Resolution 

Micro-growth increment width shows a strong fortnightly periodicity, which reflects 

the tidal cycle (Fig. 2).  There were 23 fortnights in the live-collected IM-7-CCB (Table 2) 

suggesting an age of less than one year (~ 323 solar days).  The maximum shell height 

of this individual is ~ 4.6 cm (Table 1).  However, fortnights were counted only in the last 

  



 173

~ 4.1 cm of shell height because the outer myostracum layer (OML) was too thin in the 

first ~ 0.5 cm.  Therefore, the “useful” portion of the shell for counting fortnights was 4.1 

cm.  Based on the number of fortnights recorded on the first cm (four, from Table 2) of 

this shell there are at least two fortnights missing in the height where the OML was too 

thin. 

Based on the chronology derived from the match of δ18Os with observed 

temperatures  (Fig. 4), the record archived in IM-7-CCB is less than one year: from May 

26, 2002 to March 12, 2003 (291 solar days).  The difference in the two estimates (323 

vs. 291 days) could be explained - at least partially - by local environmental variations 

and because it is difficult to assign a calendar date to a particular increment because of 

variation in growth rates.  In addition, 1.0 cm of shell material was not sampled for 

isotopes because the OML was too thin for the drill bit, while only 0.5 cm lacked visible 

increments.  There are two visible fortnights in the unsampled 1.5 cm portion, leaving a 

total of 21 fortnights (~ 295 solar days) for the last 3.6 cm sampled.  Therefore, 323 - 

291 = 32 days or ~ 2.3 fortnights that were not detected or archived as geochemical 

information within the shell.  Although we use 291 days instead of 295 because the 291 

represent the δ18Os profile, the difference is small, and will still yield ~ 2.0 missing 

fortnights. 

By the end of October, 2002 the isotope record in the shell indicates a 32-day 

cessation in growth (days 150 to 181 in Fig. 4).  However, the shell does not show a 

distinctive mark either on its surface or in the cross-section that could be associated with 

such a growth-break.  The estimated water temperature from the isotope reading (Oct. 

21, 2002) just before this growth-break is ~ 17.9º C, while the estimated water 

temperature from the date in which growth re-started (Nov. 23, 2002) was ~ 14.8º C (Fig. 
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4).  Because the shell grew during the following months, except for an ~ 18-day period 

(Dec. 22, 2002 to Jan. 9, 2003, or days 211 to 228 in Fig. 4) when the water temperature 

was apparently too cold, the October/November growth-break could be related to 

reproduction.  The estimated temperatures from the isotope record for the last three to 

four months of the clam’s life ranged from 13.3º to 18º C (Fig. 4). 

There was variation in increment width between spring and neap tide cycles 

throughout the year.  For example, at the beginning of the time-series the lunar-daily 

increment widths exhibit high variability, while it was much less during the middle and 

end of the time-series (Fig. 4).  We applied continuous wavelet transformation to test if 

the spectral power corresponded with a frequency of ~ 0.07 Hz, which is representative 

of fortnightly periods.  The spectral power (blue color) is concentrated in the early part of 

the time-series (Fig. 5), indicating that the fortnightly signal is weaker in the older parts of 

the shell (later in life). 

 

Growth Before and After the Dams 

On average, approximately twice the number of fortnights was recorded in each pre-

dam shell of M. coloradoensis compared to the post-dam shells (Fig. 6).  Because the 

difference in shell height (~ 0.5 cm) is small (Fig. 3), this suggests that post-dam shells 

grew nearly twice as fast as pre-dam shells.  Put another way, post-dam clams are 

achieving approximately the same shell height as pre-dam clams in about half the time 

(Fig. 8). 

All post-dam shells are less than a year based on the number of fortnights recorded 

in each of them, and all pre-dam individuals were older than one year but did not live 

longer than two years (Table 2).  A plot of the cumulative number of fortnights versus 
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cumulative growth in M. coloradoensis (Fig. 7) does not show the faster initial growth 

observed by the high-resolution approach (Fig. 4).  That is, the variation in increment 

width was not captured by the coarser unit of size (cm) followed in the low-resolution 

approach.  The high-resolution increment counts indicate that growth increments are 

wider in the earlier portions of the shell and thinner in the later portions (Fig. 4), 

indicating either an ontogenetic decrease in growth rate or faster growth during warmer 

temperatures. 

The number of δ18Os samples in the low-resolution study was not enough to detect 

the growth-breaks (Fig. 9).  However, the δ18Os profiles from the post-dam individuals 

also show that these individuals are less than a year old, and that they grow 

continuously during most of the warmer months of the year (Fig. 10a).  The high-

resolution isotope approach indicated that growth is not continuous throughout the year. 

Temperatures estimated from the high-resolution δ18Os values ranged from ~ 13º to 

29º C (Fig. 4) in the post-dam clam.  Low-resolution, post-dam δ18Os varied from -2.3 to 

1.57‰ (Fig. 10a).  The range in temperature estimated from those values is from 15º to 

32º C.  Pre-dam δ18Os values (Fig. 10b) cannot be used to estimate growth temperatures 

because the influx of river water affects the δ18Ow.  Based on the observed and 

estimated temperature ranges, M. coloradoensis grows when water temperature is 

between 13º and 32º C. 

There is no evidence for annual cycles in the δ18Os profiles of pre-dam individuals 

(Fig. 10b).  This is probably due to the confounding isotopic effects of river flow as well 

as the smaller number of samples taken for δ18Os from each shell.  Neither the external 

or internal bands from the shells could be associated with a particular δ18Os cycle, 

although some of the internal darker areas formed by clumped bands are associated 
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with neap tides (Fig. 2) and tended to be more negative - than surrounding values - by ~ 

1‰ in pre-dam individuals only. 

 

Discussion 

Low-and High-Resolution Approaches 

The high-resolution approach allowed recognition of variation in increment widths 

(Fig. 4), which indicated an ontogenetic or temperature-caused decrease in growth rate.  

As we already mentioned, this pattern was not detected by the low-resolution approach 

(Fig. 7) because of differences in the unit of size (µm versus cm).  Thus we recommend 

measuring the thickness of each fortnight, which might help solve the problem.  If so, 

time could be saved by relying on the faster, low-resolution approach.  In Chione spp. 

the width of each diurnal band is controlled by temperature (Schöne et al. 2002) - wider 

bands form during warmer periods.  The widest bands are those formed during spring 

tides in warm weather, while the narrowest bands are those formed during neap tides in 

cold weather. 

The δ18Os patterns observed from the high-resolution approach indicated a 

discontinuity in growth throughout the year (Fig. 4).  Because this is based on only a 

single specimen, further sampling is required.  Although the low-resolution approach did 

not indicate any discontinuity in growth throughout the year, there was good agreement 

in the δ18Os values from the low-resolution and high-resolution approaches (Fig. 9). 

 

Fortnightly Patterns 

All M. coloradoensis shell cross-sections showed a strong fortnightly periodicity  - a 

record of spring and neap tides (Fig. 2).  This fortnightly micro-growth pattern is common 
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in a large number of mollusks, particularly those inhabiting intertidal and shallow subtidal 

environments (House and Farrow 1968, Rhoads and Pannella 1970, Evans 1972, 

Pannella 1976, Lutz and Rhoads 1980).  Cycles of aerobic-anaerobic metabolism, 

caused by shell opening and growth during submergence and closure and growth-

cessation during emergence causes banding.  An organic-rich layer is recorded during 

low tide, reflecting closure and partial shell dissolution to buffer metabolic end products 

(Lutz and Rhoads 1977, Rosenberg 1980, Schifano and Censi 1983). 

The fortnightly periodicity in M. coloradoensis was expected because the northern 

Gulf of California (GC) experiences semidiurnal tides with amplitudes up to 10 m 

(Thompson 1968), and because variation in micro-growth increment widths in Chione 

fluctifraga and C. cortezi in the Colorado River Delta (CRD) also showed a fortnightly 

tidal periodicity (Goodwin et al. 2001, Schöne et al. 2002, Dettman et al. 2004). 

The different strength of tides was recorded by M. coloradoensis as variation in the 

thickness of the micro-growth bundles.  Micro-growth increments were thicker during the 

stronger spring than during the neap - weaker - tides (Fig. 2), which agrees with previous 

observations of thinner increments with smaller tidal fluctuations in other marine 

molluscan bivalves (e.g. House and Farrow 1968, Evans 1972).  However, our 

observation contradicts Schöne et al.’s (2002) findings for Chione spp. in the CRD.  

They state “maximum growth rate occurs during neap tides when tidal range is low”.  

The difference could be explained by the position of the clams with respect to the tidal 

height.  According to Ohno (1989), a shell living in the high intertidal experiences severe 

stress during low tide and thus may form stronger growth patterns (or no grow at all 

during some days).  In low intertidal settings, conditions during neap tides may be 
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relatively quiet and the growth patterns weak, while more prominent lines are formed 

during spring tides at this setting. 

 

Growth and Growth Rates 

The fortnightly micro-growth pattern in M. coloradoensis was more conspicuous in 

earlier parts of the shell (Fig. 4).  Growth rates typically reach maximum levels in the 

juvenile growth of marine clams (e.g. Crabtree et al. 1979/1980, Kennish 1980, Mutvei et 

al. 1994), and that same pattern of growth rate decreasing with age has also been 

reported for CRD bivalves (Goodwin et al. 2001, Schöne et al. 2002).  The decrease in 

growth rate for M. coloradoensis with age is evident even within the first year of growth 

(Fig. 4).  Furthermore, the high-resolution approach in post-dam M. coloradoensis IM-7-

CCB showed a significant decrease in the fortnightly variation in increment width in later 

stages of the clam’s life (Fig. 5). 

Among the potential factors that could influence growth rates in M. coloradoensis 

are: (1) environmental factors such as salinity, temperature, oxygen or food supply (and 

consequent changes in nutrient types or concentrations); and (2) biological, factors such 

as spawning, intra-and inter-specific competition, and predation.  A detailed discussion 

of each factor is beyond the scope of this study here we focus on the most likely ones. 

Mulinia coloradoensis apparently grows continuously throughout the warmer months 

of the year (Figs. 4 and 10a).  The estimated temperatures from δ18Os values ranged 

from 13º to 32º C, but the recorded temperatures by instrumental data indicated that the 

maximum temperature was 34º C (http://www.cdc.noaa.gov/).  This suggests that M. 

coloradoensis shuts down when temperatures exceed 32º and fall below 13º C.  During 

the life of IM-7-CCB temperatures above 32º C occurred only in three days (June 18, 
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August 31, and September 1, 2002), which suggest that the individual might not have 

shutdown growth during the warmer months.  In colder temperatures, IM-7-CCB might 

have shutdown from December 19-31, 2002 when temperatures drop below 13º C, 

although in three days (December 21, 29 and 30) temperatures were between 13.2º and 

13.6º C (http://www.cdc.noaa.gov/). 

In the CRD C. cortezi reaches its maximum growth rate when temperatures reach 

25º C (Goodwin et al. 2001).  Along the Atlantic coast, growth rates for Mercenaria 

mercenaria (Linnaeus, 1758) are highest when water temperatures are high (Pannella 

and Mc Clintock 1968).  For post-dam Mulinia coloradoensis the maximum growth rates 

were on days 8 and 80 (Fig. 4), which correspond to approximately June 2, and August 

13, 2002, respectively.  The estimated temperatures from δ18Os values for those days 

were ~ 26.1º and 26.4º C (Fig. 4).  Thus temperature for maximum growth rates in M. 

coloradoensis is 26º C - similar to those in C. cortezi. 

During the summer C. cortezi growth slows-down when temperatures rise above 31º 

C, and stops during the winter when temperatures are less than 16º C (Goodwin et al. 

2001).  The record for M. coloradoensis indicated that the species might shutdown 

growth when temperatures drop below 13º C (Fig. 4), but our record does not show the 

higher temperatures on which C. cortezi slowed-down (Goodwin et al. 2001).  Mulinia 

coloradoensis specimen IM-7-CCB also stopped growing for about a month, from day 

150 to 181 (Fig. 4), which roughly corresponds to October 21 to November 23, 2002.  As 

already mentioned, temperature does not seem to be the immediate factor responsible 

for this shutdown.  We believe that the species might be starting its gametogenic activity 

and would spawn sometime in the coming months.  A substantial slowdown in growth 

rate for Mercenaria mercenaria is characteristic of the spawning season, when the clams 
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stop feeding (Kennish 1980).  Spawning in this species occurs twice a year (Pannella 

and McClintock 1968), and tends to be massive during neap tides (Carriker 1961), a 

timing which helps to retain larvae in the estuary (Kennish 1980).  Slower growth rate 

was also reported in Mya arenaria Linnaeus, 1758 during the spawning season of: 

May/April and June/July (Beal et al. 2001).  Moreover, studies on M. arenaria in Long 

Island Sound showed a start in growth as early as January that is related to times of 

spawning and seawater temperatures (Cerrato et al. 1991).  In mactrids, Spisula solida 

(Linnaeus, 1758) from Portugal starts gametogenic activities with decreasing 

temperatures at the beginning of the fall, and an onset in spawning during February 

(Gaspar and Monteiro 1999), while the peak in spawning for Long Island Sound Mulinia 

lateralis (Say, 1822) occurs in August (Calabrese 1969). 

Because we observed a decrease in temperature (Fig. 4) for the same days as 

observed by Gaspar and Monteiro (1999) we suspect gametogenesis in M. 

coloradoensis occurs when water temperatures are between ~ 15 to 18º C (estimated 

from δ18Os values in the days when growth stopped and then resumed, Fig. 4).  Because 

the estimated life span for M. coloradoensis IM-7-CCB from the high-resolution approach 

was roughly from May 26, 2002 to March 12, 2003 (when it was killed), and we know 

there were potentially four fortnights missing (two of them visible in the ~ 1.5 cm of 

unsampled shell portion), the shell was at least ~ 56 days older.  This pushes the 

calendar date for shell growth and settlement back to March 29-30, 2002.  If M. 

coloradoensis also spawns during neap tides to allow for larval retention, the closest 

neap tide to the estimated date of settlement was on March 21, 2002 (Anonymous 

2002).  The gap between the time of our estimate for spawning (October 21 to 
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November 23) and that for settlement (March 21) seems too long for such a 

geographically restricted species; one of these estimates is likely to be wrong. 

Spawning-related events were also reported for Chione spp. in the CRD, although it 

is not clear if the late spring-early summer growth bio-checks - periodic distinct growth 

patterns - sensu Hall et al. (1974), indicating reproduction events applies for the two 

species (C. cortezi, and C. fluctifraga) studied by Schöne et al. (2002).  Nevertheless, 

spawning in C. fluctifraga occurs in the spring (Martínez-Córdova 1988).  If Chione spp 

have a different spawning time than M. coloradoensis, this would suggest their larvae did 

not compete for food. 

Our data suggest that post-dam M. coloradoensis are achieving approximately the 

same shell height as pre-dam clams in about half the time (Fig. 8).  Note that both C. 

fluctifraga and C. cortezi in the CRD region also grow faster (~ 5-30%) nowadays than 

they did in the pre-dam era (Schöne et al. 2003). 

Kowalewski et al. (1994) estimate that M. coloradoensis experienced a drastic 

population decline (~ 90%) following the decrease in river flow.  Furthermore, the 

decreasing abundance of M. coloradoensis shells with increasing distance from the 

River’s mouth, and the low δ18Os in pre-dam shells of this species suggest that M. 

coloradoensis lived in brackish water (Rodriguez et al. 2001).  How could post-dam M. 

coloradoensis grow faster but reach much smaller population densities than their 

populations in the pre-dam era?  We propose four hypotheses, which are not mutually 

exclusive neither the only ones, in order to explain these differences in growth rates 

between the two eras: (1) changes in sediments (load and size), (2) changes in salinity, 

(3) competition, and (4) natural selection. 
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Differences in growth rate between pre-and post-dam Chione spp. have been 

explained by variations in salinity and/or amounts of fine-grained sediments (Schöne et 

al. 2003).  Such factors could also apply to M. coloradoensis.  Apparently, shell growth 

could have been inhibited in the pre-dam era by higher amounts of gill-clogging fine-

grained sediments delivered to the Delta (Schöne et al. 2003).  Changes in salinity could 

be the cause of the difference in growth rate.  Today’s salinity may be slightly higher 

than optimal for shell growth while salinity in the pre-dam era at Isla Montague might 

have been much lower than optimal for shell growth.  If this hypothesis is true, then 

growth rates for pre-dam M. coloradoensis are likely to be greatest at some distance 

from the river’s mouth and decrease in both directions (both toward higher and lower 

salinity).  This hypothesis can be tested using shell samples from other locations in the 

CRD. 

Differences in the intensity of intraspecific competition could explain the differences 

in growth.  During pre-dam times there were 25-50 individuals/m2 (Kowalewski et al. 

2000), while in post-dam times density is an order of magnitude less: 2-5 individuals/m2 

(Avila-Serrano et al. in press).  Space was more limited in pre-dam times, and a higher 

density of clams could also suggest greater competition for food resources.  Pre-dam 

clams might have grown more slowly because of the increased competition with other 

individuals. 

Peterson (1982) documented depressed growth rates at high inter-and intraspecific 

densities of Chione undatella (Sowerby, 1835) and Protothaca staminea (Conrad, 1837), 

respectively, in California.  This suggested intense resource limitation on both growth 

and reproduction (Peterson 1982).  Regulation of growth by density-dependent 

processes was also reported for Mya arenaria, although in this case competition was not 
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for space, but was attributed to the interaction of physiological stress and reduced 

submergence times occurring at the high intertidal site (Beal et al. 2001). 

A speculative but nevertheless feasible possibility is that post-dam M. coloradoensis 

have been selected for their tolerance of higher salinity.  As an estuarine species, M. 

coloradoensis was likely tolerant of a wide variety of salinities - both high and low.  A 

bottleneck may have occurred when salinity rose following the completion of upstream 

water diversions - the individuals that survived were those that had the genetically-based 

ability to tolerate the upper end of the species/salinity range. 

 

Conclusions 

All M. coloradoensis cross-sections contained a strong fortnightly periodicity, which 

recorded spring and neap tides.  The fortnightly micro-growth pattern in M. 

coloradoensis was more conspicuous in earlier than later shell portions, indicating a 

decrease in growth rate through ontogeny or a decrease in growth rate with decreasing 

temperature. 

Specimens of M. coloradoensis showed differences in age and growth rate between 

pre-and post-dam times.  Before the dams shells grew slowly but lived longer (less than 

two years), while post-dam shells are younger than one year, and grow twice as fast 

than their pre-dam relatives. 

Mulinia coloradoensis grows in temperatures ranging from 13º to 32º C.  There were 

two growth breaks, one may be related to in late October, and a shorter one may be 

caused by colder temperatures in December.  The difference in M. coloradoensis growth 

rate between pre-and post-dam times could be the result of changes in sediment supply, 

salinity, intraspecific competition or some combination of these factors. 
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Although studying M. coloradoensis in its original habitat is not longer possible, and 

its much reduced population nowadays make direct study difficult; we recommend 

further studies to test which processes explain best the observed differences in growth 

rates. 
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Table 1.  Number of Mulinia coloradoensis shells from each time period, total shell 

height, and number of δ18O samples taken from each shell. 

 

Shell Shell Height (cm) δ18O 

Post-Dam   

IM-1-CCB 5.32 14 

IM-3-CCB 5.19 19 

IM-6-CCB 4.94 17 

IM-7-CCB 4.56 61 

Pre-Dam   

TS-1-W 5.83 6 

TS-2-W 5.24 10 

TS-3-W 5.99 10 

TS-4-W 5.1 8 

IM-3D-6R 5.54 3 

IM-6D-2R 6.18 8 

 

                                                 
1  Additionally 168 samples were taken for the high-resolution approach. 
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Table 2.  Number of Mulinia coloradoensis shells from each time period, number of 

fortnights in each cm of shell growth, and estimated age from number of fortnights.  

Notes: the height represented on the table was measured from the portion of shell where 

the outer myostracum layer was thick enough to allow fortnight recognition.  Fortnights 

counted in less than a complete cm are indicated by a *. 

 

Period 1st cm 2nd cm 3rd cm 4th cm 5th cm Total Age (days)

        

Post-Dam        

IM-1-CCB 3 4 8 6*  21 295 

IM-3-CCB 5 5 5 5*  20 281 

IM-6-CCB 7 6 8 2*  23 323 

IM-7-CCB 4 5 9 5*  23 323 

Sum 19 20 30 18*    

Pre-Dam        

TS-1-W 8 8 8 11 5* 40 561 

TS-2-W 10 11 13 14 2* 50 702 

TS-3-W 6 7 9 10 7* 39 547 

TS-4-W 9 9 10 7*  35 491 

IM-3D-6R 7 9 11 10*  37 519 

IM-6D-2R 6 9 8 11 5* 39 547 

Sum 46 53 59 63 19*   
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Fig. 1.  Study area, and former geographic distribution of Mulinia coloradoensis as 

evidenced from shell deposits: 1) Isla Montague, 2) Punta Zacatosa, 3) Las Isletas, 4) 

Southern Orca, 5) Estero Grande, and 6) Campo don Abel. 

 

Fig. 2.  Horizontal polished and etched section at shell margin showing semidiurnal 

growth-increments (dots) of: a) post-and, b) pre-dam Mulinia coloradoensis.  Note 

variation in growth-increment widths associated with fortnightly cycle.  N = neap tide, S = 

spring tide. 

 

Fig. 3.  Average Mulinia coloradoensis shell height.  Bars represent standard errors from 

the mean.  Isla Montague (IM) post-dam, n = four, and IM pre-dam, n = six. 

 

Fig. 4.  Observed micro-growth increment width (µm) primary “y” axis (black-solid line); 

estimated temperature (ºC) from δ18Os secondary “y” axis (red-dashed line), and time 

(solar days) since birth for post-dam individual IM-7-CCB. 

 

Fig. 5.  Continuous wavelet time-frequency spectrum for post-dam individual IM-7-CCB.  

Periods per time unit (frequency in Hz) primary “y” axis, period (1/frequency) secondary 

“y” axis, and time.  Notice that a spectral power at a frequency of 0.07 (blue color) 

indicates fortnightly periodicity. 

 

Fig. 6.  Average number of fortnights in shells of Mulinia coloradoensis in post-and pre-

dam samples.  Bars represent standard errors from the mean.  Isla Montague (IM) post-

dam shells, n = four, and IM pre-dam shells, n = six. 
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Fig. 7.  Cumulative growth (fortnights) for: a) post-and, b) pre-dam shells of Mulinia 

coloradoensis.  Notice changes in scale for the “x” axis.  In both graphs, the cumulative 

growth is plotted on shell’s actual height, and the cumulative fortnights are plotted versus 

the approximate distance from the first fortnight (zero value) clearly distinguished in each 

specimen.  For the last cm of shell growth the number of fortnights might be incomplete 

(see Table 2). 

 

Fig. 8.  Average cumulative growth (fortnights) for: a) post-dams (four shells), and b) pre-

dam (six shells) of Mulinia coloradoensis.  Bars represent standard errors from the 

mean.  In the graph, the cumulative growth is plotted on shell’s actual height, and the 

cumulative average fortnights are plotted versus the approximate distance from the first 

fortnight (zero value) clearly distinguished in each specimen.  For the last cm of shell 

growth the number of fortnights might be incomplete (see Table 2). 

 

Fig. 9.  Delta 18Os (‰) VPDB profiles in IM-7-CCB from high-and low-resolution 

approaches.  In the graph the first 18Os value from the high-resolution approach is plotted 

as the zero mark. 

 

Fig. 10.  Delta 18Os (‰) VPDB profiles from: a) post-dam, and b) pre-dam specimens of 

Mulinia coloradoensis.  In both graphs, zero marks the umbo’s position, while the first 

18Os value is plotted according to the approximate distance from umbo of the first isotope 

sample of each specimen. 
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Fig. 10b. 



207

APPENDIX E. STABLE ISOTOPE DATA FOR APPENDICES C AND D
Table A-E.1.  Stable isotopes (δ18O) VPDB used in Appendix C. Isla Montague = IM, Punta Zacatosa = PZ, Las Isletas = LI, Southern
Orca = SO, Estero Grande = EG, and Campo don Abel = DA.  All samples were taken from umbo towards commissure.  Note that the
numbers in the first column indicate sample number increasing towards the shell’s commissure.

Dambrian
IM-1-CCB IM-3-CCB IM-6-CCB IM-7-CCB
Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰)

1 0.82 -0.21 1 -0.01 -1.35 1 -0.70 -0.45 1 -0.28 -1.79
2 1.62 -0.54 2 -0.23 -1.44 2 -0.39 -1.15 2 -0.44 -1.87
3 1.39 -0.48 3 0.01 -1.73 3 -0.22 -1.82 3 -0.66 -1.55
4 1.30 -0.58 4 -0.47 -2.18 4 -0.06 -1.68 4 -0.87 -0.11
5 1.64 -0.82 5 -1.04 0.94 5 -0.11 -2.04 5 -0.74 0.70
6 1.59 -0.89 6 -0.24 0.57 6 -0.32 -0.32 6 -0.07 0.42
7 1.21 -0.68 7 -0.04 0.89 7 0.25 0.28
8 0.85 -0.66 8 -0.14 1.01
9 0.64 -0.63 9 -0.12 0.83

10 0.73 -0.55 10 -0.81 0.01
11 1.34 -0.39 11 -0.92 0.51
12 0.47 -0.43 12 -0.76 0.44
13 0.69 -1.03
14 0.30 -0.85
15 0.73 -1.11
16 0.06 -1.17
17 -0.03 -1.29
18 -0.03 -1.34
19 0.05 -1.59
20 0.13 -1.24
21 0.07 -1.06
22 -0.20 -1.41
23 -0.54 -1.30
24 -0.17 -1.70
25 -0.02 -1.53
26 -0.42 -1.44
27 -0.31 -1.63
28 -0.79 1.24
29 -0.23 1.58
30 -0.20 1.22
31 -0.44 1.00
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Predambrian
IM-7A-1R IM-10A-11L IM-3D-7R IM-3D-4L
Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰)

1 -0.27 1.53 1 -0.96 0.17 1 2.05 -1.88 1 -1.50 -4.79
2 -0.79 1.00 2 -1.87 0.24 2 -0.11 -1.57 2 -0.64 -3.37
3 -1.41 0.03 3 -1.18 -0.91 3 -1.17 -2.41 3 -1.29 -2.46
4 -0.93 0.02 4 -0.93 -1.40 4 -1.42 -4.83 4 -1.20 -4.97
5 -0.06 -0.75 5 -0.67 -1.93 5 -1.00 -3.14 5 -0.94 -1.95
6 -0.27 -1.68 6 -0.77 -2.07
7 -0.25 -2.52 7 -0.35 -2.14
8 -0.19 -1.41 8 -1.25 -2.10
9 -0.48 -1.51

10 -0.14 -1.41
11 -1.30 -1.48
12 0.23 -1.88
13 -0.11 -1.98
14 -1.46 0.30
15 -1.91 -1.02
16 -0.18 -1.54
17 -1.30 -4.01
18 -0.46 -1.49
19 -0.25 -1.27
20 -0.35 -1.28
21 -0.26 -1.14
22 -0.22 -1.45
23 -0.06 -0.75
24 0.23 -1.48
25 -1.46 0.30
26 -1.91 -1.02
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IM-3D-6R IM-3D-5L IM-3D-3L IM-6D-1R
Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰)

1 -0.86 -2.58 1 -1.98 -5.83 1 -0.26 -0.97 1 0.20 -2.13
2 -2.54 -5.73 2 -1.17 -4.18 2 -2.06 -3.13 2 -0.69 -2.31
3 -1.92 -2.28 3 -1.18 -3.37 3 -1.00 -2.42 3 -0.79 -3.09
4 -2.48 -6.03 4 -1.08 -2.42 4 -1.31 -2.00 4 -0.38 -4.13
5 -1.82 -2.90 5 -0.75 -1.70 5 -0.46 -2.20 5 0.63 -2.98

6 -0.89 -0.49 6 0.16 -1.75
7 -0.61 -3.99
8 -0.38 -3.69
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IM-6D-2R IM-6D-3L IM-TS-1W IM-TS-2W
Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰)

1 0.37 -2.54 1 -2.07 -2.53 1 -3.02 -6.93 1 -1.92 -2.20
2 -0.17 -2.99 2 -2.64 -5.77 2 -3.51 -7.18 2 -2.32 -2.80
3 -0.55 -3.17 3 -2.78 -4.80 3 -2.82 -6.36 3 -2.94 -3.78
4 -0.89 -4.69 4 -1.38 -1.99 4 -1.04 -2.59 4 -2.85 -5.16
5 -0.30 -2.48 5 -2.36 -3.88 5 -1.65 -3.31 5 -3.27 -6.70
6 -0.47 -2.72 6 -2.15 -1.15 6 -2.01 -4.35 6 -2.44 -6.36
7 -0.47 -4.15 7 -0.86 -0.85 7 -2.47 -6.29 7 -2.23 -5.25
8 -0.74 -4.32 8 -3.02 -7.63 8 -1.08 -2.44

9 -2.79 -5.75 9 -1.39 -3.40
10 -2.97 -6.56 10 -1.81 -6.68
11 -2.99 -5.40 11 -1.64 -6.33
12 -3.37 -5.63 12 -0.96 -4.82
13 -1.68 -3.42
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IM-TS-3W IM-TS-4W PZ-ST-8D-1R PZ-ST-8D-2R
Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰)

1 -0.72 -5.14 1 -0.85 -3.42 1 -0.27 -1.56 1 0.59 -1.69
2 -0.28 -5.43 2 -0.59 -3.08 2 1.11 -3.35 2 0.26 -2.04
3 -0.01 -4.19 3 -0.46 -4.01 3 0.58 -1.70 3 0.96 -0.63
4 -0.22 -4.49 4 -0.40 -4.67 4 0.90 -0.72 4 1.37 -1.39
5 1.79 -3.42 5 -0.45 -3.48 5 1.08 -1.43 5 -0.26 -4.52
6 0.34 -2.15 6 -0.84 -3.69 6 1.33 -3.22 6 1.21 -1.42
7 0.19 -2.31 7 -0.40 -2.45 7 1.02 -0.95 7 1.17 -0.99
8 -0.11 -3.75 8 -0.46 -2.20 8 1.34 -2.11
9 -0.43 -3.26 9 -0.85 -2.82
10 -0.36 -5.41 10 -1.01 -2.91
11 -0.30 -5.92 11 -0.68 -3.23
12 -0.47 -3.61 12 -0.68 -4.54
13 -0.19 -1.20 13
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PZ-ST-8D-3L PZ-IS-1W PZ-IS-2W PZ-IS-3W
Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰)

1 0.43 -2.27 1 0.93 -2.29 1 -0.25 -3.65 1 -1.34 -5.93
2 0.68 -0.63 2 0.81 -3.14 2 -0.36 -3.87 2 -1.46 -6.05
3 -0.20 -4.14 3 1.22 -1.54 3 0.92 -3.32 3 -0.68 -1.36
4 0.78 -1.58 4 0.68 -1.22 4 0.45 -3.66 4 -0.85 -0.94
5 0.54 -0.53 5 0.60 -2.22 5 0.66 -3.23 5 -1.44 -2.16
6 0.79 -1.27 6 0.28 -1.06 6 -0.33 -1.57 6 -1.04 -3.38
7 1.34 -2.89 7 0.42 -0.64 7 -0.21 -1.11 7 -1.34 -5.08
8 0.90 -3.71 8 -0.20 -1.31 8 -0.16 -0.22 8 -1.28 -5.69

9 0.32 -1.97 9 -0.03 -0.82
10 0.06 -2.96
11 0.24 -3.26
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PZ-IS-4W LI-1-CCB LI-2-CCB LI-5-CCB
Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰)

1 -1.85 -5.64 1 1.34 -3.11 1 0.99 -1.32 1 1.76 0.06
2 0.36 -3.19 2 1.20 -2.02 2 0.98 -1.32 2 1.67 0.01
3 -0.16 -2.70 3 1.14 -1.96 3 1.33 -0.71 3 1.62 -0.24
4 0.01 -1.74 4 1.25 -2.52 4 1.15 -0.30 4 1.48 -0.44
5 -0.44 -1.00 5 1.16 -1.94 5 1.27 -0.50 5 1.29 -0.07
6 -0.17 -0.38 6 0.86 -1.89 6 0.81 -0.86 6 0.55 -0.49
7 -0.01 -0.68 7 0.96 -1.63 7 0.19 -0.82 7 0.83 -0.58
8 -1.78 -6.08 8 0.75 -1.66 8 -0.69 -1.07 8 1.90 0.45
9 0.35 -3.24 9 0.72 -1.84 9 -1.18 -1.42 9 2.03 -0.31

10 0.24 -2.72 10 0.65 -2.11 10 -1.05 -2.50 10 1.67 0.30
11 -0.03 -2.48 11 -1.02 -2.90 11 1.84 0.16
12 0.23 -2.02 12 -0.86 -3.13 12 1.69 0.00
13 -0.03 -2.77 13 -1.45 -3.78 13 1.53 -0.03
14 -0.61 -3.18 14 -1.42 -4.02 14 1.32 0.02
15 0.22 -3.01 15 -1.89 -5.16 15 1.00 -0.12
16 0.21 -3.27 16 0.79 -0.38
17 -0.10 -3.52 17 0.89 -0.54

18 0.02 -1.57
19 0.28 -1.59
20 0.18 -1.94
21 0.61 -2.33
22 0.07 -3.94
23 0.36 -3.75
24 1.37 0.34
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LI-10-CCB LI-11-CCB L1-12-CCB LI-13-CCB
Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰)

1 1.39 -1.21 1 0.78 -2.47 1 1.31 -1.13 1 0.53 -2.70
2 1.36 0.08 2 0.94 -2.74 2 1.20 -0.41 2 0.56 -2.13
3 0.72 -0.17 3 1.14 -2.67 3 1.58 -1.91 3 1.44 -2.16
4 1.55 -0.14 4 1.34 -2.56 4 1.06 -1.60 4 -0.06 -3.65
5 1.45 -0.10 5 0.04 -3.46 5 0.95 -1.68 5 0.61 -3.46
6 1.48 0.00 6 0.85 -2.57 6 1.21 -2.28 6 0.39 -3.69
7 1.46 -0.27 7 0.77 -3.02 7 0.72 -1.81 7 0.73 -3.64
8 0.33 -0.16 8 0.86 -3.37 8 0.30 -2.47 8 1.07 -3.48
9 0.78 -0.05 9 0.12 -3.22 9 -0.53 -3.37 9 0.58 -3.26

10 0.70 -0.62 10 0.72 -3.21 10 -0.21 -2.79 10 0.10 -3.23
11 0.42 -0.65 11 0.84 -3.03 11 0.01 -2.86 11 -0.01 -3.60
12 0.44 -0.48 12 1.46 -2.76 12 0.97 -0.10 12 0.14 -3.28
13 0.32 -0.48 13 1.40 -2.65 13 0.55 -0.43 13 -0.11 -2.79
14 0.00 -1.40 14 1.47 -2.63 14 -0.34 -3.12
15 -0.10 -1.67 15 1.17 -2.75 15 -0.39 -3.07
16 -0.64 -2.35 16 1.03 -2.57 16 -0.15 -2.78
17 -0.85 -3.47 17 1.46 -2.49 17 0.13 -3.16
18 -1.03 -3.82 18 1.33 -2.44
19 -0.43 -3.78 19 2.03 -2.21
20 0.13 -3.41
21 0.48 -2.90
22 0.48 -2.62
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LI-15-CCB LI-IV-1D-6R LI-IV-3D-1R LI-IV-3D-2L
Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰)

1 1.10 -1.02 1 -0.42 -0.14 1 0.27 -1.16 1 0.61 -3.32
2 0.43 -1.01 2 0.48 -2.26 2 0.56 -0.56 2 0.33 -3.11
3 1.33 -0.99 3 0.15 -2.86 3 1.17 -1.94 3 0.88 -1.62
4 1.10 -0.32 4 1.14 -0.73 4 0.37 -1.93 4 0.91 -0.38
5 0.78 -3.36 5 0.96 -2.25 5 0.93 0.18 5 0.57 0.27
6 -0.26 -1.03 6 1.25 -2.28 6 0.90 -1.62 6 0.87 -0.66
7 -1.11 -1.79 7 1.31 -2.12 7 1.32 -2.63 7 0.96 -2.49
8 1.90 -0.88 8 0.35 -2.91 8 1.42 -2.23
9 0.75 -2.21

10 1.44 -2.75
11 1.50 -2.08
12 1.05 -3.46
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LI-3W LI-4W LI-5W SO-7-CCB
Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰)

1 1.00 -2.79 1 0.72 -1.96 1 1.13 -2.23 1 2.13 -1.09
2 1.08 -2.53 2 0.15 -4.04 2 0.86 -2.07 2 1.71 -1.70
3 1.20 -2.36 3 0.19 -3.99 3 0.97 -1.43 3 2.03 -1.47
4 1.41 -2.21 4 0.11 -4.19 4 1.28 -0.80 4 1.41 -1.67
5 1.27 -2.82 5 0.82 -3.75 5 0.47 -0.21 5 1.53 -1.07
6 1.18 -2.86 6 0.53 -3.57 6 -0.05 -0.63 6 1.34 -0.44
7 1.31 -3.18 7 1.69 -0.29 7 -0.16 -0.11 7 1.35 -2.45
8 1.20 -2.81 8 1.11 0.11 8 0.22 -0.32 8 2.19 -0.96
9 1.31 -2.47 9 0.51 -0.06 9 0.60 -3.56 9 2.08 -1.20

10 1.15 -2.20 10 0.52 -0.87 10 0.87 -1.05 10 1.68 -1.75
11 1.34 -1.92 11 0.35 -0.75 11 1.58 -2.07
12 0.82 -0.91 12 2.14 -1.06

13 2.05 -1.27
14 0.86 -0.10
15 2.07 -1.34
16 1.48 -2.05
17 2.30 -0.96
18 1.29 -2.65
19 1.22 0.62
20 0.90 0.16
21 2.19 -1.46
22 2.11 -1.55
23 2.17 -1.32
24 2.19 -1.24
25 2.25 -1.29
26 0.75 -0.59
27 1.59 -0.87
28 2.08 -1.58
29 0.89 -1.21
30 2.09 -1.28
31 0.52 -1.47
32 1.95 -1.50
33 1.52 -0.52
34 1.37 -2.49
35 0.44 0.04
36 1.46 -1.72
37 1.25 -1.65
38 1.08 -2.88
39 1.43 -2.20
40 1.35 -2.63
41 1.90 -1.84
42 1.94 -1.41
43 1.63 -1.67
44 0.48 -1.09
45 1.40 -2.57
46 0.85 -2.73
47 0.65 -2.77
48 1.74 -2.17
49 1.91 -1.84
50 1.94 -1.58
51 2.08 -1.18
52 2.12 -1.10
53 2.13 -1.18
54 2.19 -0.97
55 2.08 -0.83
56 2.06 -1.36
57 2.06 -0.60
58 2.02 -1.48
59 2.09 -0.63
60 2.01 -1.20
61 2.04 -0.36
62 1.69 -1.13
63 1.96 -0.54
64 1.64 -0.56
65 1.45 -0.25
66 1.46 0.06
67 1.40 -1.02
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SO-7-CCB SO-125-CCB EG-EP-175-CCB EG-EP-417-CCB
Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰)

68 1.34 -0.24 1 0.66 -4.07 1 -0.37 -1.40 1 0.12 -3.22
69 1.49 -1.04 2 1.89 -1.65 2 -0.11 -1.37 2 0.76 -3.50
70 1.53 -1.10 3 1.16 -2.22 3 -0.34 -2.35 3 -0.17 -0.51
71 1.37 -2.54 4 2.01 -1.30 4 -0.04 -3.88 4 -1.84 -7.08
72 1.07 -3.30 5 1.24 -1.25 5 -0.74 -0.57 5 0.33 -0.09

6 1.76 -1.36 6 -0.55 -0.42
7 1.46 -1.08 7 -0.64 -0.95
8 1.46 -0.90
9 1.37 -0.95
10 1.17 -3.01
11 1.24 -0.59
12 1.02 -2.88
13 1.11 -1.04
14 1.22 -0.60
15 1.41 -0.34
16 1.38 -0.28
17 1.96 -0.29
18 1.22 -2.60
19 1.44 -2.46
20 1.48 -1.81
21 2.23 0.07
22 1.63 -1.82
23 2.12 -0.46
24 2.18 -0.24
25 2.20 -0.31
26 2.11 -0.59
27 1.80 -0.34
28 2.05 0.00
29 1.48 0.79
30 0.72 -1.10
31 1.56 -1.63
32 1.05 -3.44
33 1.25 -1.91
34 1.44 -2.14
35 1.29 -2.63
36 1.29 -2.86
37 2.07 -0.98
38 1.17 -0.57
39 1.26 -0.36
40 1.06 0.08
41 1.29 0.06
42 1.19 -0.10
43 1.15 -0.19
44 0.99 0.08
45 1.20 -0.14
46 1.05 0.08
47 1.01 -0.03
48 0.97 -0.43
49 1.03 -0.04
50 1.01 -0.10
51 0.97 -0.08
52 0.90 -0.43
53 1.22 -0.35
54 0.96 -0.85
55 1.08 -0.80
56 0.83 -1.00
57 1.00 -1.07
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EG-EP-513-CCB DA-1W DA-2W DA-3W
Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰)

1 0.60 -0.29 1 0.21 -3.40 1 0.19 -2.77 1 0.66 -4.15
2 0.86 -0.70 2 1.15 -3.31 2 0.10 -3.53 2 0.46 -4.02
3 0.82 -1.84 3 0.08 -3.55 3 0.22 -3.11 3 0.48 -3.18
4 0.57 -1.68 4 0.60 -3.28 4 0.85 -2.16 4 -0.95 0.00
5 0.39 -3.16 5 0.30 -3.11 5 -0.14 -1.67 5 -1.04 -0.48
6 -1.13 -5.61 6 0.40 -2.81 6 -0.17 -0.32 6 -0.82 -0.21
7 -0.82 -5.37 7 0.12 -2.82 7 -0.28 -0.04 7 -0.67 -0.33
8 0.27 -1.51 8 0.45 -2.45 8 0.56 -1.33 8 -0.82 -0.84
9 0.59 0.12 9 0.96 -0.49 9 0.23 -1.58 9 -0.27 -1.41
10 1.09 -0.69 10 -0.02 -0.84 10 0.26 -2.54 10 -0.96 -3.00
11 1.17 -0.58 11 0.56 0.05 11 -1.05 -2.52
12 0.75 -2.29 12 0.56 -0.55

13 0.57 -0.63
14 0.98 -1.36
15 0.51 -2.91
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DA-4W DA-5W DA-6W DA-1-CCB
Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰)

1 0.58 -3.01 1 0.83 -1.50 1 0.60 -2.12 1 1.05 -2.55
2 -0.25 -0.32 2 1.04 -2.78
3 -0.33 -0.46 3 1.19 -3.18
4 -0.58 -0.67 4 0.89 -3.40
5 -0.65 -0.67 5 0.36 -3.92
6 -0.85 -0.93 6 0.36 -3.34
7 -0.96 -0.95 7 0.18 -3.43
8 -0.39 -1.72 8 0.49 -3.57
9 -0.39 -2.25 9 -0.01 -4.16

10 0.20 -3.38
11 0.36 -3.90
12 0.74 -3.37
13 0.72 -3.18
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DA-3-CCB DA-6-CCB DA-11-CCB DA-CD-1D-4L
Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰)

1 1.20 0.02 1 0.98 -3.73 1 0.74 -2.96 1 0.08 -0.30
2 2.12 -0.03 2 1.22 -3.39 2 0.34 -2.37 2 0.00 -0.20
3 2.11 -0.47 3 0.87 -3.28 3 0.38 -2.01 3 0.80 0.05
4 1.75 -0.08 4 0.59 -3.54 4 0.76 -0.69 4 0.51 0.23
5 2.40 -1.18 5 0.63 -3.41 5 0.69 -0.37
6 2.33 -1.22 6 0.46 -3.09 6 0.59 -1.90
7 1.96 -0.50 7 0.11 -2.95
8 1.97 -0.52 8 -0.03 -2.79
9 2.01 -0.83 9 1.43 -2.67

10 1.89 -0.94 10 1.46 -2.87
11 1.64 -0.32 11 1.69 -2.99
12 1.77 -0.53 12 1.04 -3.30
13 1.49 -0.50
14 1.40 -0.52
15 0.77 -0.86
16 1.32 -1.74
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DA-CD-1D-5L DA-CD-1D-6L
Sample # δ13C (‰) δ18O (‰) Sample # δ13C (‰) δ18O (‰)

1 -0.02 -1.58 1 0.76 -2.69
2 0.48 -1.69 2 1.24 -1.79
3 0.36 -0.69 3 0.86 -0.91
4 0.37 -0.92 4 0.42 -0.74

5 0.31 0.60
6 0.78 -0.84
7 1.24 -2.22
8 0.67 -3.51
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Table A-E.2.  Stable isotopes (δ18Ο) VPDB used in Appendix D. Isla Montague = IM,
Cum. L = Cumulative length. All samples were taken from umbo towards commissure.

Dambrian
IM-1-CCB IM-3-CCB IM-6-CCB IM-7-CCB

Cum. L (cm) δ18O (‰) Cum. L (cm) δ18O (‰) Cum. L (cm) δ18O (‰) Cum. L (cm) δ18O (‰)
0.66 -0.21 1.88 -0.89 2.31 -0.42 3.23 -1.79
0.89 -0.54 2.12 -0.84 2.64 -0.75 3.54 -1.87
1.05 -0.48 2.39 -1.44 2.74 -1.15 3.83 -1.55
1.15 -0.58 2.60 -1.73 2.90 -1.07 4.13 -0.11
1.35 -0.82 2.76 -1.74 2.96 -1.82 4.48 0.70
1.51 -0.89 2.87 -1.56 3.07 -1.47 4.56 0.42
1.63 -0.66 3.00 -1.78 3.23 -1.68
1.81 -0.63 3.14 -1.75 3.46 -1.63
1.95 -0.55 3.22 -1.62 3.66 -2.04
2.12 -0.43 3.35 -1.93 3.86 -1.55
2.32 -1.03 3.54 -1.86 4.02 -1.88
2.47 -0.85 3.72 -2.30 4.09 -1.92
2.68 -1.11 3.92 -1.70 4.18 -0.19
2.85 -1.17 4.13 -2.08 4.30 -0.32
3.16 -1.29 4.40 -1.06 4.54 1.28
3.33 -1.34 4.51 -0.71 4.68 -0.19
3.52 -1.59 4.65 0.78 4.94 0.28
3.70 -1.24 4.96 0.85
3.84 -1.06 5.19 0.94
4.03 -1.41
4.18 -1.30
4.33 -1.70
4.48 -1.53
4.61 -1.44
4.71 -1.63
4.81 -1.58
4.96 1.24
5.10 1.58
5.26 1.22
5.33 1.00
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Predambrian
IM-TS-1W IM-TS-2W IM-TS-3W

Cum. L (cm) δ18O (‰) Cum. L (cm) δ18O (‰) Cum. L (cm) δ18O (‰)
3.76 -6.93 3.20 -2.20 2.73 -5.14
3.99 -6.36 3.36 -2.80 2.94 -5.43
4.17 -3.31 3.58 -3.78 3.12 -4.19
4.39 -6.29 3.74 -5.16 3.34 -3.42
4.50 -6.56 3.91 -6.70 3.47 -2.31
4.67 -3.42 4.07 -5.25 3.69 -3.75

4.23 -2.44 3.91 -3.26
4.34 -6.68 4.02 -5.92
4.45 -6.33 4.16 -3.61
4.61 -4.82 4.38 -1.20
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IM-TS-4W IM-3D-6R IM-6D-2R
Cum. L (cm) δ18O (‰) Cum. L (cm) δ18O (‰) Cum. L (cm) δ18O (‰)

2.80 -3.42 4.67 -2.28 3.86 -2.54
2.93 -3.08 4.95 -6.03 4.44 -2.99
3.17 -4.01 5.18 -2.90 4.78 -3.17
3.36 -3.69 5.27 -4.69
3.60 -2.20 5.52 -2.48
3.95 -2.91 5.75 -2.72
4.07 -3.23 5.97 -4.15
4.26 -4.54 6.18 -4.32
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Table A-E.3.  Stable isotopes (δ18Ο) VPDB used in the high-resolution approach in Appendix D.
Isla Montague = IM, Cum. L = Cumulative length. All samples were taken from umbo towards
commissure.

Sample # Cum. L (cm) δ13C (‰) δ18O (‰)
IM7-CCB_D12+13 0.98 -0.58 -0.96
IM7-CCB_D12+13 1.00 -0.58 -0.96
IM7-CCB_D12+13 1.02 -0.58 -0.96
IM7-CCB_D12+13 1.05 -0.58 -0.96
IM7-CCB_D12+13 1.07 -0.58 -0.96
IM7-CCB_D12+13 1.10 -0.58 -0.96
IM7-CCB_D12+13 1.14 -0.58 -0.96
IM7-CCB_D10+11 1.18 -0.66 -1.48
IM7-CCB_D10+11 1.20 -0.66 -1.48
IM7-CCB_D10+11 1.22 -0.66 -1.48
IM7-CCB_D10+11 1.24 -0.66 -1.48
IM7-CCB_D9 1.26 -0.71 -1.56
IM7-CCB_D9 1.28 -0.71 -1.56
IM7-CCB_D9 1.31 -0.71 -1.56
IM7-CCB_D9 1.33 -0.71 -1.56
IM7-CCB_D9 1.36 -0.71 -1.56
IM7-CCB_D9 1.39 -0.71 -1.56
IM7-CCB_D7+8 1.42 -0.56 -1.41
IM7-CCB_D7+8 1.45 -0.56 -1.41
IM7-CCB_D7+8 1.48 -0.56 -1.41
IM7-CCB_D7+8 1.50 -0.56 -1.41
IM7-CCB_D7+8 1.53 -0.56 -1.41
IM7-CCB_D7+8 1.54 -0.56 -1.41
IM7-CCB_D6 1.57 -0.25 -1.24
IM7-CCB_D6 1.59 -0.25 -1.24
IM7-CCB_D6 1.62 -0.25 -1.24
IM7-CCB_D5 1.64 -0.50 -1.59
IM7-CCB_D5 1.66 -0.50 -1.59
IM7-CCB_D4 1.68 -0.35 -1.88
IM7-CCB_D4 1.69 -0.35 -1.88
IM7-CCB_D3 1.71 -0.30 -1.94
IM7-CCB_D3 1.73 -0.30 -1.94
IM7-CCB_D2 1.75 -0.32 -2.04
IM7-CCB_D2 1.77 -0.32 -2.04
IM7-CCB_D2 1.80 -0.32 -2.04
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Sample # Cum. L (cm) δ13C (‰) δ18O (‰)
IM7-CCB_D1 1.84 -0.41 -1.76
IM7-CCB_D1 1.86 -0.41 -1.76
IM7-CCB_D1 1.89 -0.41 -1.76
IM7-CCB_C15 1.91 -0.45 -1.85
IM7-CCB_C15 1.93 -0.45 -1.85
IM7-CCB_C15 1.96 -0.45 -1.85
IM7-CCB_C14 1.98 -0.30 -1.70
IM7-CCB_C14 2.00 -0.30 -1.70
IM7-CCB_C14 2.02 -0.30 -1.70
IM7-CCB_C13 2.05 -0.36 -1.74
IM7-CCB_C13 2.07 -0.36 -1.74
IM7-CCB_C12 2.09 -0.21 -1.77
IM7-CCB_C12 2.12 -0.21 -1.77
IM7-CCB_C11 2.15 -0.55 -1.89
IM7-CCB_C11 2.17 -0.55 -1.89
IM7-CCB_C10 2.20 -0.56 -2.07
IM7-CCB_C10 2.22 -0.56 -2.07
IM7-CCB_C9 2.24 -0.32 -1.99
IM7-CCB_C9 2.26 -0.32 -1.99
IM7-CCB_C8 2.28 -0.53 -1.89
IM7-CCB_C8 2.30 -0.53 -1.89
IM7-CCB_C7 2.32 -0.41 -1.79
IM7-CCB_C7 2.34 -0.41 -1.79
IM7-CCB_C7 2.37 -0.41 -1.79
IM7-CCB_C6 2.39 -0.45 -1.99
IM7-CCB_C6 2.43 -0.45 -1.99
IM7-CCB_C5 2.46 -0.17 -1.72
IM7-CCB_C4 2.49 -0.21 -1.88
IM7-CCB_C3 2.51 0.11 -1.75
IM7-CCB_C2 2.54 -0.09 -1.66
IM7-CCB_C1 2.56 -0.23 -1.87
IM7-CCB_B15 2.57 -0.26 -1.98
IM7-CCB_B14 2.58 -0.30 -1.93
IM7-CCB_B14 2.59 -0.30 -1.93
IM7-CCB_B13 2.60 -0.07 -1.87
IM7-CCB_B12 2.62 -0.23 -1.63
IM7-CCB_B11 2.63 -0.15 -1.62
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Sample # Cum. L (cm) δ13C (‰) δ18O (‰)
IM7-CCB_B10 2.65 -0.08 -1.92
IM7-CCB_B9 2.67 -0.17 -1.92
IM7-CCB_B8 2.70 -0.10 -2.03
IM7-CCB_B7 2.74 -0.11 -2.06
IM7-CCB_B6 2.77 -0.01 -1.89
IM7-CCB_B3,4,5 2.80 0.13 -1.97
IM7-CCB_A14,15,B1 2.83 0.04 -1.61
IM7-CCB_A12,13 2.85 -0.14 -1.53
IM7-CCB_A10,11 2.88 -0.10 -1.77
IM7-CCB_A9 2.90 -0.23 -1.66
IM7-CCB_A8 2.92 -0.25 -1.72
IM7-CCB_A7 2.93 -0.19 -1.83
IM7-CCB_A6 2.95 -0.43 -1.86
IM7-CCB_A5 2.97 -0.67 -1.79
IM7-CCB_A3,4 2.98 -0.61 -1.74
IM7-CCB_A2 3.01 -0.59 -1.62
IM7-CCB_A1 3.03 -0.49 -1.75
IM7-CCB_D14 3.05 -0.53 -1.97
IM7-CCB_D13 3.07 -0.60 -2.06
IM7-CCB_D11,12 3.09 -0.84 -2.05
IM7-CCB_D9,10 3.12 -0.91 -1.94
IM7-CCB_D7,8 3.13 -0.38 -2.10
IM7-CCB_D5,6 3.15 -0.36 -2.15
IM7-CCB_D4 3.17 -0.28 -1.91
IM7-CCB_D3 3.19 -0.11 -1.75
IM7-CCB_D2 3.22 -0.02 -1.77
IM7-CCB_C14,15 3.24 -0.11 -1.64
IM7-CCB_C13 3.26 -0.32 -1.72
IM7-CCB_C12 3.28 -0.43 -1.63
IM7-CCB_C11 3.29 -0.60 -1.63
IM7-CCB_C10 3.31 -0.82 -1.94
IM7-CCB_C9 3.33 -0.76 -1.74
IM7-CCB_C8 3.35 -0.65 -1.66
IM7-CCB_C7 3.37 -0.63 -1.51
IM7-CCB_C5,6 3.38 -0.69 -1.83
IM7-CCB_C4 3.41 -0.47 -1.97
IM7-CCB_C3 3.43 -0.43 -1.79
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Sample # Cum. L (cm) δ13C (‰) δ18O (‰)
IM7-CCB_C2 3.45 -0.71 -1.75
IM7-CCB_C1 3.46 -0.50 -1.88
IM7-CCB_C1 3.48 -0.50 -1.88
IM7-CCB_B15 3.50 -0.52 -1.70
IM7-CCB_B14 3.51 -0.36 -1.47
IM7-CCB_B13 3.53 -0.56 -1.24
IM7-CCB_B12 3.55 -0.55 -1.10
IM7-CCB_B11 3.56 -0.59 -0.83
IM7-CCB_B10 3.58 -0.67 -0.63
IM7-CCB_B10 3.60 -0.67 -0.63
IM7-CCB_B9 3.62 -0.79 -0.84
IM7-CCB_B8 3.64 -0.58 -0.96
IM7-CCB_B8 3.65 -0.58 -0.96
IM7-CCB_B7 3.67 -0.64 -1.11
IM7-CCB_B6 3.68 -0.51 -1.14
IM7-CCB_B6 3.69 -0.51 -1.14
IM7-CCB_B5 3.70 -0.58 -0.88
IM7-CCB_B5 3.71 -0.58 -0.88
IM7-CCB_B4 3.72 -0.52 -0.75
IM7-CCB_B3 3.74 -0.65 -0.50
IM7-CCB_B3 3.74 -0.65 -0.50
IM7-CCB_B2 3.75 -0.86 -0.76
IM7-CCB_B1 3.76 -0.72 -0.52
IM7-CCB_B1 3.77 -0.72 -0.52
IM7-CCB_A15 3.78 -0.67 -0.49
IM7-CCB_A15 3.78 -0.67 -0.49
IM7-CCB_A14 3.79 -0.49 -0.41
IM7-CCB_A14 3.79 -0.49 -0.41
IM7-CCB_A14 3.80 -0.49 -0.41
IM7-CCB_A13 3.80 -0.33 -0.52
IM7-CCB_A13 3.81 -0.33 -0.52
IM7-CCB_A12 3.82 -0.53 -0.52
IM7-CCB_A12 3.82 -0.53 -0.52
IM7-CCB_A10+11 3.83 -1.35 0.04
IM7-CCB_A10+11 3.83 -1.35 0.04
IM7-CCB_A10+11 3.84 -1.35 0.04
IM7-CCB_A8+9 3.84 -0.78 0.42
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Sample # Cum. L (cm) δ13C (‰) δ18O (‰)
IM7-CCB_A8+9 3.85 -0.78 0.42
IM7-CCB_A8+9 3.85 -0.78 0.42
IM7-CCB_A8+9 3.86 -0.78 0.42
IM7-CCB_A6+7 3.87 -0.33 1.14
IM7-CCB_A6+7 3.88 -0.33 1.14
IM7-CCB_A6+7 3.89 -0.33 1.14
IM7-CCB_A6+7 3.90 -0.33 1.14
IM7-CCB_A6+7 3.91 -0.33 1.14
IM7-CCB_A5 3.91 -0.15 1.10
IM7-CCB_A4 3.92 -0.06 1.25
IM7-CCB_A4 3.93 -0.06 1.25
IM7-CCB_A3 3.94 0.05 1.31
IM7-CCB_A3 3.95 0.05 1.31
IM7-CCB_A2 3.96 -0.05 1.32
IM7-CCB_A2 3.97 -0.05 1.32
IM7-CCB_A1 3.98 0.01 1.12
IM7-CCB_A1 3.99 0.01 1.12
IM7-CCB_D15 3.99 -0.06 0.57
IM7-CCB_D15 4.00 -0.06 0.57
IM7-CCB_D14 4.01 -0.15 0.84
IM7-CCB_D14 4.02 -0.15 0.84
IM7-CCB_D13 4.03 -0.15 1.10
IM7-CCB_D13 4.03 -0.15 1.10
IM7-CCB_D12 4.04 -0.29 0.67
IM7-CCB_D12 4.05 -0.29 0.67
IM7-CCB_D12 4.06 -0.29 0.67
IM7-CCB_D12 4.07 -0.29 0.67
IM7-CCB_D11 4.08 -0.10 0.49
IM7-CCB_D11 4.08 -0.10 0.49
IM7-CCB_D11 4.09 -0.10 0.49
IM7-CCB_D11 4.10 -0.10 0.49
IM7-CCB_D10 4.11 -0.24 0.70
IM7-CCB_D9 4.12 -0.13 0.73
IM7-CCB_D8 4.13 -0.20 0.90
IM7-CCB_D7 4.13 -0.13 0.96
IM7-CCB_D6 4.14 -0.10 1.30
IM7-CCB_D5 4.15 0.07 1.21
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Sample # Cum. L (cm) δ13C (‰) δ18O (‰)
IM7-CCB_D4 4.16 0.05 1.17
IM7-CCB_D3 4.16 0.03 1.49
IM7-CCB_D2 4.17 0.13 1.22
IM7-CCB_D2 4.18 0.13 1.22
IM7-CCB_D1 4.18 0.21 1.23
IM7-CCB_D1 4.19 0.21 1.23
IM7-CCB_C15 4.19 0.35 1.14
IM7-CCB_C15 4.20 0.35 1.14
IM7-CCB_C14 4.21 0.15 1.21
IM7-CCB_C13 4.21 0.10 1.21
IM7-CCB_C12 4.22 -0.06 0.65
IM7-CCB_C11 4.22 0.00 1.08
IM7-CCB_C10 4.23 0.05 1.03
IM7-CCB_C9 4.24 0.01 0.56
IM7-CCB_C8 4.24 0.07 1.06
IM7-CCB_C7 4.25 -0.02 0.96
IM7-CCB_C6 4.26 0.16 1.13
IM7-CCB_C5 4.27 0.08 0.96
IM7-CCB_C4 4.28 0.02 1.21
IM7-CCB_C3 4.28 0.00 1.28
IM7-CCB_C3 4.29 0.00 1.28
IM7-CCB_C2 4.30 0.06 1.18
IM7-CCB_C1 4.30 0.10 1.03
IM7-CCB_B15 4.31 0.10 1.12
IM7-CCB_B15 4.32 0.10 1.12
IM7-CCB_B14 4.32 0.02 1.05
IM7-CCB_B13 4.33 0.04 0.84
IM7-CCB_B12 4.34 -0.09 0.89
IM7-CCB_B12 4.35 -0.09 0.89
IM7-CCB_B11 4.36 -0.08 0.99
IM7-CCB_B11 4.37 -0.08 0.99
IM7-CCB_B10 4.37 -0.08 0.86
IM7-CCB_B9 4.38 -0.04 0.89
IM7-CCB_B7+8 4.39 -0.16 0.88
IM7-CCB_B6 4.39 -0.17 0.75
IM7-CCB_B5 4.40 0.01 1.04
IM7-CCB_B4 4.41 0.02 1.15
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Sample # Cum. L (cm) δ13C (‰) δ18O (‰)
IM7-CCB_B3 4.41 -0.09 0.77
IM7-CCB_B2 4.42 -0.03 0.99
IM7-CCB_B1 4.42 0.04 0.67
IM7-CCB_A14+15 4.43 0.09 1.00
IM7-CCB_A14+15 4.44 0.09 1.00
IM7-CCB_A13 4.45 0.20 0.64
IM7-CCB_A12 4.45 0.01 0.53
IM7-CCB_A11 4.46 0.27 0.60
IM7-CCB_A10 4.47 0.14 0.31
IM7-CCB_A9 4.48 0.25 0.31
IM7-CCB_A9 4.49 0.25 0.31
IM7-CCB_A7+8 4.50 0.15 0.40
IM7-CCB_A7+8 4.50 0.15 0.40
IM7-CCB_A6 4.51 0.15 0.58
IM7-CCB_A5 4.52 0.05 0.54
IM7-CCB_A3+4 4.53 0.00 0.22
IM7-CCB_A3+4 4.53 0.00 0.22
IM7-CCB_A3+4 4.54 0.00 0.22
IM7-CCB_A1+2 4.54 -0.25 0.58
IM7-CCB_A1+2 4.55 -0.25 0.58
IM7-CCB_A1+2 4.56 -0.25 0.58
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