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ABSTRACT 

I use microchemistry in fish otoliths to test the hypothesis that diverting Colorado 

River flow from reaching the Gulf of California has impacted two endemic fish: the 

threatened gulf Corvina, (Cynoscion othonopterus) and the endangered totoaba (Totoaba 

macdonaldi). The oxygen and carbon stable isotope ratios in otoliths help to reconstruct 

conditions of the environment during key life history stages before and after the damming 

and diverting the Colorado River.  The "18O in otoliths illustrate that both C. 

othonopterus and T. macdonaldi seek out brackish habitat provided by the Colorado 

River during their early life history.  The "18O of C. othonopterus otolith have a strong 

negative correlation with Colorado River flow.  I found that previously published 

relationships between otolith "18O and ambient temperature along with "18O of the water 

are sufficient to predict ranges of expected "18O values for T. macdonaldi in the field.  

The "18O in pre-dam T. macdonaldi otoliths show significant divergence from modern T. 

macdonaldi otoliths’ values, indicating that these fish used the brackish waters of the 

Colorado River estuary.  The "13 C in T. macdonaldi otoliths has a significant proportion 

of its "13 C derived from diet.  Pre-dam T. macdonaldi juveniles have a significantly 

different diet, which reflects that the Colorado River estuary had higher productivity 

before diversion of the river.  Lastly, T. macdonaldi grew faster before the dams and in 

association with Colorado River flow measured by the "18O. 
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INTRODUCTION 

The growing global population, industrialization, and urbanization have increased 

demands for fresh water and power (Postel et al, 1996), fueling the growth of   

hydroelectric dams, agriculture diversions and water storage reservoirs.  In many river 

systems, the water is now completely allocated, and often removed before reaching the 

sea (Drinkwater and Frank 1994; and  Gleick 2003).   The wholesale removal of water 

from large river systems has been largely an uncontrolled experiment, with little attention 

paid to the downstream ecological costs (Gillanders and Kingsford 2002; and Nixon 

2003), and almost no information collected on conditions before rivers were altered.  This 

lack of baseline ecological information about these systems and their inhabitants before 

river flow alterations has seriously hampered conservation and restoration (Dayton et al. 

1998; and Jackson et al. 2001). Our lack of understanding of the role of river flow to the 

secondary productivity in estuaries is alarming, as most species of economic importance 

are estuarine dependent during at least one phase of their life.  For example, 

approximately 60% of fish landed by the American fishing industries spend part of their 

life in estuaries (Owen and Chiras 1995).  

 In this dissertation, I test the over-arching hypothesis that diverting river flow 

from reaching the sea may be deleterious to non-anadromous marine fish 

populations.  I use oxygen and carbon stable isotopes from otoliths (ear bones) of 

two species of fish to reconstruct the conditions of the environment during key life 

history stages before and after the damming and diverting the Colorado River. 
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Overview of the problem 

Marine fisheries are in trouble (Pauly, 1998; Pauly, 2002; and Ormerod 2003). They 

have been severely depleted by extensive habitat degradation from coastal development, 

pollution, trawling and in many circumstances the threats are compounded by the added 

pressure of over-fishing (Pauly, 1998; Pauly, 2002; and Ormerod 2003).  Because of 

large gaps in pre-disturbance information, it is difficult to asses the effects of these 

anthropogenic disturbances on the ecology and biology of the affected species (Dayton et 

al., 1998; and Jackson et al. 2001).  In effect, we are charged with the task of managing 

these marine fisheries without knowing how these fish existed and interacted with their 

environment before human influences.  Managing fisheries and their ecosystems in a 

sustainable fashion is a large social concern, because they are the major economy to 

coastal settlements (globally); and they are an important source of protein for human 

consumption (Ormerod, 2003).  In fact, it can be argued that fisheries are the world’s 

most important natural resource (Ormerod 2003).  According to FAO the world catch of 

marine fish in 2003 was over 81 million tons, most of which was sold for human 

consumption (FAO 2004).    

Dying of thirst: taking the river away 

Few estuarine systems are untouched by some form of upstream river regulation 

(Alber 2002).  More than 75% of the largest rivers in the northern hemisphere are 

strongly or moderately impacted by dams and diversions (Dynesius and Nilsson 1994).  

The down stream repercussions of this large-scale ecosystem engineering are coming to 
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light decades later ((Dynesius and Nilsson 1994; Livingston et al 1997; Gillanders and 

Kingsford 2002; and Staunton-Smith et al. 2004).   

In several cases declines in catch have been correlated with declines of river flow into 

estuaries (Grimes and Kingsford 1996), yet these declines are often also associated with 

high harvesting rates, making unambiguous determination of the effects of water loss 

difficult.  In the Mediterranean Sea, annual sardine catch dropped 96% (Leopold 1997), 

in association with changes in water quality, reduced natural nutrient input stemming 

from the Nile’s reduced inflow (White 1988).   After the High Dam was built (1960’s) on 

the Nile, the coastal fishing economy collapsed, as commercial fishing  survived on only 

17 of the 47 species harvested before the dam (Leopold 1997).    In addition, other fish 

species have experienced population declines including shrimp, which crashed and 

subsequently the fishery closed after reaching unsustainable population size (White1988, 

Bishara 1984).  Similarly, declines in catch have also been attributed to the reduction of 

freshwater input in the Azov, Black and Aral Seas (Moyle and Leidy 1992), Gulf of 

Mexico (Wilber 1992; and Powell et al. 2002.), and Gulf of California (Galind –Bect 

2000). 

Importance of rivers to marine systems 

Rivers have many physical and chemical influences on the marine systems they 

empty into.  Perhaps the most notable is the delivery of sediments and nutrients.  Rivers 

are an incredible source of allochthonous dissolved and particulate matter for estuaries 

and coastal ecosystems (Sutcliffe 1972, Smetacek 1986, Alberts and Takács 1999).  This 

transfer of energy is ecologically important to the productivity of the marine ecosystem.  
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The river continuum concept states, “downstream communities are fashioned to 

capitalize on upstream (energy) processing inefficiencies” (Vannote et al.1980).  The 

estuarine system should also be included in this concept, as well as coastal species that 

take advantage of upstream inefficiencies (Sutcliffe 1972, Smetacek 1986).  

Estuaries are the major processing sites for much of the terrigenous dissolved and 

particulate organic carbon and nutrients delivered by rivers (Raymond and Bauer 2001; 

Stepanauskas et al. 2002), fueling productive nurseries and spawning habitat for marine 

fish, invertebrates (Grimes and Kingsford 1996; Albers 2002, Gillanders and Kingsford 

2002; and Staunton-Smith et al. 2004).  These areas of freshwater and seawater interface 

have high productivity of zooplancton and phytoplancton (Matthews 1986; Smetacek 

1986; and Grimes and Kingsford 1996).  Livingston et al. (1997) succinctly described 

unaltered, river-dominated estuaries as having, “…high levels of production…conditions 

that allow rapid growth and enhanced productivity of eurytopic populations that are 

adapted to rapidly changing environmental …”.  This is one of the many reasons that 

estuaries play a key role marine systems.  Unfortunately, estuaries are among the most 

impacted aquatic habitat (Kennish 2002) and diversions of river inflow are one of the 

major threats to estuaries and the species that occupy them (Kennish 2002).  Fish 

recruitment and pelagic larvae distribution of marine species are also closely tied to river 

inflow (Bishara 1984; Drinkwater and Frank 1994; and Grimes and Kingsford 1996). 

When rivers are permitted to flow to the sea, they often stimulate an increase in 

successful recruitment in commercial fisheries (Grimes and Kingsford 1996; Alber 2002; 

and Staunton-Smith et al. 2004).  In the Gulf of St. Lawrence, for example, significant 
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positive correlations between lagged catch of halibut, haddock, soft-shell calms and 

lobster were observed with increases of St. Lawrence River discharge (Sutcliffe 1972, 

1973).  In addition, striped bass, brown shrimp, pink shrimp, shallow water shrimp, 

prawns, blue crabs, and oysters all have correlative relationships between landings and 

fresh water inflow (Drinkwater and Frank 1994).   

Reconstructing the historic ecology 

We have little information on pristine, intact marine communities (Dayton 1998; 

Dayton et al. 1998; and Jackson et al. 2001), by which we can ground truth 

expectations of natural conditions.  Unfortunately, the burdern of proof lies with 

scientists -- providing evidence that our actions (over-fishing, river regulation, coastal 

development, pollution) have had negative impacts on the marine ecosystem (Dayton 

1998).  Techniques that use biological records to document natural (pre-disturbance) 

environmental conditions and the ecology of organisms are invaluable for sound 

management of the oceans. 

Otoliths (ear bones) of fish are ideal for reconstructing environmental and life 

history information for fish (Andrus et al. 2002; and Thorrold et al. 2001).  Because 

they are composed of daily accumulations of concentric biogenic aragonite deposits 

that form visible annual rings, they are excellent data loggers of environmental 

conditions.  These layers are affectively chapters in the fish’s life history. The time-

keeping property makes them a great candidate to investigate changes in the habitat 

use and associated life history parameters.  Elements trapped the aragonite provide  

insight into conditions that fish grew in and distinguish distinct habitats (Thorrold et 



13 

al. 2001; and Meyer- Rochow et al. 1992).  Oxygen isotopes in otoliths can determine 

the presence and amount of freshwater a fish inhabited and at what season (see a 

detailed explanation in following appendices,).  The carbon isotopes provide 

information on habitat productivity and general diet (Kalish 1991; Jamieson et al. 

2004; and Solomon et al. 2006).  Using these isotopic markers in conjunction with 

high resolution sampling of the otolith layers to identify key habitats during important 

life history stages will be instrumental in determining baseline conditions.  Otoliths 

from fish living in historic times, can establish baseline information for fish and their 

environment allowing for a comparison with modern conditions and fish ecology.  
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Explanation of dissertation format 

The components of this research are written as four distinct journal articles which are 

attached as appendices to this document.  Each article is the product of a project 

conceived and carried out by the dissertation author.  What proceeds is the overview of 

the research, objectives, study organism, study site, brief methods and a brief summary of 

the results.   
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PRESENT STUDY 

Like many rivers diverted for human needs, the Colorado River no longer reaches the 

sea.   Baseline information on the ecology and biota in the upper Gulf of California are 

limited to anecdotal descriptions. Yet, radical differences in the Colorado River delta 

have been observed since the Colorado River was diverted almost fifty years ago.  One of 

the most significant threats to biodiversity in the upper Gulf of California is the upstream 

alterations of Colorado River flow (Brusca et al. 2005). Galindo-Bect et al. (2000) 

calculate that an increase of only 30.8 x 107 m3•y - 1 of Colorado River water could double 

shrimp production in the upper Gulf.  The decline in the population of the bivalve 

mollusk Mulinia coloradoensis is attributed to the decline in river flow (Kowalewski et 

al. 2000; and Rodriguez et al. 2001) and this species’ decline may have led to the decline 

of its predators (Cintra-Buenrostro et al. 2005).   In addition, Glenn et al. (1996) estimate 

that returning only 0.5% of mean annual flow could sustain the lush riparian and aquatic 

habitats in the terrestrial portion of the Colorado Delta (see also Pitt et al. 2000; and 

Glenn et al. 2001). Despite this and other circumstantial evidence, few studies have been 

conducted to provide direct evidence documenting the importance and functional role of 

the Colorado River to marine fishes.  Proof of a direct link between diminishing fresh 

water inflow and ecosystem health, is often confounded by pressures on marine and 

coastal ecosystems such as over-fishing, habitat destruction and pollution.  My study 

addresses these issues by using baseline data stored in otoliths in the forms of stable 

isotopes of oxygen and carbon, and the growth increments.  I focus on the impacts of 

reduced river flow on two endemic fishes of the northern Gulf of California. 
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OBJECTIVES 

The major objective of this study is to use oxygen and carbon isotope ratios in otolith 

carbonate to reconstruct habitat conditions and test the hypothesis that C. othonopterus 

and T. macdonaldi use the brackish water habitat provided by the Colorado River during 

early development.  This study:   

1. Demonstrates that growth increments in otoliths of C. othonopterus are annual;  

2. Describes the observed otolith oxygen isotope profile throughout the life of C. 

othonopterus and T. macdonaldi ;  

3. Models the expected otolith oxygen isotope profile in the absence of Colorado 

River water for comparison with the observed values;  

4. Determines if these fish spend their early development in brackish water created by 

the Colorado River;  

5. Determines the relationship between river flow and otolith "18O values;  

6. Calculates a range of salinities in which the natal C. othonopterus otoliths 

developed;  

7. Validates the relationship between temperature, "18O of ambient water and the 

"18O values in otoliths developing under controlled conditions; 

8. Estimates the proportion of metabolic –derived "13C in the carbonate of juvenile T. 

macdonaldi otoliths;  

9. Compares oxygen and carbon isotopes in pre-dam T. macdonaldi otoliths with 

otoliths from modern times; 

10 Compares life history traits between pre and post-dam T. macdonaldi. 
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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. 

FIELD SITE 

The Colorado River estuary is at the terminus of the 2800 km-long Colorado River 

and once extended 70 km south into the upper Gulf of California (Lavín and Sánchez 

1999).  The Colorado River watershed drains approximately 4 x 105 km2 of southwestern 

North America and prior to upstream diversions and impoundments, annual river flow 

into the Gulf of California ranged between 8 x 109 and 30.8 x 109 m3•y - 1 (Harding et al. 

1995) .  The flow maintained an estuary comprising ca. 4000 km2 of the uppermost Gulf 

of California (Lavín and Sánchez 1999) and a mixing zone extending ca. 65 km from the 

river’s mouth (Rodriguez et al. 2001).  Before the dams, more than 70% of the river’s 

annual flow to the estuary was during May, June and July (Harding et al. 1995). Today, 

the head of the Gulf of California is a negative estuary (Lavín et al. 1998) and the only 

water that crosses the US border in normal years is the annual flow of 1.8 x 109 m3 

required by the 1944 Mexican Water Treaty.  This amount is almost entirely consumed 

by municipal and agricultural users. There may be a trickle that makes it to the Gulf via 

subsurface flow in the deltaic sediments, because local Mexican irrigation canals are not 

yet concrete-lined (Hernández-Ay!n et al. 1993; and Lavín et al. 1998).  

Natural History of Gulf Corvina 

Gulf corvina (Cynoscion othonopterus Jordan and Gilbert 1882) is endemic to the 

upper Gulf of California.  Much of what is known about C. othonopterus is from 



18 

traditional knowledge of fishermen.  C. othonopterus live between 7-9 years and reach 

sizes up to a meter in length (M. Román, unpublished data).  According to local 

fishermen, C. othonopterus spawn in large aggregations between February and April; 

both in the mouth of the Colorado River and some unknown distance upstream.  The 

fishing season corresponds with the annual spawning event. 

Naural History of Totoaba 

Much of the natural history of the totoaba has been pieced together from incidental 

catches and anecdotal information.  Totoaba macdonaldi (Teleostei: Sciaenidae, Gilbert 

1890) is a large (2 m) and long-lived (~25yrs) fish.  It is endemic to the Gulf of 

California and spawns exclusively in the mouth of Colorado River in late spring (May-

June) (Cisneros-Mata et al. 1995).  It is thought to be one of the top predators in the 

Colorado River estuary, but almost nothing is known about its spawning and juvenile 

ecology.  Juveniles typically inhabit the estuary for one to two years, before migrating 

southward following schools of anchovies and sardines, later returning to the estuary in 

spring to spawn (Flanagan and Hendrickson 1976; and Cisnero-Mata et al. 1995).   

METHODS AND MATERIALS 

I sampled the saggital otoliths from recently caught Gulf corvina and Totoaba along 

with pre-dam otoliths from two different shell midden deposits on the upper Gulf of 

California coasts.  Otoliths have distinct annual layers of aragonite (CaCO3), which act as 

natural archives of environmental conditions.  Fish otoliths have been used in many 

studies to determine age and as chemical logs for tracing migration (e.g., Secor et al. 

1995; and Stevenson and Campana 1992). Methods for retrieving, mounting and 



19 

sampling of sagittal otoliths are well established for investigating age and environmental 

conditions (e.g., Stevenson and Campana 1992; and Secor et al. 1995).  We used 

micromilled sampling, which allows for increased resolution (Dettman and Lohmann 

1995).  

The oxygen isotope ratio (or "18O) of otolith aragonite is primarily controlled by the 

temperature and oxygen isotope ratio of the water in which the fish lived (Kalish 1991; 

Thorrold et al. 1997; and Wiedman and Millner 2000).  As temperature increases, the 

"18O of biogenic carbonate decreases: for every 5 °C increase in temperature, the "18O 

decreases by approximately 1‰ (Weidman and Millner 2000).  If a fish is restricted to 

marine conditions, the "18O cycle in the otolith will remain within limits controlled by the 

temperature cycle.  Otoliths from fish inhabiting water with a different isotopic 

composition, such as brackish estuarine habitats, will still have a temperature driven 

cycle in the otolith "18O, but the values will be more negative than a typical marine 

record due to the addition of isotopically negative river water to the estuary (Ingram et al. 

1996; and Dettman et al. 2004).  In the case at hand, Colorado River water has a value of 

-12‰, in contrast to the +0.6‰ of the fully marine water of the upper Gulf of California 

(Dettman et al. 2004).   

 

RESULTS 

In summary, I found that removing the Colorado River flow from the upper Gulf 

California may have more profound effects than expected on marine fish and 

consequently the fisheries they support.  I document through the "18O in otoliths that both 
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C. othonopterus and T. macdonaldi seek out brackish habitat provided by the Colorado 

River during their early life history.  The "18O in otoliths of C. othonopterus have a 

strong negative correlation with Colorado River flow.  Previously published relationships 

between otolith "18O and ambient temperature along with "18O of the water are sufficient 

to predict ranges of expected "18O values for T. macdonaldi in the field.  The "18O in pre-

dam T. macdonaldi otoliths show significant divergence from expected values, indicating 

that these fish lived habitat that was heavily influenced by the Colorado River.  The "13 C 

in T. macdonaldi otoliths is largely derived from diet and the diet of pre-dam juveniles 

has significantly changed since river diversions.  Lastly, T. macdonaldi grew faster 

before the dams and in association with Colorado River flow measured by the "18O. 
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Abstract 

We test the hypothesis that Colorado River flow is important in providing nursery habitat 

for the Gulf Corvina (Cynoscion othonopterus), a commercially valuable and endemic 

fish in the upper Gulf of California.  We use oxygen isotopes in otoliths to determine 

when these fish inhabit isotopically different bodies of water (Gulf of California versus 

the Colorado estuary).  The significantly more negative "18O values in the natal otoliths 

of C. othonopterus, than can be predicted by temperature alone, provide evidence that 

this species uses the brackish habitats created by flow of the Colorado River.  A 

significant log-linear relationship between the natal "18O values and the cumulative flow 

of the Colorado River during natal development confirms use of brackish habitat in years 

that the Colorado River water reached the Gulf.  Natal "18O values, indicate that C. 

othonopterus seek out estuarine habitats with salinities between 26‰ and 38‰.  

Reduction in Colorado River flow since the construction of upstream dams has reduced 

the size of nursery habitat for C. othonopterus.  Our results support the hypothesis that 

declines in commercial landings can be at least partially attributed to reduced river flow.  

Increased flow would increase nursery habitat and likely benefit recruitment.  

 Keywords: otolith, stable oxygen isotopes, Colorado River Estuary, river regulation, 

salinity
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Introduction 

Many of the world’s rivers, including the Nile, Yellow, Indus, Amu, Syr, and 

Colorado, no longer reach the ocean in most years, compromising key habitats that 

sustain bird populations, fisheries, and coastal fishing communities (Drinkwater and 

Frank 1994; Gleick 2003).  The elimination of important spawning and nursery estuarine 

habitat as a result of reduced river flows has been documented as one of the major causes 

of several fisheries crashes (sardine, shrimp, and several species of sciaenids)-see 

references in Drinkwater and Frank (1994) and Grimes and Kingsford (1996).  As 

humans continue to alter natural river flows to the ocean, we are beginning to recognize 

the profound importance of naturally flowing rivers to estuaries and healthy marine 

systems (Fransz 1986; Drinkwater and Frank 1994; Grimes and Kingsford 1996).  In this 

paper we use oxygen isotopes in otoliths to investigate how the reduction of Colorado 

River flows may have contributed to the commercial extinction of the economically 

important Gulf Corvina, Cynoscion othonopterus, in the upper Gulf of California.  We 

hypothesize that the Colorado River flow is instrumental in providing spawning and 

nursery habitat to Gulf Corvina.   

Before the construction of upstream dams and water diversions in the 1930’s, the 

Colorado River was a major influence on the upper Gulf of California, creating extensive 

wetlands and a large estuary (Lavín and Sánchez 1999; Glenn et al. 2001).  Today, the 

Colorado River rarely flows into the Gulf of California (Fig. 1).  The lack of historic 

baseline biotic and abiotic information has made it difficult to quantify the effects of the 

dramatic reduction in flow on the estuarine ecosystems, however upstream alterations of 
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Colorado River flow are commonly cited as a significant threat to biodiversity in the 

upper Gulf of California (Musick et al. 2000; Glenn et al. 2001; Brusca et al. 2005).  In 

addition, several endemic species in the upper Gulf and Colorado River Delta are 

endangered, including the large sciaenid Totoaba macdonaldi, the Gulf of California 

harbor porpoise, Phocoena sinus, and the Yuma clapper rail (Rallus longirostris 

yumanensis) (Cisneros-Mata et al. 1995; Gallo-Reynoso 1998; D’Agrosa et al. 2000).  

Other species may have also been adversely affected by reduced river flow.  For example, 

the population and distribution of the endemic bivalve mollusc, Mulinia coloradoensis, 

which is restricted to the area influenced by the river’s fresh water plume, has shrunk 

significantly (Rodriguez et al. 2001a, b; Kowalewski et al. 2000).   

The Gulf Corvina became commercially extinct in the early 1960’s (Román 1998; 

Román et al. 1998), when river flow to the Gulf effectively ceased (Fig. 1).  In 1993, a 

controlled release of Colorado River water dramatically increased flows to the Gulf of 

California (Fig. 1), and in the three years after the release, C. othonopterus catches 

increased from 32 to 1278 metric tons in the fishing village of El Golfo de Santa Clara, 

Sonora, Mexico (M. Román, unpublished data).  This substantial rebound in the Gulf 

corvina catch suggests that Colorado River flow is important to the reproductive success 

of the fish.  Large pulses of Colorado River water that reached the Gulf of California also 

occurred in 1983-1986 (Fig. 1), however catch data for that period do not exist.  Although 

over-fishing may have been a major cause of the Gulf corvina’s previous commercial 

extinction, reduction in Colorado River flow may have also contributed to its decline by 

reducing the size of its nursery habitat.  The American Fisheries Society lists C. 
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othonopterus as a vulnerable species because of over-fishing and changes to its estuarine 

spawning grounds caused by upstream diversions of Colorado River water (Musick et al. 

2000).   

Gulf corvina (Cynoscion othonopterus Jordan and Gilbert 1882) is endemic to the 

upper Gulf of California.  Other species of the family Sciaenidae are known to use 

estuaries for spawning and nursery sites (Chao 1978; Blaber 1997; Fennessy 2000). 

Much of what is known about C. othonopterus is from traditional knowledge of 

fishermen.  C. othonopterus live between 7-9 years and reach sizes up to a meter in 

length (M. Román, unpublished data).  According to local fishermen, C. othonopterus 

spawn in large aggregations between February and April; both in the mouth of the 

Colorado River and some unknown distance upstream (Fig. 2).  The fishing season 

corresponds with the annual spawning event. 

We use oxygen isotope ratios in the otoliths of the C. othonopterus to evaluate the 

importance of Colorado River water to this fish’s early life history.  The saggital otoliths 

of C. othonopterus have distinct annual layers of aragonite (CaCO3), which act as natural 

archives of environmental conditions.  Fish otoliths have been used in many studies to 

determine age and as chemical logs for tracing migration (e.g., Secor et al. 1995 and 

Stevenson and Campana 1992).  Studies have shown that stable isotope signatures 

provide clear markers of behavior and habitat use, indicating whether fish inhabit marine, 

estuarine or fresh water habitats (Dufour et al. 1992; Meyer-Rochow et al. 1992).   

Our major objective is to use oxygen isotope ratios in otolith carbonate to test the 

hypothesis that C. othonopterus uses brackish water habitat during early development.  In 



31 

this paper we: 1) demonstrate that growth increments in otoliths of C. othonopterus are 

annual; 2) describe the observed otolith oxygen isotope profile throughout the fish’s life; 

3) model the expected otolith oxygen isotope profile in the absence of Colorado River 

water for comparison with the observed values; 4) determine if these fish spent their early 

development in brackish water created by the Colorado River; 5) determine the 

relationship between river flow and natal otolith "18O values; and 6) calculate a range of 

salinities in which the natal otoliths developed.   

Oxygen isotopes 

The oxygen isotope ratio (or "18O) of otolith aragonite is primarily controlled by the 

temperature and oxygen isotope ratio of the water in which the fish lived (Kalish 1991a; 

Thorrold et al. 1997; Wiedman and Millner 2000).  In the marine setting, where the "18O 

of seawater is relatively constant, oxygen isotope ratios in otoliths have a simple annual 

temperature-driven cycle through time, with more negative "18O values associated with 

summer warmth and more positive values with cooler temperatures (Patterson 1998; 

Wiedman and Millner 2000; Andrus et al. 2002).  As temperature increases, the "18O of 

biogenic carbonate decreases: for every 5 °C increase in temperature, the "18O decreases 

by approximately 1‰ (Weidman and Millner 2000).  If a fish is restricted to fully marine 

conditions throughout its life, the "18O cycle in the otolith will remain within limits 

controlled by the temperature cycle.  Otoliths from fish inhabiting water with a different 

isotopic composition, such as brackish estuarine habitats, will still have a temperature 

driven cycle in the otolith "18O, but the values will be more negative than a typical 

marine record due to the addition of isotopically negative river water to the estuary 
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(Ingram et al. 1996; Dettman et al. 2004).  In the case at hand, Colorado River water has 

a value of -12‰, in contrast to the +0.6‰ of the fully marine water of the upper Gulf of 

California (Dettman et al. 2004).   

These two environmental controls (temperature and "18O of the water) of "18O 

variation in otoliths provide two ways in which the oxygen isotope record of an otolith 

can be used to document movement of fish between marine and estuarine waters.  The 

first is identified as an excursion in the "18O record to values beyond the cycle created by 

seasonal temperature change.  Negative "18O values beyond temperature-driven values 

are a clear indicator of a change in the "18O and are observed when there is a shift into 

estuarine conditions, because river waters are more negative in "18O than seawater (e.g., 

Fritz 1981; Ingram et al. 1996).  The second way in which significant changes in the "18O 

of waters can be detected makes use of the relationship between temperature, the "18O of 

water and the "18O of otolith aragonite (e.g., Thorrold et al. 1997).  If a known 

temperature can be matched to a portion of the otolith, where time of development is 

known, then the "18O of the water that the fish lived in can be calculated, distinguishing 

which isotopically distinct body of water the fish lived in during that time interval of 

otolith development.  This paper will make use of both approaches to determine if C. 

othonopterus uses brackish water habitats in the Colorado River estuary during its early 

development. 

The linear relationship between salinity and "18O of water is well documented 

(Witbaard et al. 1994; Ingram et al. 1996; Elsdon and Gillanders 2002).  This occurs 

because both the salinity and the oxygen isotope ratio are conservative properties.  When 
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mixing two waters of different salinities, the result is a simple proportional sum of the 

salinities.  The oxygen isotope ratio of water derived from a mixture of two waters is 

calculated the same way; using an equation of this form:  

 
 
 
 (1)   BAMIXTURE OxOxO 181818 )1( """ #$%   
 
 
 

Where x is the decimal fraction of A in the mixture.   

The salinity in which the fish lived can be derived from the calculated "18O of water 

inhabited by C. othonopterus at a known time, because the relationship between salinity 

and "18O value of upper Gulf of California and lower Colorado River water have been 

monitored during the last ten years (Dettman et al. 2004).  The water in the Colorado 

River estuary is a simple mixture of these two end members, leading to the linear 

relationship shown in Figure 3.  The relationship between "18O values and salinity thus 

allows us to reconstruct habitat salinity from otolith chemistry, and in this way, the 

annually banded otoliths can serve as biotic "flight recorders" of the environmental 

conditions experienced during the life of the individual fish.   

Methods 

Study area 

The Colorado River estuary is at the terminus of the 2800 km-long Colorado River 

and once extended 70 km south into the upper Gulf of California (Fig. 2) (Lavín and 

Sánchez 1999).  The Colorado River watershed drains approximately 391 000 km2 of 
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southwestern North America and prior to upstream diversions and impoundments, annual 

river flow into the Gulf of California ranged between 8 x 109 and 30.8 x 109 m3•y - 1 

(Harding et al. 1995) (Fig. 1).  Most of the river’s flow is derived from snowmelt from 

the western slope of the Rocky Mountains.  Before the dams, snowmelt delivered as 

much as 75% of the river’s annual flow to the estuary during the months of May, June 

and July (Harding et al. 1995; Lavín and Sánchez 1999).  The Colorado River once 

created 4000 km2 of brackish-water habitat in the upper Gulf of California (Carbajal et al. 

1997; Lavín and Sánchez 1999; Rodriguez et al. 2001b), and was also a major source of 

sediments for the Colorado River Delta (Alvarez and Jones 2002) and nutrients to the 

upper Gulf of California.  Since about 1960, the Colorado River has rarely reached the 

Gulf (Hernández-Ayón et al. 1993; Lavín and Sánchez 1999).   

The Colorado River estuary is now a negative estuary: salinity decreases toward the 

open Gulf (Bray 1988; Lavín et al. 1998; Alvarez and Jones 2002).  High evaporation 

rates and decreased river flow has resulted in salinities between 36‰ - 42‰ (averaging 

38‰) in the upper Gulf (Hernández-Ayón et al. 1993; Lavín and Sánchez 1999; 

Calderon-Aguilera et al. 2003).  The estuary is shallow (1 - 40 m), with a tidal range of 

up to 10 meters (Carbajal et al. 1997; Lavín and Sánchez 1999).  Strong tidal currents re-

suspend the muddy sediments of the delta resulting in a well-mixed and turbid estuary 

(Hernández-Ayón et al. 1993).  Water temperature can range from ~8 °C to ~31 °C 

during the year (Lavín et al. 1998).  
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Sampling 

We sampled otoliths from 18 Cynoscion othonopterus purchased in markets in El 

Golfo de Santa Clara, Sonora, Mexico (Fig. 2) in 1997, 1998, 2000, 2001, and 2002.  Fish 

were caught in the mouth of the Colorado River estuary.  Methods for retrieving, 

mounting and sampling of sagittal otoliths are well established for investigating age and 

environmental conditions (e.g., Stevenson and Campana 1992; Secor et al. 1995).  

Sagittal otoliths were cleaned ultrasonically in distilled water and cut dorso-ventrally into 

1 mm sections by using an Isomet low-speed saw equipped with a diamond blade. Otolith 

sections were mounted on glass slides and polished using 0.05 &m grit.  Polished sections 

were photographed under reflected light and growth increments were counted from 

digital images.  

Oxygen isotopes 

We made isotopic profiles of four otoliths by sampling along a transect from the 

perimeter (terminal year) to the core (natal otolith) using a micromill drill with a 0.3 mm 

drill bit.  By shaving off portions of increments with a micromill (Dettman and Lohmann 

1995), the samples provide a high resolution account of isotopic variation during the life 

of the fish.  In addition, we sampled the core (natal portion) of the saggital otolith of 

fourteen individuals to test our hypothesis that these fish lived in brackish water provided 

by the Colorado River flows during early development.  All samples weighed between 

30–60 µg.  The samples were heated to 180 °C in a vacuum oven for one hour to remove 

volatile material.  Oxygen isotope ratios in carbonates are expressed relative to the 

Vienna Pee Dee Belemnite (VPDB) standard.  Otolith carbonate was analyzed at the 
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Stable Isotope Laboratory of the Department of Geosciences, University of Arizona, 

using a Finnigan MAT 252 mass spectrometer equipped with a Kiel-III automated 

carbonate sampling device.  Standardization of oxygen isotope ratios was based on 

normalization to published ratios of NBS19 and NBS18. Analytical error was ± 0.1 ‰. 

Temperature-driven variation in oxygen isotopes 

We modeled the expected temperature-driven variation in "18O of otolith carbonate 

by using the corrected Thorrold et al. (1997) equation by Weidman and Millner (2000).  

The oxygen isotope fractionation equation relating temperature and the average "18O 

value of the upper Gulf of California to otolith carbonate is: 

 
(2)   !18Oexpected otolith = 4.38 - 0.21*T+!18Owater  

 
 
Where T = temperature °C and !18Ootolith is expressed as VPDB, and "18Owater 

expressed as Vienna Standard Mean Ocean Water (VSMOW).  We used monthly 

averages of surface-water temperature from Puerto Peñasco, Sonora, Mexico based on a 

38 year record (1964-2002) of daily temperatures (P. Turk-Boyer, Intercultural Center for 

the Study of Deserts and Oceans, P.O. Box 44208, Tucson, AZ 85341 USA 

peggy@cedointercultural.org, personal communication 2004).  The average "18O of 

northern Gulf of California water over the last decade is 0.6‰ VSMOW during times 

when there was no inflow of Colorado River water (Goodwin et al. 2002; Dettman et al. 

2004).   

We use the relationship between temperature, the water "18O and otolith "18O 

established by Thorrold et al. (1997).  This relationship is experimentally derived and is 
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the only estimate based on a sciaenid, the Atlantic croaker (Micropogonias undulatus). 

Because large differences in physiology and life-history between species may affect the 

relationship between temperature and fractionation (Weidman and Millner 2000; Høie et 

al. 2004), picking an equation based on a closely related fish is important.  C. 

othonopterus is more similar in life history, behavior and habitat preferences to M. 

undulatus than to fish used in other studies (e.g. Kalish 1991a (salmonid) ; Wiedman and 

Millner 2000 (cod) or Høie et al. 2004 (cod)) .  Furthermore, the temperature and salinity 

conditions used in Thorrold et al.’s (1997) experiments are similar to those experienced 

by C. othonopterus in the wild.   

It should be pointed out that because our temperature-driven model assumes a 

constant rate of growth we are not comparing the shape of the "18O profile.  Instead, we 

are only interested in the range of expected values.  Due to periods of slow or no growth 

in the otolith, not all of the expected values may occur in the observed otolith "18O 

record; however all observed values should occur in the model if the fish inhabited only 

marine water.  

Colorado River influence on isotopic composition 

We compared the modeled temperature-driven variation in "18O to the observed "18O 

variation in the otolith samples.  The "18O values that are lower than those predicted by 

the hottest temperatures during the year indicate the influence of Colorado River water.   

We also compared observed values in the natal region of the otolith to values 

predicted by the temperature–driven model.  We used two predicted "18O values: one 

based on the average temperature during the three month period (February to April) of 
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early development for the specific year represented by the natal portion of each otolith; 

the other based on the warmest daily temperature recorded during that period for that year 

of birth.  Although it is unlikely that the natal portion of the otolith formed on the hottest 

day of that period, we use this as a conservative estimate, because using the highest 

possible temperature produces the most negative "18O value.  We determined the year of 

birth by counting growth increments back from the date of collection.  The expected 

values were compared to the observed otolith "18O values for each natal portion using a 

paired t-test.   

If the observed natal "18O values are significantly less than those predicted by our 

temperature-driven model, we conclude that the natal portion of the otolith was 

developed while the fish was in waters mixed with isotopically negative Colorado River 

water.  Because both high temperature and the influx of #12‰ (VSMOW) Colorado 

River water result in low "18O values in the otolith, natal "18O values lower than those 

that could be produced by temperature on the hottest day are unequivocal indicators of 

the influence of the Colorado River water.  

If "18O values observed in the natal otolith are attributed to the influence of the 

Colorado River water, there should be a relationship between the "18O values and the 

volume of Colorado River water flowing into the upper Gulf of California.  We used log-

linear regression to evaluate the relationship between natal "18O and total river flow 

volume during the months of natal otolith growth (February through April).  
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Salinity 

We use the isotopic composition of the natal otolith to calculate salinity by first 

calculating the "18O of the natal habitat water and then using the relationship shown in 

Figure 3 to convert the "18O of water in this mixing zone to salinity. This calculation 

takes advantage of the fact that otolith carbonate is precipitated in equilibrium with the 

ambient water (Kalish 1991b; Thorrold et al. 1997; and Weidman and Millner 2000).  

Again, we used two temperatures to calculate the water "18O value, the average 

temperature of the natal period (February – April of the year of birth) and the warmest 

temperature recorded during that period.  We back-calculated the "18O of the water from 

the observed "18O of natal otoliths, using these temperatures and equation 2.  We then use 

the linear mixing relationship between local seawater ("18O = +0.6‰ VSMOW, salinity 

= 38) and Colorado River water ("18O = -12.0‰ VSMOW, salinity = 0) to calculate the 

salinity for a given mixed water "18O value.  These end members (Fig. 3) and equation l 

result in the following relationship for the modern Colorado River estuary zone: 

 
 
(3) Salinity ppt = 36.4 + 3.0 ("18O water) 

 
 

Results 

Observed isotopic profile 

The "18O values from C. othonopterus otoliths show distinct cycles from the natal 

core to the perimeter, similar to other oxygen isotope studies of otoliths (Patterson 1998; 

Weidman and Millner 2000; Andrus et al. 2002).  Maximum "18O values occur in opaque 
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zones and minimum "18O values occur in translucent zones.  The "18O values range from 

a maximum of +0.99‰ to a minimum of -4.09‰ VPDB.  The "18O values in the natal 

part of the otoliths range from a maximum of -0.39‰ to a minimum of -2.73‰ VPDB.  

The range of "18O values is greatest during the first two cycles (bands).  After the second 

or third band, the isotopic variation decreases to ~2‰.  The three otoliths taken from 

older fish showed similar isotopic cycles with progressively reduced variation toward the 

perimeter of the otolith (Fig. 4 a-d).   

Temperature effects 

Expected temperature-driven annual variation in "18O values for a fish growing 

throughout a year has a range of almost 3.44‰, using the adjusted Thorrold et al. (1997) 

equation (equation 2).  For fish growing in the absence of river influx, the expected 

maximum winter value is +2.10‰ and the minimum summer value is-1.36‰.  This range 

is comparable to those published by Grossman and Ku (1996), Thorrold et al. (1997); 

Weidman and Millner (2000), Radtke et al. (1998), Høei et al. (2003), and markedly 

different from Kalish (1991a) (Fig. 5).   

Observed otolith "18O values differed from the predicted annual temperature-driven 

variation in four ways (Fig. 4a-d): 1) the otoliths lack "18O values from the coldest 

months. The most positive value observed in the otoliths is +0.99‰, which is 

considerably lower than the expected winter value of +2.10‰; 2) the otoliths do not 

always possess "18O values from the warmest months, especially in the later years of life. 

The minimum value tends to become more positive with age; 3) otolith values are more 

negative than the expected summer values, if driven by temperature alone, in the first two  
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growth increments; and 4) the observed natal otolith "18O values are more negative than 

the predicted "18O values (+1.45 ‰ to -0.38‰) which use water temperatures for the 

upper Gulf of California during the period of early development (14 ºC and 24 ºC).  The 

most negative value during the first two growth increments is -4.09‰ (Fig. 4a) and is -

3.23‰ for the later years (Fig. 4d).   

Colorado River influence on isotopic composition 

Observed natal otoliths "18O values are between –0.39‰ and -2.73‰, which is 

significantly lower (p < 0.0001, df = 17, mean difference = -2.65) than the expected 

temperature-driven values, documenting the presence of isotopically negative water.  

Even if these fish were from a late spawn and the natal otolith was formed during the 

hottest day of April for the year of birth, observed natal "18O values in C. othonopterus 

are still significantly more negative (p < 0.0001, df = 17, mean difference = -1.35) than 

the values predicted by the model.  These differences are greater for otoliths developed 

during years of high-flow than in otoliths precipitated during years of low-flow (Fig. 6a-

b).   

We also found a significant log-linear relationship between natal otolith "18O values 

and the cumulative river flow volume during the February to April spawning season (r2 = 

0.342, F1,16  = 9.854, p = 0.0063), indicating greater use of brackish water in years when 

more Colorado River water reached the Gulf.  This relationship is strongest using the 

cumulative flows for only the beginning of the spawning season (February) (r2 = 0.505, 

F1,16  = 18.357 , p = 0.0006) (Fig. 7). 
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Salinity 

The salinity recorded in the natal otoliths of C. othonopterus nursery habitat varies 

depending on the cohort year and if the average or maximum surface temperature was 

used in the model.  If we use that year’s average temperature during time of early 

development, we estimate salinities between 26.4‰ and 34‰ (avg. = 30.2‰).  If we 

assume these fish were from a late spawn and developed during the warmest day of that 

year’s spawning season, salinities would have been between 29.6‰ and 37.8‰ (avg. = 

34.2‰).  Today the upper Gulf of California has an average salinity of 38‰ (Hernández-

Ayón et al. 1993; Lavín and Sánchez 1999).  Isotopically-based estimates of salinity 

during the natal growth are from ~0.2‰ to 11.6‰ less than salinities typical of upper 

Gulf of California water. 

Discussion 
Isotopic profile 

The oxygen isotopic record in the saggital otoliths of Cynoscion othonopterus 

displays a seasonal, temperature–driven pattern of variation demonstrating that growth 

increments are annual.  Opaque zones (when viewed in reflected light) form in winter and 

translucent zones form during summer.  The banding patterns reported here, showing 

associations between seasonal temperature variation and growth banding are well 

documented in otoliths (Kalish 1991b; Weidman and Millner 2000; Campana and 

Thorrold 2001). 
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Many of the differences between expected and observed annual "18O otolith profiles 

are concentrated at the temperature-driven extreme values (coldest and warmest).  The 

missing extreme values in the otolith profiles can be explained by seasonal and inter-

annual differences in growth rates.  Growth rates in fish are primarily influenced by 

temperature and life history stage, such that growth slows at extreme temperatures and 

with increasing age (Otterlei et al. 2002).  Both temperature extremes and ontogeny are 

likely to affect growth in C. othonopterus.  Periods of slow or no growth, regardless of 

the cause, result in either a reduced isotopic resolution (because of the missing record due 

to no growth) or the mixing of "18O values from more than one thin lamina in the slow-

growth portions of the otolith  (see Goodwin et al. 2002 for a discussion of these effects 

in accretionary hard parts).  Note that in both cases, the isotopic record will fail to capture 

the extreme values of the annual cycle. 

The most positive values predicted for the winter months do not occur in C. 

othonopterus otoliths.  The average maximum otolith "18O value is 0.46‰.  Values 

higher than this are rare, which suggests that these fish do not grow or grow very slowly 

during the coldest time of year.  If their otoliths continue growing during these cold 

temperatures, the amount of material deposited is so little that the minimum "18O values 

are mixed with adjacent higher values in our samples.   

Temperature-induced growth checks are common among temperate fish (Panella 

1980).  For example, Wurster and Patterson (2001) found that the isotopic record of 

Aplodinotus grunniens otoliths indicate a cessation of growth when temperatures are 

below 10 °C.  Several studies have also found that temperature is one of the most 
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influential environmental factors determining growth in several species of Cynoscion 

(Lankford and Targett 1994; Paperno et al. 2000).  

An alternative explanation for the lack of colder temperatures recorded in the otolith 

carbonate is that the fish move to thermal refugia during winter months.  This is unlikely, 

as such refugia would require thermal stratification of upper Gulf water, a feature that is 

not present in these shallow waters due to the strong tidal mixing (Hernández-Ayón et al. 

1993).  Because these fish are restricted to the Northern Gulf of California, migration 

south to warmer waters is not a plausible explanation.  We consider slow growth during 

winter temperatures a plausible explanation for the absence of extreme winter values. 

Summer minimum "18O values in the otoliths vary depending on the age of the fish 

and the environmental conditions of the particular year.  The rapid growth in the first and 

second year (especially during summers) provides high temporal resolution and therefore 

captures the warm summer temperatures of the upper Gulf of California.  All fish have 

minimum values for the first year which are lower than can be expected if temperature 

was the only influence on the "18O values.  The summer "18O values after the second year 

of growth are progressively more positive, which suggests that growth slows with 

increasing age, reducing sample resolution.  A similar pattern of attenuation of annual 

"18O variation has been documented in other otoliths (Gao and Beamish 1999; Andrus et 

al. 2002; Weidman and Millner 2000).  Gao and Beamish (1999) suggested that this 

pattern of increasing minimum "18O with age in sockeye salmon, Oncorhyncus nerka, 

was the result of a shift in habitats.  The progressive nature of the increase in summer 

values in Gulf corvina otoliths however, supports the explanation that growth 
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progressively slows with increasing age during the warmest part of the year.  This is more 

likely the mechanism behind the progressive increase in the annual minimum "18O 

values, based on the decreasing widths of the growth increments sampled and the fact 

that Gulf corvina are endemic to the Gulf of California.   

Colorado River influence on the isotopic composition 

The most provocative differences between the observed "18O record and the expected 

values are those that cannot be explained by temperature.  These anomalies occur during 

the spring/summer season of the first two years, when otoliths grow rapidly and provide a 

detailed record.  Maximum water temperatures for summers are ~31°C, yielding a 

predicted "18O value of -1.4‰.  These departures from the expected summer "18O values 

are greatest for the fish spawned during high release years. We observe values as low as -

4.09‰, which yields an estimated water salinity of 30‰ if this part of the otolith 

developed during the warmest part of the summer.  These negative anomalies occur 

during years of excess Colorado River flow (1993 and 1999) and are unequivocally the 

result of these fish using habitat that is influenced by influx of river water.  The two 

otoliths in Figure 4c and 4d have "18O values in the first summer that are also more 

negative than expected, even though it is a low flow year.  While river flows in excess of 

the Mexican water treaty were low during 1992 summer (May – August), at least 37 

million m3 of water (above treaty requirements) were released, and this water likely 

affected these summer "18O values.  The negative values during the first year of growth 

in high and low flow years document growth in brackish water, supporting our hypothesis 
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that Gulf corvina inhabit the less saline waters of the Colorado River estuary during their 

early life history. 

The "18O values of the natal otolith also demonstrate that their earliest days of life 

took place in brackish water.  Even if these fish formed the natal portion of their otoliths 

on the warmest day of that year’s spawning season, the minimum "18O values are 

significantly more negative than such temperatures predict.  Similarly, the natal values 

are significantly more negative if based on equations such as Kalish (1991a) (p < 0.0001, 

df = 17, mean difference = -0.79), which has a steeper slope and would result in more 

negative predicted values.   

The negative correlation between river volume and natal "18O values provides 

additional evidence that the otoliths record the presence of Colorado River water.  The 

correlation also suggests that these fish are not passively recording the river’s flow.  If 

this were the case, we would expect to see a linear relationship between flow and the 

observed natal "18O values, where a proportional change in water would result in the 

same proportional change in "18O values.  Instead, a log-linear relationship between river 

flow and "18O values provides a better fit to the data, suggesting a preferred salinity.  

Gulf corvina may behaviorally regulate the salinity they experience.  They may select 

particular salinities and not move into increasingly fresh water habitat as more Colorado 

River water is delivered.  Such preferences are consistent with sciaenid biology (Chao 

1978; Blaber 1997; Fennessy 2000) and have been documented in the genus of 

Cynoscion (Matlock 1987; Lankford and Targett 1994; Baltz et al. 1998).  Sciaenids use 

brackish waters for spawning and nursery sites, but they are not anadromous fish.   
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The genus Cynoscion is comprised of marine and estuarine species and like other 

sciaenids is known to primarily use estuaries for spawning and nursery grounds (Chao 

1978; Blaber 1997; Fennessy 2000).  We document that C. othonopterus from years of 

low-flow as well as those from years of large flows have natal "18O values that are more 

negative than expected.  This suggests that larval C. othonopterus actively seek 

microhabitats that are less saline, when available, even during years of little river inflow.  

Such microhabitats may provide larval and juvenile fish with the appropriate 

environmental conditions to enhance their growth and survival.  Studies of congeners 

indicate that the rate of growth during early development increases as salinity decreases 

(Matlock 1987; Baltz et al. 1998; Kucera et al. 2002).  Indeed, Baltz et al. (1998) found 

that moderate salinities contribute more to Cynoscion nebulosus growth than diet or other 

extrinsic factors.  Additionally, 20‰ is documented to be the optimal salinity for 

Cynoscion regalis growth during summer temperatures (Lankford and Targett 1994).  

The freshwater plume of the Colorado River can extend as far as 70 km into the Gulf 

of California when river flows are high (Carbajal et al. 1997, Rodriguez et al. 2001b), and 

recedes during low-flow years.  Because the area of suitable nursery grounds for 

Cynoscion othonopterus would increase with increased Colorado River flow and other 

species of Cynoscion grow more rapidly in lowered salinity, the population of this 

commercially important fish would likely benefit from increased river flow.  The 

significant increase in catch in the years following the 1993 release of excess waters 

supports this idea.  Salinities in the freshwater plume of the Colorado River during the 

1993 controlled release of river water ranged from 26‰ to 36‰ and extended at least 
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70km south of the mouth of the river (Lavín and Sanchez 1999), providing an enlarged 

nursery area for C. othonopterus.  In addition, modeled salinities of the upper Gulf during 

steady Colorado River flows resulted in salinities of 26‰ extending down to San Felipe 

(Carbajal et al. 1997).  The salinity calculated for the natal otoliths of fish spawned 

during that flood event averaged 28.9‰, almost 10‰ lower than average post-dam 

salinities in the upper Gulf of California.  This suggests that these fish were spawned and 

began development within the freshwater plume in the upper Gulf of California  

Where do the larval fish go during years when little to no Colorado River flow was 

available?  It is possible that indirect inflow sustains some nursery habitat.  Although 

surface fresh water inflow has been scarce in the last 40 years, groundwater input to the 

estuary may provide brackish microhabitats (Hernández-Ay!n et al. 1993).  Hernández-

Ay!n et al. (1993) suggest that agricultural return flow percolates through the sediments 

of the Colorado River Delta and is a likely source of freshwater that flows into the Gulf 

of California.  In addition, Lavín et al. (1998) conclude that the delivery of sub-surface 

Colorado River water from upstream agriculture during years of no surface flow 

contributes to increased nutrients in the upper Gulf.  Such groundwater flow may emerge 

from submarine springs and provide brackish habitats for juvenile fish even during years 

of no surface flow.  

Implications 

Our results confirm that the Colorado River estuary functions as essential nursery 

grounds for the upper Gulf of California.  Other studies also provide empirical evidence 

that Colorado River flow is important to the biotas of its estuary and the northern Gulf of 
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California. For example, river flow is positively correlated with post-larval shrimp 

abundance in the estuary (Aragón-Noriega and Calderon-Aguilera 2000) and shrimp 

catches in the northern Gulf -- Galindo-Bect et al. (2000) calculate that an increase of 

only 30.8 x 107 m3•y - 1 of Colorado River water could double shrimp production in the 

upper Gulf (shrimp are also one of C. othonopterus diet items).  The decline in the 

population of the bivalve mollusk Mulinia coloradoensis is attributed to the decline in 

river flow (Kowalewski et al., 2000, Rodriguez et al., 2001) and this species’ decline may 

have led to the decline of its predators (Cintra-Buenrostro et al., 2005).   In addition, 

Glenn et al. (1996) estimate that returning only 0.5% of mean annual flow could sustain 

the lush riparian and aquatic habitats in the terrestrial portion of the Colorado Delta (see 

also Pitt et al. 2000, Glenn et al. 2001). Our results show that we can now add C. 

othonopterus to the list of species that would benefit from increased flow.  Restoration 

and management of the Gulf Corvina fishery require additional river water for the fish’s 

nursery habitats as well as regulation of fishing practices. 

The importance of freshwater flow to estuaries and fisheries has been well-

documented in other settings.  For example, approximately 60% of fish landed by the 

American fishing industries spend part of their life in estuaries (Owen and Chiras 1995).  

In the Louisiana estuaries, 90% of the fishes use the estuarine habitat for nursery grounds 

(see references in Blaber 1997).  Extensive research on Texas bays and estuaries has 

documented the value of freshwater inflows to commercial fisheries there and has 

justified standards for minimum flows (Longley 1994; Powell et al., 2002).  Although 

rivers have often been managed as discrete habitats that have no effects on adjacent and 
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estuarine habitats, the consequences of doing so can be harmful to the environment, 

economy and society (Wilber 1992; Drinkwater and Frank 1994; Grimes and Kingsford 

1996).   

Conclusions 

 Oxygen isotopes in the natal portions of otoliths of Cynoscion othonopterus, the 

Gulf Corvina, demonstrate that this species’ initial growth occurs in brackish water 

habitats created by inflow of Colorado River water.  After adjusting for the effects of 

temperature, "18O values indicate that the nursery grounds have salinities between 26‰ 

and 38‰.  Successful restoration of the Gulf Corvina fishery in the upper Gulf of 

California requires influx of Colorado River water to nursery grounds in the river’s 

estuary 
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List of Figures 

Figure 1. (a) Colorado River annual flow volume (109 m3) below Yuma Main Canal 

Wasteway at Yuma, Arizona, USA (station 09521100) for years 1904-2003; (b) Colorado 

River monthly flow volume (106 m3) for years 1991-2002.  Years where the hydrograph 

is flat, depict the annual flow of 1.8 x 109 m3 required by the 1944 Mexican Water Treaty. 

Figure 2.  Colorado River mouth and upper Gulf of California with the estimated extent 

of the original Colorado River estuary according to Lavín and Sánchez (1999) and 

Carbajal et al. (1997). 

Figure 3.  Linear relationship between salinity and "18O values of waters (relative to 

Vienna Standard Mean Ocean Water (VSMOW)) in the lower Colorado River, and the 

Colorado River estuary over the past decade (r2 = 0.9864, F1,137  = 9947.98 , p < 0.0001). 

Figure 4 a-d.  The "18O variation in otoliths from four C. othonopterus caught in 

different years.  The "18O is relative to Vienna Pee Dee Belemnite (VPDB) The x-axis 

measures distance from the natal (core) portion of the otolith to the time of death 

(perimeter).  Years of unusually high river flow (1993) and birth year are labeled.  

Figure 5. The relationship between upper Gulf of California surface water temperatures 

and "18O values in otoliths.  Filled circles represent weekly averages of temperature from 

1964-2003 at Puerto Peñasco, Sonora, Mexico (P. Turk-Boyer, Intercultural Center for 

the Study of Deserts and Oceans, P.O. Box 44208, Tucson, AZ 85341 USA 

peggy@cedointercultural.org, personal communication 2003).  The solid black line is the 

seasonal variation of "18O predicted by this study (Equation 2) based on Thorrold et al.’s 

(1997), and the dotted line is range predicted by Kalish (1991a).  Shaded range is the 
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annual temperature-driven variation of "18O values predicted by the following published 

equations: Grossman and Ku (1986); Thorrold et al. (1997); Weidman and Millner 

(2000); Radtke et al. (1998); Høie et al. (2004).  These modeled "18O profiles are based 

on the surface water temperatures shown and a "18O value for Gulf of California water of 

0.6‰ relative to Vienna Standard Mean Ocean Water (VSMOW).   

Figure 6. Observed and expected "18O values (relative to Vienna Pee Dee Belemnite 

(VPDB)) for the natal portion of C. othonopterus otoliths (n = 18).  Expected values are 

calculated using equation 2 and either the average water temperature in February through 

April or the hottest temperature observed in April during the year of hatching. The 

observed values for the natal otolith are significantly lower (p = 0.0001) than values 

explained by temperature alone. (a) Observed and expected natal "18O values for fish 

born during years of low river flow conditions (flows < 100 x 106 m3 in excess of the 

1944 Mexican Water Treaty) (1992: squares, 1994: triangles, and 1995: circle).  (b) Natal 

values for fish born during years of high river flow (flows > 100 x 106 m3 in excess of the 

1944 Mexican Water Treaty) (1993: squares, 1997: circles, and 1999: triangle).   

Figure 7. Relationship between C. othonopterus natal otolith "18O values (relative to 

Vienna Pee Dee Belemnite (VPDB)) and the cumulative Colorado River flow for the 

month of February (beginning of spawning season) for that year of early development (r2 

= 0.505, F1,16 = 18.357 , p = 0.0006).  The x-axis is a log scale. 
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Figure 2.  
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Figure 4. 
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Figure 5. 
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Figure 6 a-b. 
 

-3

-2

-1

0

1

 "
18

O
 V

P
D

B

-3

-2

-1

0

1

Observed Expected  
Max. temp 

Expected  
Avg. temp 

Observed Expected  
Max. temp 

(a) (b)

 

Observed vs. expected natal otolith values

Expected  
Avg. temp 

 



66 

Figure 7. 
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Table 1. C. othonopterus year of birth, "18O values for natal otolith, mean water 

temperature for year of birth between February and April, maximum water temperature 

recorded for year of birth between February and April, salinity calculated using mean 

temperature, salinity calculated using maximum temperature, total Colorado River flow 

from Yuma gage for year of birth for February 

Sample 
ID 

Year 
spawned 

Natal 
"18O 

Mean 
temp 
C 

Max. 
temp 
C 

Mean 
salinity 

Max. 
salinity 

Feb. 
river flow 

m3 
Co 1 1992 -1.32 18.9 25 31.2 35.1 1.8 x 105 
Co 2 1992 -1.41 18.9 25 30.9 34.8 1.8 x 105 
Co 3 1992 -0.39 18.9 25 34.0 37.8 1.8 x 105 
Co 4 1992 -1.49 18.9 25 30.7 34.5 1.8 x 105 
Co 5 1993 -2.00 18.2 24 28.8 32.4 5.6 x 108 
Co 6 1993 -2.16 18.2 24 28.3 31.9 5.6 x 108 
Co 7 1993 -1.94 18.2 24 28.9 32.6 5.6 x 108 
Co 8 1993 -1.60 18.2 24 30.0 33.6 5.6 x 108 
Co 9 1994 -1.44 18.0 25 30.3 34.7 9.6 x 104 

Co 10 1994 -1.04 18.0 25 31.5 35.9 9.6 x 104 
Co 11 1994 -0.99 18.0 25 31.6 36.0 9.6 x 104 
Co 12 1994 -1.23 18.0 25 30.9 35.3 9.6 x 104 
Co 13 1995 -0.80 18.8 24 32.7 36.0 1.3 x 106 
Co 14 1995 -1.65 18.8 24 30.2 33.4 1.3 x 106 
Co 15 1995 -1.47 18.8 24 30.7 34.0 1.3 x 106 
Co 16 1997 -2.73 18.0 23 26.4 29.6 3.1 x 108 
Co 17 1999 -1.37 16.8 25.5 29.7 35.2 1.8 x 107 
Co 18 1999 -2.01 16.8 25.5 27.8 33.3 1.8 x 107 
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Abstract 

We used otoliths of the endangered Totoaba macdonaldi raised under controlled 

conditions to validate the relationship between temperature, the water oxygen isotope 

composition ("18O) and otolith "18O, as well as to determine the percent metabolic carbon 

that contributes to otolith "13C values.  Validating this relationship is instrumental in 

documenting environmental conditions associated with the life history of this endangered 

fish.  By testing published relationships using otoliths from tank-raised totoaba, we 

compare observed "18O values from wild totoaba in ancient and modern setting.  We 

found that the relationships between environment and otolith "18O were sufficient to 

predict "18O in wild-totoaba otoliths, where a range of conditions were possible.  We also 

document that between 28% and 97% of totoaba otolith "13C is from the diet.  These 

results are pertinent to ongoing research on this endangered fish using otoliths to piece 

together important natural history information.   

Introduction 

Fish otoliths have become an increasingly popular means to reconstruct life histories 

and assess environmental conditions for fish in the absence of baseline information 

(Kalish 1991, Thorrold et al. 1997, Patterson 1998, Campana and Thorrold 2001, 

Weidman and Millner 2001).  Oxygen and carbon stable isotope ratios in the accretionary 

structures of otolith CaCO3 can provide chronological record of environmental 

parameters associated with life history stages, creating a window into ancient and modern 

environments encountered by fish populations and their interaction with these 
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environments (Patterson 1998, Campana and Thorrold 2001).  Variations in "18O of 

otoliths have been used to detect when anadromous fish enter freshwater (Dufour et al. 

1992, Meyer-Rochow et al. 1992) and to discriminate between brackish, freshwater and 

oceanic habitats (Rowell et al. 2005).  Carbon isotopes in otoliths can potentially inform 

biologists about diet, trophic level and habitat productivity (Weidman and Millner 2000, 

Jamieson et al. 2004, Solomon et al. 2006, Rowell et al. in prep). Yet interpretation of 

carbon isotope ratios in otoliths has been difficult, because the relationship between the 

environmental carbon sources, fish physiology and the carbon in the otolith aragonite is 

still not well understood (Solomon et al. 2006).  In this paper we test published 

relationship between "18O in otoliths, the ambient "18O of the water, and water 

temperature in an endangered fish, Totoaba macdonaldi.  We also determine the 

proportion of metabolic derived "13C contributes the otolith "13C values, by controlling 

rearing conditions and documenting the "13C of the end-members.  These results will help 

interpret data from modern totoaba otoliths, gathered in situ, and otolith data gathered 

from totoaba that lived in the past, where no environmental data currently exist for this 

endangered species.   

Background 

Totoaba 

Totoaba macdonaldi (Teleostei: Sciaenidae) (Gilbert 1891) is a large (up to 2m in 

length) and a long-lived predatory marine fish (Flanagan and Henderickson 1976, 

Román-Rodriguez and Hammann 1997). It is endemic to the Northern Gulf of California 

and spawns exclusively in the mouth of the Colorado River during the spring (Román-
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Rodriguez and Hammann 1997).  After years of intense fishing pressure in their 

spawning habitat and degradation to their nursery grounds, totoaba was declared 

endangered in Mexico and the United States in 1976 after this lucrative fishery crashed 

(Flanagan and Henderickson 1976, Cisneros-Mata et al. 1995). Conservation efforts have 

had limited success, even though totoaba’s spawning and nursery grounds have been 

protected in the core zone of a biosphere reserve since 1993 (Cisneros-Mata et al. 1995). 

During the 1990’s, as a part of restocking program, totoaba was successfully reared in 

captivity from an initial wild-brood stock. Fish were captured and brought to the 

aquaculture facilities at Universidad De Autonoma Baja California, in Ensenada, 

Mexico..  Totoaba were held in captive rearing conditions with photoperiod and 

temperature varied to simulate natural conditions and induce maturation and spawning 

(True et al. 1997). Totoaba juveniles from successful spawns are released in the upper 

Gulf of California as part of a restocking effort (True et al. 2001). 

Oxygen isotopes ratios 

The oxygen isotope ratio (18O /16O) in otolith aragonite is deposited in near 

equilibrium with that of the ambient water (Kalish 1991, Thorrold et al.1997, and 

Wiedman and Millner 2000).  A change in this ratio (expressed as "18O) would be the 

result of a change in the two environmental parameters that control the ratio in the 

otoliths: temperature, or the "18O of the water in which the animal lives.  Temperature has 

an inverse relationship with "18O in otolith aragonite; as temperature rises, the "18O 

becomes more depleted in the 18O, making "18O values more negative (Rowell et al. 

2005).  In addition, differences in the water source can also cause changes in "18O values.  
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In  marine systems, the addition of freshwater can create large changes in the "18O of the 

local water (Rodriguez et al. 2001, Dettman et al. 2004, Rowell et al. in prep.), because 

freshwater or inland water "18O values are generally more negative than ocean water.  

Thus "18O in otoliths can be used to document water temperature and the presence and 

abundance of isotopically distinct waters (Rowell et al 2005, Jamieson et al. 2004).   

Carbon isotopic ratios 

The ratio of 13C /12C in otoliths has been used to help define discrete stocks and to 

determine different habitats (Jamieson et al. 2004).  The "13C in otoliths however, are not 

deposited in equilibrium with the ambient dissolved inorganic carbon (DIC) of the habitat 

(Kalish 1991, Thorrold et al. 1997).  The departure from equilibrium is primarily the 

result of the incorporation of metabolically derived (i.e. food) carbon (Kalish 1991, 

Thorrold et al. 1997, Wiedman and Millner 2000, Jamieson et al. 2004, Solomon et al. 

2006).  This proportion may vary between species, and throughout the life of a single 

species (Schwarcz et al. 1998).  Because otolith "13C ratios have the potential to detect 

changes in diet, understanding the proportion of metabolically derived carbon in otoliths 

is critical for proper interpretations of otolith "13C.   

Methods 

This project takes advantage of the totoaba hatchery and release program at 

Universidad Autonoma de Baja California (UABC).  Because totoaba is endangered and 

protected internationally, otoliths samples are from incidental deaths and manipulation of 

environmental parameters that may put individuals at risk was not permitted.  Otoliths 

used in this calibration experiment were taken from fish spawned and reared under 
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known conditions in the hatchery. The isotopic values from the otoliths of these juveniles 

are compared to values predicted by previously published relationships between otolith 

aragonite "18O, temperature, and the oxygen isotope ratio of the water.  Later in this 

paper, we compare predictions to the measured isotope ratios of wild totoaba from both 

modern and ancient settings (from Rowell et al. in prep). 

Larval rearing 

Larvae were reared in tanks from 24hrs after eggs were fertilized until time of death. 

Larvae were started in a 2,200L tank with a continuous flow-through system, allowing a 

complete change of pacific coast seawater every ~12 hours, until they were 47days old.  

Fish were then moved to a larger tank (8000 L) with a complete change of pacific 

seawater every ~5 hours. The temperatures in both tanks were held between 24-27 C, 

mimicking the natural setting for spring-summer hatchlings in the northern Gulf of 

California (True et al. 1997, True et al. 2001).   Hobo temperature data loggers were 

placed in the middle of the water column and set to record temperatures every half hour.  

Otolith Samples 

The 12 Sagittal otoliths used in this study were all from known age fish that died in 

the tanks during rearing (age range = 31-60 days). The otoliths were donated from 

Universidad De Autonoma Baja California, Ensenada, Baja California to the University 

of Arizona Natural History Museum (UAZ2005-07 to -18).  All otoliths were removed 

from the fish and cleaned ultrasonically in distilled water.  Because the otoliths of 

juveniles were too small to thin-section (~2mm), we used a grinder to expose a dorso-
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ventral cross-section and took two spot samples from each otolith: one from the natal 

portion of the otolith and a second from the outer edge of the otolith. We used a 

micromill and a 0.3 mm diameter drill bit to collect samples..  Samples weighed between 

30–60 µg.  We heated the samples to 180°C in a vacuum oven for one hour to remove 

volatile material.  All oxygen and carbon isotope ratios in carbonates values are 

expressed relative to the Vienna Pee Dee Belemnite (VPDB) standard, and were 

measured in the Environmental Isotope Laboratory of the Department of Geosciences, 

University of Arizona.  Carbonates were analyzed using a Finnigan MAT 252 mass 

spectrometer equipped with a Kiel-III automated carbonate sampling device.  Powdered 

samples were reacted with dehydrated phosphoric acid under vacuum at 70°C. The 

isotope ratio measurement is calibrated based on repeated measurements of NBS-19 and 

NBS-18 and precision is ± 0.1 ‰ for "18O and ±0.06‰ for "13C (1#) 

Water Samples 

We collected three sets of water samples from the aquaculture tanks over a period of 

two months. Each set consisted of two samples, one analyzed for "18O and the other for 

"13C.  Water"18O was measured using a dual inlet mass spectrometer (Delta-S, Thermo 

Finnegan, Bremen, Germany) equipped with an automated CO2-H2O equilibration unit. 

Standardization is based on internal standards referenced to VSMOW and VSLAP. 

Precision is better than ± 0.08‰ for "18O. The DIC "13C water samples were preserved 

using mercury chloride and measured on a continuous-flow gas-ratio mass spectrometer 

(Finnigan Delta PlusXL) connected to a Gas-Bench sampling unit used to extract CO2 

from acidified water samples. Precision is ± 0.25‰ (1#). 
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Food Samples 

In order to quantify the "13C of the metabolic "13C pool, we analyzed the carbon 

isotope ratios of various components of the totoaba prescribed diet.  Their diet consists of 

commercial aquaculture food:  At larval stage just prior to post-flexion (~11-20d) they 

are fed live Artemia nauplii (crustacean), larval maintenance diet, and ground-up 

Moreclark™ (fish diet) 250-300 &.   

In addition to food samples, we took muscle samples to validate the "13C of 

assimilated diet.  All organic samples were freeze-dried, pulverized, homogenized and 

analyzed for the "13C composition.  The "15N and "13C were measured on a continuous-

flow gas-ratio mass spectrometer (Finnigan Delta PlusXL). Samples were combusted 

using an elemental analyzer (Costech) coupled to the mass spectrometer. Standardization 

is based on acetanalide for elemental concentration, NBS-22 and USGS-24 for "13C, and 

IAEA-N-1 and IAEA-N-2 for "15N. Precision is better than ± 0.06 for "13C and ± 0.2 for 

"15N (1#), based on repeated internal standards. 

Predicted oxygen isotope values 

We compared the observed average "18O value of reared totoaba with three different 

predicted otolith "18O values, using the following relationships derived from published 

calibration studies:  

 

(1)   !18Opredicted otolith = 4.38 - 0.21*T+!18Owater  

Thorrold et al. (1997) based on Atlantic croaker (Micropogonias undulate) reared in 

temperatures between 18 and 25 C. 



76 

 

(2)   !18Opredicted otolith = 4.39 - 0.22*T+!18Owater  

Weidman and Millner (2000), based on Australian salmon (Arripis trutt) reared in 

temperatures between 2.5 and 10.5 C. 

 

(3)   !18Opredicted otolith = 6.69 - 0.326*T+!18Owater  

Kalish (1991), based on North Atlantic cod (Gadus morhua) reared in temperatures 

between 13 and 22. 

Where T = average recorded water temperature in °C; "18Ootolith = the average 

measured otolith "18O expressed as Vienna Pee Dee Belemnite (VPDB); and "18Owater = 

the average "18O of the water expressed as Vienna Standard Mean Ocean Water 

(VSMOW).  The observed "18O values for the core and perimeter are averaged for each 

otolith because some otoliths were too small to guarantee independence.  The average 

otolith value was paired with an average predicted value using the mean temperature for 

the period of time that each sample represents. Because we know time of spawning 

(natal) and death (perimeter), we can determine the time interval represented by each 

sample.  We estimate how many days a sample represents (0.3mm of material) for each 

otolith by assuming constant growth and measuring otolith diameter.  We use a paired t-

test to compare pair the predicted average value for each otolith with the observed 

average value.    

Because validating the relationship between temperature, "18Owater, and "18Ootolith is 

most valuable when it can be used to determine environmental conditions for wild 
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totoaba, we use the same equations to estimate a predicted natal "18Ootolith value for wild 

totoaba that spawned during the 1970’s and during ancient settings (~1065 – 4580 BP 

(see Rowell et al. in prep.)).  We use average weekly temperatures from 1964-2003 

(Rowell et al. 2005 for the known spawning period of totoaba (March– June) to predict 

the average and range of possible "18Ootolith values for natal otoliths (both ancient and 

modern fish).  We assume that the northern Gulf of California "18Owater is similar to 

average mean ocean water, 0.0‰, for both the ancient and the modern fish.  Current 

estimates of the "18Owater are more positive than this value, as a result of the high 

evaporation rates and half a century of little to no Colorado River water inflow to the 

estuary (Dettman et al 2004, Rowell et al. 2005).  During prehistoric settings, however 

the "18Owater of the upper Gulf of California, was strongly influenced by the isotopically 

negative river water (Rowell et al in prep., Rodriguez et al. 2001), and may have been 

more negative than 0.0‰.  The "18Owater recorded in otoliths of totoaba spawned over 30 

yrs ago was not influenced by the river, because river water was virtually non-existent. 

We compare these predicted natal values with the average of the two most natal values 

for otoliths of pre-historic fish (spawned when the Colorado River had natural flows to 

the estuary and totoaba were not over-fished) and modern fish sampled in Rowell et al. 

2005.    

Metabolic !13C 

To determine the proportion of carbon in otolith aragonite derived from the diet of the 

fish verses DIC we use the equation: 
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 (4)   !13Cotolith = X (!13Cdiet+ "diet )+ ((1 – X (!13Cdic + "dic  )) 

Where "13Cotolith is the average measured otolith "13C, "13Cdiet is the average "13C of 

the aquaculture diet and/or totoaba tissue, $diet is the assumed fractionation between food 

and the precipitated aragonite, "13Cdic is the average of the measured "13C of the dissolved 

inorganic carbon in the water, and $dic is the fractionation of "13C between dissolved 

organic carbon and aragonite.  We use the average estimated fractionation value (+12‰) 

for metabolically derived carbon in fish otoliths, determined by Kalish 1991.  We also 

consider fractionation values used in other studies: +14‰, which is the fractionation of 

diet carbon to carbonate in the bioapatite of mammal bone and teeth (Cerling 1999); and 

+1‰ "13C fractionation between prey and consumer used by Weidman and Millner 

(2000), Høie et al. (2003), and Jamieson et al. (2004).  The latter assumes that consumed 

organic carbon has the same fractionation between prey and consumer when deposited in 

aragonite as it does when used to build tissue.  The carbon isotope fractionation between 

DIC and aragonite at typical marine pH is 2.7‰ (Romaneck et al. 1992). 

Results 

Validation of "18O relationship 

Oxygen otolith values for laboratory – reared totoaba ranged between -1.86 ‰ and -

2.85‰; the mean "18Ootolith value was -2.2‰ + 0.7 SE. (Table 1; Fig. 1). For fish reared 

in water with the average !18Owater value of -0.6 ‰ (Table 2) and an average temperature 

of 25.2 C, the average predicted !18O otolith  ranged from -2.17 ‰ (eq. 3) to -1.5 ‰ (eq. 

1).  The predicted !18O otolith values differed significantly from equation 1 (Fig. 2; paired-t 
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= -9.98, p <0.0001) and 2 (Fig. 2; paired t = -6.32, p <0.0001) but did not differ from 

predicted values for equation #3 (Fig. 2; paired t = -0.927, p =0.374). 

Average natal !18O otolith values for modern fish were -0.84 ‰ + 0.1 SE and -2.99‰ + 

0.6 SE for prehistoric otoliths (Fig. 3; Table 3).  Predicted natal !18O otolith values for wild 

totoaba ranged from +1.8 to -1.7‰.  The observed values for contemporary totoaba were 

within the range of predicted !18O otolith values, but prehistoric natal values were more 

than 2 ‰ more negative than the modern otolith values and more than 1‰ more negative 

than the lowest predicted !18O otolith value.   

Proportion of the metabolic !13C in otolith carbonate. 

The range of otolith "13C values for reared totoaba was -2.10 to -5.47 ‰ (Table 1).  

The mean "13Cotolith value was -3.5‰ + 0.16 SE and mean water DIC "13C was 2.5‰ + 

0.5 SE (Table 2).  The mean "13Cdiet value was -19.8‰ + 0.12 SE and the mean "13C 

value for totoaba tissue was 19.1‰ + 0.05 SE (Table 4).  When estimating the proportion 

of "13Cdiet that contributes to otolith carbonate "13C, we used the average "13C for totoaba 

tissue (-19.1‰).  Using all possible combinations of observed otolith "13C, DIC "13C, and 

fractionation from food to otolith (Kalish 1991, Cerling and Harris 1999, Weidman and 

Millner 2000, Høie et al. 2003, Jamieson et al. 2004), the full range of possible 

proportions of metabolically-derived "13C values fell between 28 and 97% (Table 5).  

Figure 4 illustrates that the "13C values for otoliths look closer to diet values than DIC 

values when accounting for fractionation. Using the fractionation factors of +14‰, 

+12‰, and +1‰ from diet to otolith aragonite we found that the average percentage of 
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metabolic-derived "13C is 80%, 67% and 36% (respectively ) in the natal section of 

laboratory reared totoaba.   

Discussion 

We found that the observed oxygen isotope values in otoliths of cultured fish matched 

the values predicted by equation 3 (Kalish 1991), but not the other two equations. The 

mean difference between predicted and observed values was 0.66‰ for equation 1; 

0.42‰ for equation 2; and 0.06‰ for equation 3. The discrepancy between the three 

relationships used in this study are likely due to differences in experimental design, 

species used, and temperature treatments – all of which differed between the calibrations 

studies.  Thorrold et al. (1997) used the most similar species to Totoaba (Micropogonias 

undulate, also in the croaker family) and worked in a temperature range most similar to 

this study (18 and 25 C), but the "18Ootolith values predicted using Thorrald et al.’s 

relationship did not fit the observed values, suggesting that differences in experimental 

design between studies may be more important than differences between species and 

temperatures.  

While equation 3 seems to give us predicted values closest to our observed values, we 

are not convinced that equation 3 is the best relationship over the full range of 

temperatures. Kalish (1991) used temperature treatments between 13 and 22C. Our 

study evaluates the relationship at a relatively constant temperature of 25C.  It should be 

noted that equation 3  has a much steeper slope than the other equations and predicts far 

more extreme "18Ootolith values (> +2 ‰) in cooler temperatures than what are 

documented in previous studies of totoaba. Rowell et al. (in prep) document that 
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"18Ootolith values in wild- caught totoaba do not get much above 0.0‰ at any point in their 

life history.  To test the relative influence of temperature on the oxygen isotope ratio in 

totoaba otoliths, we would need to include several temperature treatments.  In addition, 

we recommend taking water samples from the treatments on a weekly basis, since our 

"18Owater values varied more than anticipated.   

The "18Ootolith values in laboratory – reared totoaba are on average more negative than 

predicted values.  The negative offset between the observed and predicted values could 

be caused by several factors.  It may be a species-specific kinetic effect, where during 

otolith precipitation there is more discrimination against 18O, perhaps due to the rapid 

growth rate of these juveniles. Thorrold et al. (1997) indicate, however that there is no 

relationship between growth rate and "18Ootolith within the species Micropogonias undulat.  

The simplest explanation is that our otolith sampling may be higher resolution than the 

sampling of the environmental parameters, and therefore we were unable to accurately 

characterize the environment (primarily water chemistry) effecting the prediction.  The 

otolith samples represented on average 9-10 days of precipitation and we sampled water 

3 times over 62 days.  The "18O water values varied more than anticipated due to local 

winter storms and the fact that the water intake for the tanks was from the low intertidal, 

where local run-off could have influenced the marine signal, causing more the variation 

and an offset to more negative values. Thus our sampling regime may have been 

insufficient to characterize"18O water values during the times that otolith carbonate was 

precipitated.  .   
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Natal otolith vales from wild-caught (modern-day) totoaba are within the lower end 

of the expected range for all equations.  If the natal portion of the otoliths represents the 

middle of the spawning season, this would again indicate that the precipitation of "18O in 

totoaba otoliths is negatively offset from average predicted values.  But, we cannot be 

sure of the exact time that fish were spawned; therefore we used a range of values that 

represents the period of time over which this portion of otolith growth could have taken 

place.  It is possible, of course, that these fish were spawned during warmer temperatures, 

such as found in late spring.  If this were true, all three equations would predict values 

similar to observed values.  The warm temperatures (21 – 25C) used in totoaba 

aquaculture spawning and larval rearing suggest that spawning and successful larval 

recruitment may favor these warmer temperatures.  There is some evidence that the 

totoaba spawning season has shifted to later in spring and been truncated significantly 

due to  selective fishing pressure during the spawning aggregations in the earlier part of 

the season (Flannagan and Henderickson 1976).  Flannagan and Henderickson (1976) 

reported that before totoaba were protected, the bulk of landings occurred in the last 

couple of days of the fishing season (April 1 – March 30).  Another factor that maybe 

explains the negative "18O offset in otolith chemistry is the influence of isotopically 

negative water, such as the Colorado River.  Although little fresh water reached the 

Colorado River delta during the growth of the modern-day totoaba, their preference for 

brackish habitats during spawning may have led these fish to seek out lower salinity 

waters.  Similar behavior has been documented in Gulf Corvina (Cynoscion 

othonopterus) in the Colorado River estuary (Rowell et al. 2005).   
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While "18O fractionation does not seem to be affected by otolith growth rate or 

somatic growth (Thorrold et al. 1997), temperature–driven changes in growth may cause 

a negative offset from expected values.  Because these fish grow faster in warmer 

temperatures the average "18O of an otolith may be biased to warmer conditions, which 

leads to more negative "18O values. Current equations predicting "18Ootolith don’t include a 

factor for otolith growth rate differences, which should be used as a weighting factor, and 

included with temperature and the water "18O values. This would result in an equal 

representation of environmental parameters that better reflect growth conditions. 

The ancient natal totoaba "18Ootolith values are significantly lower than the predicted 

values and the measured values in modern fish.  This is direct evidence that these ancient 

fish were spawned in a very different environment – one with a significantly lower "18O 

water value, characteristic of river influenced estuaries (Rowell et al. 2005, Rowell et al. in 

prep).   

Carbon values 

We found that a substantial amount of totoaba’s otolith "13C was contributed by "13C 

of the diet.  Using the fractionation factors of +14‰, +12‰, and +1‰ from diet to otolith 

aragonite, we found that the average percentage of metabolic-derived "13C was 80%, 

67% and 36% respectively.  This is a relatively large percent in comparison to findings 

from other species.  Most studies predict between ~17-32% metabolic "13C contribution 

to otolith "13C :  Kalish (1991) reported more than 30% for Australian salmon; Weidman 

and Millner (2000) estimated ~20% for Atlantic cod; Høie et al. (2003) estimated 28-32% 
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for northern cod; and Solomon et al (2006) reported ~17% for rainbow trout. Our 

estimates of metabolic contributions of "13C using $diet of +1‰ are higher but comparable 

to other studies. Not surprisingly, our estimates for % metabolic-derived carbon using 

larger $diet values are considerably higher than other studies.   

Differences between our estimates of metabolic "13C contributions to otolith "13C can 

be explained by three factors: 1) The value used for fractionation ($diet) between diet "13C 

and otolith "13C; 2) The fact that we directly measured food sources and DIC, unlike 

most studies; and 3) Differences in species specific metabolic rates.   

The $diet used in many previous studies of metabolic contribution to otolith "13C 

assumes that the +1‰ fractionation between "13C of prey to consumer tissue holds true 

for prey to consumer otolith aragonite (Weidman and Millner 2000, Høie et al. 2003, 

Jamieson et al. 2004). This low fractionation value is why most studies estimate lower 

diet-derived contributions to "13C in otoliths. This assumption may not be justified, as the 

process of incorporating diet carbon into the otolith likely involves larger fractionation 

than the simple trophic level approach, as carbon moves from stomach to the blood, to 

the endolymph fluid and ultimately precipitated into otolith aragonite.  The combined 

fractionation values for all of these steps are not well understood (Kalish 1991, Thorrold 

et al. 1997, Jamieson et al. 2004, Solomon et al. 2006).it Yet at minimum one would 

expect a fractionation value of +2.7‰ (the same as $dic) because diet-derived "13C in the 

blood needs to go through a similar process as DIC-derived "13C.  We argue that the 

carbon used in otolith aragonite may go through similar physiological processes as the 

carbonate component in the bioapatitie of teeth and bones in mammals, which is reported 
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to have a ~ +14 ‰ fractionation (Cerling and Harris 1999, Clementz and Koch 2001).  

This is a far greater fractionation than currently used in the literature to estimate 

metabolic contributions to otolith and "13C, and the implications of this are substantial.  

Experimental tests, where sources are labeled and traced to the otolith aragonite are 

needed.   

Another cause of discrepancy between our estimates and those reported in the 

literature maybe the lack of direct measurements of carbon end-members used by 

previous studies.  Most estimates were calculated using regional DIC "13C and general 

phytoplankton "13C values. We document that DIC variation may be high, even within 

local environments and on short temporal scales. The potential error associated with these 

general estimations may be substantial. 

The high contribution of metabolic carbon to the juvenile totoaba otolith observed in 

this study is likely caused by totoaba’s relatively fast growth and large size, amplified by 

more rapid growth during the juvenile stage.   Elevated contributions of metabolic-

derived "13C during time of rapid growth have been demonstrated in other systems (Høie 

et al. 2003, Thorrold et al. 1997).  Also, larger growth increments result in a more 

detailed record of "13C; higher-resolution sampling, such as micromilling would be 

sensitive to this.   

The large contribution of "13Cdiet to juvenile totoaba otoliths suggests that large –scale 

dietary comparisons may be conducted using the "13C in otoliths.  Many otolith studies 

report "13C values, but the interpretations have been limited. The additional knowledge of 

the proportion of metabolic carbon incorporated in otolith "13C will be very helpful in 
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determining how the endangered totoaba have been impacted by nursery habitat 

degradation and intense shrimp trawling which targets some of their primary food sources 

(shrimp, crustaceans, and juvenile fish (Román – Rodríguez 1990)). 
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List of Figures  

Figure1.  "18O (VPDB) and "13C values for otoliths of lab-reared T. macdonaldi. 

Figure 2. Mean predicted and observed "18O values (relative to Vienna Pee Dee 

Belemnite (VPDB)) for the natal portion of lab-raised T. macdonaldi otoliths.  Black 

symbols are predicted values (Square = eq. 1, Thorrold et al. 1997, Triangle = eq. 2, 

Weidman et al. 2000, Diamond = eq. 3, Kalish 1991), gray symbol is the mean observed 

value.  All error bars represent 1 SE.  

Figure 3. Mean and range "18O (relative to Vienna Pee Dee Belemnite (VPDB)) predicted 

by equations 1, 2, and 3, compared to natal values observed in otoliths from wild-caught 

T. macdonaldi from ancient and modern times. 

Figure  4. "13C relative to Vienna Pee Dee Belemnite (VPDB)) measured in diet sources, 

dissolved inorganic carbon of ambient water, and totoaba tissues, shown without added 

fractionation (black symbols) and with added fractionation (white symbols) (food and 

tissue: +12‰ and water DIC:+2.7‰) and compared to measured "13C in lab-reared T. 

macdonaldi otoliths (gray symbols). 
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Table1. Lab-reared Tototaba macdonaldi otolith specimens, age of individual, 
observed "18O, average temperature during time that the sample represents, time that 
sample represents (days), !18Opredicted otolith for each equation, and observed otolith 
"13C. 

sample ID 
days 
old 

Obs. 
!18O 

Avg. 
temp 
C 

Time in 
sample 
(days) 

Kalish 
1991 

Thorrold  
et al. 1997 

Weidman 
& Millner 

2000 
Obs. 
!13C 

UA2005-07  34 -2.07 24.6 9.4 -2.03 -1.49 -1.72 -3.88 
UA2005-07  34 -1.87 25.4 9.4 -2.19 -1.55 -1.79 -2.71 
UA2005-08 37 -2.00 24.4 9.0 -1.97 -1.45 -1.68 -4.35 
UA2005-08 37 -1.99 25.4 9.0 -2.18 -1.55 -1.79 -2.85 
UA2005-09 37 -1.96 25.0 24.7 -2.07 -1.47 -1.71 -3.38 
UA2005-09 37 -2.05 25.0 30.0 -2.06 -1.47 -1.71 -3.27 
UA2005-10 37 -2.06 24.6 9.5 -2.03 -1.49 -1.72 -3.67 
UA2005-10 37 -2.85 25.4 9.5 -2.18 -1.55 -1.79 -2.10 
UA2005-11 37 -1.86 25.4 9.9 -2.18 -1.55 -1.79 -2.37 
UA2005-12 37 -2.03 24.9 11.2 -2.13 -1.55 -1.79 -3.75 
UA2005-12 37 -2.30 25.4 11.2 -2.18 -1.55 -1.79 -2.42 
UA2005-13 37 -2.36 24.4 9.0 -1.97 -1.45 -1.68 -5.47 
UA2005-13 37 -2.31 25.5 9.0 -2.22 -1.57 -1.82 -3.16 
UA2005-14 62 -2.25 24.8 10.6 -2.11 -1.54 -1.78 -3.93 
UA2005-14 62 -2.51 25.5 10.6 -2.31 -1.67 -1.91 -4.21 
UA2005-15 62 -2.32 24.4 8.8 -1.97 -1.45 -1.68 -3.51 
UA2005-15 62 -2.74 25.5 8.8 -2.31 -1.67 -1.91 -3.75 
UA2005-16 62 -2.24 24.8 10.4 -2.08 -1.52 -1.76 -3.85 
UA2005-16 62 -2.75 25.5 10.4 -2.31 -1.67 -1.91 -3.66 
UA2005-17  62 -2.38 24.4 8.7 -1.97 -1.45 -1.68 -3.69 
UA2005-17 62 -2.18 25.5 8.7 -2.31 -1.67 -1.91 -3.86 
UA2005-18 62 -2.18 24.6 9.9 -2.03 -1.49 -1.72 -3.94 
UA2005-18 62 -2.39 25.5 9.9 -2.32 -1.67 -1.92 -4.36 

 

Table 2. Measured "18O and water dissolved inorganic carbon "13C for aquaculture. 

Date DIC !13C ‰ DIC !18O ‰
10 Feb. 2004 1.6 -0.5 
24 Feb .2004 2.6 -0.6 
09 Mar 2004 3.2 -0.7 
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Table 3. Reported natal "18O and "13C (VPDB) values for wild-caught T. macdonaldi 
otoliths (Rowell et al. in press).  

Natal wild totoaba  
SAMPLE ID !18O !13C 
UA2005-02 -1.03 -0.32 
UA2005-04 -0.38 -0.31 
UA2005-03 -1.22 0.86 
UA2005-01 -0.75 -2.03 
UA2005-05 -0.83 -2.16 

SIO50-119-02 -3.07 -2.07 
SIO50-119-01 -1.32 -1.03 
SIO50-119-03 -2.26 -1.00 
SIO50-119-04 -3.88 -2.03 
UA2005-06 -4.41 -1.70 
 

Table 4. Measured "13C and "15N for T. macdonaldi tissue and laboratory-prescribed 
diet. 

.Sample !13C  !15N 
Artemia -22.8 10.9 
Little brown pellet -21.1 9.5 
tiny orange pellet -16.5 13.8 
Totoaba  -19.2 12.0 
Totoaba  -19.1 12.1 
Totoaba  -19.0 12.1 
Totoaba  -18.9 12.1 
Totoaba  -19.1 12.0 
Totoaba  -17.5 15.3 
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Table 5. Matrix of estimated percent contribution of metabolic "13C in lab-reared, 
juvenile T. macdonaldi otoliths "13C using the maximum, average and minimum 
otolith "13C values; maximum, average and minimum dissolved inorganic carbon 
(DIC) "13C values; and fractionation values for food "13C to otolith "13C of +12‰ 
(Kalish 1991), +14‰ (Cerling and Harris 1999) and +1‰ (Weidman and Millner 
2000, Høie et al. 2003, Jamieson et al. 2004). 

 
Fractionation 
Food!otolith 

Max. 
DIC 

Avg. 
DIC 

Min. 
DIC 

Max.   + 12 ‰ 58% 56% 53% 
otolith + 14 ‰ 68% 66% 63% 

 + 1 ‰ 32% 30% 28% 
Avg.  + 12 ‰ 69% 67% 65% 

otolith + 14 ‰ 81% 80% 78% 
 + 1 ‰ 38% 37% 34% 

Min.  + 12 ‰ 83% 82% 81% 
otolith + 14 ‰ 97% 97% 97% 

 + 1 ‰ 46% 44% 42% 
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Abstract 

Diversion of river water has diminished discharge to many estuaries but, the impact 

of this practice on marine fisheries is not well understood.  We used oxygen isotopes in 

contemporary and prehistoric otoliths (ear bones) of an endangered marine fish (Totoaba 

macdonaldi, Sciaenidae) in the upper Gulf of California to compare current 

environmental conditions and growth rates to those existing before large-scale diversions 

of Colorado River water away from its formerly extensive estuary. Oxygen isotope ratios 

demonstrate that the pre-dam fish inhabited the brackish estuary during at least the first-

year of growth. These juveniles also grew faster than those from post-dam populations. 

Reduced river flow, by affecting juvenile growth rates, has adversely affected this 

species.  These results provide the first direct evidence that a river diversion has changed 

the life history of a marine fish, which has likely contributed to its population decline.  In 

addition to the current prohibition against fishing T. macdonaldi, rovery of this species 

will require an allocation of river water for its nursery grounds.  

The demand for fresh water resources has prevented many of the world’s rivers from 

emptying into the ocean 1, 2. The physical and chemical impacts of upstream dams and 

diversions on estuaries are well-known3-5, but their ecological effects are poorly 

understood 5, 6. This lack of understanding is alarming, as 60% of US commercial fish 

spend part of their life in estuaries7.  Fishery declines have been correlated with reduced 

river flow into estuaries in several cases 4, 5, 8, 9, but these declines are often also 

associated with high harvesting rates, making it difficult to assess the relative importance 

of habitat change and over-harvesting on the species.  An accurate evaluation of the 
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environmental costs of dams and effective management of fisheries depends on the 

ability to assess the effects of river management on marine fisheries.  This assessment, 

however, is difficult without baseline data on past conditions and species life history – a 

handicap that plagues the marine fisheries10, 11.  Many river/estuary systems were 

modified long before modern ecological assessment techniques were used12.  In the 

absence of direct information on the pre-dam Colorado River estuary, we use growth 

increments and oxygen isotope variation in pre-dam and post-dam totoaba otoliths to 

document the effects of reduced river flow on a now endangered8, 13, 14 marine fish that 

once supported the most lucrative fishery in the Gulf of California. 

  The decline and endangerment of totoaba, Totoaba macdonaldi, (Teleostei: 

Sciaenidae) a large, long-lived endemic species that spawns in the Colorado River 

estuary, has been cited as an example of how reduced river inflow can affect a marine 

fishery2, 5, 15. The totoaba catch (once massive) began to decline after the completion of 

Hoover (Boulder) Dam (1935) on the Colorado River8, 13.  Because aggressive harvesting 

(mainly extensive gill-netting) and shrimp trawling also increased after 1935, declines 

could not be unequivocally linked to the damming and diversion of the river.  Fishing for 

totoaba has been prohibited since 1975, when the species was listed as endangered by 

both Mexico and the U.S.13.  Recovery efforts have had limited success, even though its 

estuarine spawning and nursery grounds were included within a biosphere reserve in 

1993.  We hypothesize that the upstream diversion of Colorado River water adversely 

affected the estuarine habitat, making it less suitable for larval recruitment and juvenile 
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growth of T. macdonaldi.  This could provide an explanation for the fish’s lack of 

recovery.  

We compared oxygen isotope ratios ("18O) and growth increments in five otoliths 

(sagittae) from live-caught totoaba to "18O values and growth increments in another five 

otoliths retrieved from the surface of aboriginal shell middens in the upper Gulf of 

California.  Live-collected specimens were caught under federal permit in 1987 and 1990 

and their otoliths extracted for growth studies14.  The five prehistoric specimens are from 

sites dating from ca. 1000 to 4,400 years before present15 (see supporting material 

online).   

The deposition of "18O in otolith aragonite is controlled by the ambient temperature 

and isotope ratio of the local water16. Temperature-driven variation in "18O of otolith 

carbonate for another sciaenid fish in the northern Gulf of California is known 9.  

Colorado River water is isotopically distinct from water in the upper Gulf of California.  

On average, water from the most downstream portion of the Colorado River is -12 ‰ and 

reached as low as -16 ‰ before upstream reservoirs increased evaporation and 

homogenized the natural seasonal variation. Open upper Gulf of California seawater 

currently averages 0.6 ‰ 9, 17.  Any difference in the "18O of aragonite in pre-dam and 

post-dam otoliths secreted at the same temperature is caused by the difference in the "18O 

of the ambient water.  Because otolith "18O can record the presence of river water when 

these fish inhabited the estuary, we can use the otolith record to determine the effect of 

river water on growth. 
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The "18O values in sub-annual growth increments in otoliths from live-collected 

(post-dam) totoaba range from +0.41‰ to –2.17‰.  The first years of otolith growth in 

these specimens occurred when no river water in excess of Mexico’s agricultural use 15  

was delivered across the international border. The "18O variation for these post-dam fish 

is, in nearly all cases, within the expected range of temperature-driven values in the first 

years of growth9, 15.   

Pre-dam otolith "18O values range from +0.69‰ to –5.49.  The greater variance and 

lower "18O values in the pre-dam fish indicates that these individuals inhabited more 

isotopically heterogeneous waters, such as those typical of present-day  river-influenced 

estuaries, where isotopically distinct continental and marine waters mix9, 17, 18.   

The first year of pre-dam "18O summer values are significantly lower than post-dam 

first year "18O summer values (Fig. 1).  Values do not differ significantly in the second 

and third years15 (online Table S1), although the offset between the two suggests that pre-

dam fish inhabited fresher waters than post-dam ones.  These data demonstrate that 

before upstream diversions of Colorado River water, T. macdonaldi inhabited a river-

influenced estuary during at least its first year of growth.  As these pre-dam fish grew, 

their "18O values approach those seen in the post-dam otoliths, suggesting that they 

inhabited marine habitats more frequently as they aged15.  Records of juvenile totoaba in 

bycatch also indicate movement away from the mouth of the river with increasing age8, 13. 

 

Colorado River flow appears to be an important determinant of optimal habitat for 

juvenile totoaba.  The minimum "18O value of otoliths is strongly correlated with growth 
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in the first year (r2 =0.78, p = 0.008), and weakly correlated with the second year’s 

growth (r2 = 0.48, p = 0.04) (Fig. 3).  This relationship between "18O and the growth rates 

of pre- and post-dam otoliths is strong evidence that river inflow influences growth 

trajectories.  Increasing accessibility, productivity and or carrying capacity of nursery 

habitat are possible mechanism for relationships between river inflow and increased 

recruitment success of estuarine-dependant fish12. While the exact mechanism(s) 

promoting faster growth in pre-dam T. macdonaldi in association with brackish water is 

unclear, increased growth in less saline waters is known for other sciaenid fish19-20.  

Growth rates, as measured by the width of annual increments15, are significantly 

faster during the first year in pre-dam otoliths compared to those in post-dam otoliths 

(F1,9,= 6.85 p=0.03).  Growth rates in the second and subsequent years do not differ in 

pre-dam and post-dam specimens.  Using the known relationship linking otolith size to 

body size (standard length) in totoaba and the known age/size at sexual maturity in 

totoaba 14,15, we find that the pre-dam totoaba reached sexual maturity at least three years 

sooner than did the post-dam fish (Fig. 2 ).  

Age at first reproduction is arguably the most critical stage in the life history, 

especially in a long-lived fish 21.  Human-caused shifts in sexual maturation have been 

documented, where intense fishing has led to selection for maturation at a younger and 

smaller size, thereby lowering fecundity 22, 23. In the case of totoaba, the diversion of river 

flow and the consequent degradation of its estuarine habitat appears to have drastically 

constrained maturation of this now-endangered fish.  Delaying reproduction by three to 

five years, while keeping body size at first reproduction constant, may reduce population 
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viability. Because both sexual maturation and predation rates are size-dependant, less 

rapid growth in the first year reduces recruitment and survivorship.   The delay of age at 

first reproduction (more than doubling) as a result of compromised nursery habitat has 

not been considered in river or fisheries management.  Restoring river flow, perhaps even 

a relatively small portion of the pre-dam input, would likely aid the recovery of this 

endangered species. 

Both reduced river flow and over-fishing endanger T. macdonaldi.  However, 

recovery efforts to date for T. macdonaldi have only addressed fishing pressure.  

Recovery of the totoaba will likely depend on both strict enforcement of fishing 

regulations and the resumption of some seasonally appropriate river inflow (i.e., higher 

flows in late spring-early summer) to the Colorado Rivers estuary.   Such restoration 

flows would benefit other commercial species in the upper Gulf of California, such as 

shrimp 24(Galindo-Bect et al. 2000) the endemic Gulf corvina, Cynoscion othonopterus 

(Rowell et al. 2005), and likely a host of non-commercial estuarine –dependant species 

(e.g., the endemic delta silverside, Colpichthys hubbsi, Atherinopsidae), and the endemic 

bivalve mollusk Mulinia coloradoensis25, 26. Because approximately 90% of the river’s 

annual flow is diverted for use in the U.S.A., and the remaining 10% used for urban and 

agricultural purposes in Mexico, allocation of restoration flows for the estuary will 

require bi-national efforts. 

 Our results indicate that excessive upstream river diversions can have a major impact 

on estuarine/marine ecosystems and their fisheries.  We show that severely reduced river 

flow apparently caused a major shift in an estuarine fish species’ growth rate and life 
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history at the mouth of the Colorado River.  The importance of river water to many 

marine fisheries adds complexity to managing both rivers and marine fisheries.  Treating 

rivers and marine ecosystems separately can have unwelcome economic and ecological 

consequences.  The increasing economic pressure to further harness fresh water resources 

will adversely affect the already-fragile state of most estuarine-dependent marine 

fisheries 1.  Recognizing and documenting the importance of rivers to the productivity of 

estuarine nursery habitat is critical for responsible management of the world’s large rivers 

and adjacent marine habitats. 
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Figure Captions. 

Figure 1. Differences between pre and post-dam T. macdonaldi otolith "18O (VPDB) 

values for the first three years of growth using annual lows (summer values).  First year 

values are highly significantly different between pre and post-dam otoliths (F1,9,= 32.3, 

p=0.0005) and not significantly different for the second and third years. 

Figure 2. Estimated size (standard length (cm) and one standard error (se)) of pre and 

post-dam T. macdonadi, estimated from the known relationship between otolith size and 

fish standard length (online suppl).  Dotted line represents n=2.  Pre-dam otoliths had 

significantly more growth during the first year (F1,9,= 6.85 p=0.03).   

Figure 3. Linear regressions for annual minima (summer) "18O values and otolith growth 

for pre-dam otoliths (black circles) and post-dam otoliths (white circles) for the first three 

(juvenile) years of T. macdonaldi.
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Figure 2. 
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Figure 3.  
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Supporting Online Material 

FIELD SITE  

Like many large rivers diverted for human needs, the Colorado River no longer 

reaches the sea, except in sporadic abnormally wet years.  Pre-dam annual river flow into 

the Gulf of California ranged between 8 x109 and 30.8 x109 m3 yr -1. The flow maintained 

an estuary comprising ca. 4000 km2 of the uppermost Gulf of California S1(Lavín and 

Sánchez 1999) and a mixing zone extending ca. 65 km from the river’s mouth 

S2(Rodriguez et al. 2001).   Before the dams, more than 70% of the river’s annual flow to 

the estuary was during May, June and July S3(Harding et al. 1995). Today, the head of the 

Gulf of California is a negative estuary S4(Lavín et al. 1998) and the only water that 

crosses the US border in normal years is the annual flow of 1.8 x 109 m3 required by the 

1944 Mexican Water Treaty.  This amount is almost entirely consumed by municipal and 

agricultural users.  A trickle probably reaches the Gulf via subsurface flow S4-S6 

(Hernández-Ay!n et al. 1993; Lavín et al. 1998, Rowell et al. 2005).  

NATURAL HISTORY OF TOTOABA 

Much of the natural history of the totoaba has been pieced together from incidental 

catches and anecdotal information.  Totoaba macdonaldi (Teleostei: Sciaenidae) is a 

large (2 m) and long-lived (~25yrs) fishS7 (Román-Rodriguez and Hamman 1997).  It is 

endemic to the Gulf of California and spawns exclusively in the mouth of Colorado River 

in late spring (May-June) S8(Cisneros-Mata et al. 1995).  It is thought to be one of the top 

predators in the Colorado River estuary, but almost nothing is known about its spawning 
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and juvenile ecology.  Juveniles typically inhabit the estuary for one to two years, before 

migrating southward to follow schools of anchovies and sardines.  Adults later return to 

the estuary in Spring to spawnS8, S9 (Flanagan and Hendrickson 1976, Cisnero-Mata et al. 

1995).   

METHODS AND MATERIALS 

We sampled otoliths from five ancient (pre-dam) T. macdonaldi and five recent (post-

dam) individuals.  Pre-dam otoliths came from surface finds at two different shell midden 

deposits on the upper Gulf of California coast.  Four specimens loaned by SCRIPPS 

Institution of Oceanography Marine Vertebrate Collection (SIO50-119) were collected in 

1955, near San Felipe, Baja California, Mexico at a midden dated (14C age yr BP)  by one 

marine shell (AA-17766 at 1,885 ± 90) and three charcoal dates (AA-17768 at 1220 ±50; 

AA-17769 at 1075 ±50; and AA-17770 at 1065 ±50 S10(Goodfriend and Flessa, 1997).  

The upper and lower 2# range for the four dates extends from 1280 to 805 cal yr BP 

according to Stuiver and Reimer (1993, version 5.0) using Hughen et al. (2004) and 

Reimer et al. (2004) for the marine and terrestrial calibrations, respectively. The fifth pre-

dam otolith was donated by the Guaymas campus of the Instituto Tecnológico y de 

Estudios Superiores de Monterrey to the University of Arizona Fish Collection (UAZ-

S2005-06) and was retrieved from the surface of a coastal midden at Bahía San Jorge, 

Sonora, Mexico. This specimen was dated directly (AA- 56966) at 4,580 +130 14C yr BP, 

with a 2# range of 5584 to 4880 cal yr BPS11 -S13(Stuiver and Reimer (1993, version 5.0) 

using Hughen et al. (2004) for calibration.  The post-dam otoliths (UAZ-S2005-01 

through 05) were extracted from individuals of T. macdonaldi as part of a population 
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monitoring study in 1987 and 1990, and were used to study totoaba age and growthS7 

(Román-Rodriguez and Hammann 1997).  These specimens were later donated by 

Instituto del Medio Ambiente y el Desarrollo Sustentable del Estado de Sonora to the 

University of Arizona Fish Collection.   

Oxygen Isotopic analysis 

Material for geochemical analyses were collected along a pie-slice section of the 

otolith from the perimeter (terminal year) to the core (natal otolith) using a micromill drill 

with a 0.3 mm drill bit.  Samples were taken by milling thin (between 18 and 200µm 

width), sub-annual growth increments from the perimeter and moving toward the core 

with the drill, resulting in a continuous high-temporal resolution profileS14 (Dettman and 

Lohmann 1995) of the otolith through-out the fish’s life.  Samples weighed between 30–

60 µg, and were heated to 180°C in a vacuum oven for one hour to remove volatile 

material.  Oxygen isotope ratios in carbonates values are expressed relative to the Vienna 

Pee Dee Belemnite (VPDB) standard.  Otolith carbonate was analyzed at the Stable 

Isotope Laboratory of the Department of Geosciences, University of Arizona, using a 

Finnigan MAT 252 mass spectrometer equipped with a Kiel-III automated carbonate 

sampling device.  Standardization of oxygen and carbon isotope ratios was based on 

normalization to published ratios of NBS 19 and NBS 18. Analytical error was + 0.1 ‰.  
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Statistical analyses 

Oxygen isotopes 

To test the hypothesis that T. macdonaldi relies on brackish water of the Colorado 

River estuary as nursery habitat, we compare the minimum "18O values of each annual 

cycle in juvenile years 1-3 between pre- and post-dam otoliths. The minimum values 

represent the season of maximum temperature in the post-dam otoliths, where the "18O of 

seawater is relatively constant. If pre-dam fish inhabited the estuary, we expect 

significantly lower "18O values than the post-dam otoliths, because the local waters were 

significantly more negative in "18O than post-dam seawater.  Using annual minimum 

(summer) "18O values for each specimen instead of average annual values minimizes the 

error due to different growth rates, different sampling densities, averaging of time 

intervals in the otolith and seasonal variation in "18O values . Additionally, river 

influenced "18O values are more likely in the spring through summer, due to the historic 

flow regime of maximum flows in June; therefore comparing seasonal (summer) values is 

more appropriate test.  Because post-dam otoliths represent fish spawned during zero or 

very low-flow conditions, their annual low "18O values should be limited to a thermally-

driven range. We use an ANOVA to test for differences between the pre-dam and post-

dam environmentally-influenced isotopic signatures for each year of growth.         

Growth rates 

We compare growth rates for juvenile years 1-3 between pre-dam and post-dam 

otoliths to test the hypothesis that totoaba grew faster when in the brackish waters of the 
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pre-dam Colorado River estuary.  Growth is estimated by width of each annual increment 

(band), identified by the seasonal isotopic values.  The first year is measured from the 

natal value to the first winter value (highest "18O).  Years two and three are measured 

from winter to winter "18O values. We use ANOVA to compare the annual growth 

between pre- and post- dam otoliths (Table S1).   

Growth curve 

We use the relationship between totoaba standard length and otolith size established 

by Román-Rodriguez and Hammann (1997)S7 to illustrate the difference between pre and 

post-dam growth.  Román-Rodriguez and Hammann (1997)S7 fit the relationship between 

otolith radius (axis from the core of the otolith along the sucal groove to the perimeter) 

and standard length (cm) (n=94) to a Gompertz curve, resulting in the equation: 

SL= 30.92 ( exp 3.86 ( 1 – exp ( - 0.99 * radius1 ) ) ) 

          [ r2 = 0.98, n = 94 ]S7 

Using this relationship to express the difference in growth of annual increments within 

the otolith as differences in length of the fish facilitates use of such data in fisheries 

biology. 

Colorado River effects on growth 

If brackish water in the Colorado River estuary is indeed important to the nursery 

habitat for totoaba, , we predict a negative relationship between "18O and growth among 

individuals during years of residence in the estuary. The more negative the "18O values 

(more fresh water), the faster the growth for that year.  To test this hypothesis,  we used a 

ANCOVA using year and treatment (pre and post-dam) as main effects and the most 
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negative "18O values as a covariate as well as all interaction terms; growth is the 

dependant variable.  We removed non-significant interaction terms, resulting in a final 

reduced model.  The "18O varied between years (Table 2), therefore each year must be 

tested separately for a relationship between summer "18O and growth.   

RESULTS 

Table S1. Results (F-statistic, degrees of freedom and p-value) of ANOVA tests for 

summer and winter "18O values, and growth for years 1, 2 and 3.  

Summer !18O F df P 
year 1 32.3 9 0.0005**
year 2 1.7 9 0.23 
year 3 0.85 8 0.39 

    
Winter !18O F df P 

year 1 1.25 9 0.3 
year 2 0.39 9 0.55 
year 3 1.18 8 0.31 

    
Growth µm F df P 

year 1 6.85 9 0.03 
year 2 0.27 9 0.62 
year 3 0.21 8 0.66 
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Table S2. Summary F-statistics and p-values for ANCOVA testing the amount of 

variation in growth explained by treatment, year, and "18O.  Summer "18O values have 

the most significant relationship with annual growth and year and "18O have a significant 

interaction, but year alone does not explain otolith growth.   

 

 
 

Factor F P 
Treatment (Pre/Post) 0.129 0.723 
Year (1,2 and 3) 0.899 0.421 
Summer !18O  12.91 0.002** 
Year* !18O 6.216 0.007* 
Treatment* !18O .532 0.474 
Treatment*year 0.002 .998 
Treatment*year* !18O 0.002 .998 
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Abstract 

River flow into estuaries is continuing to decline because of upstream water 

diversions in many of the world’s rivers.  Impacts of reduced freshwater inflow on 

marine fisheries are often assumed but not well understood.  We used oxygen and carbon 

isotopes in contemporary and prehistoric otoliths (ear bones) of a large, endangered 

marine fish (Totoaba macdonaldi, Sciaenidae) to compare current environmental 

conditions and growth rates to those existing before large-scale diversions of Colorado 

River water from its formerly extensive estuary. Oxygen isotope ratios demonstrate that 

pre-dam fish inhabited the brackish estuary at least during their first-year of growth. 

Carbon isotopes suggest that river flow significantly enhances productivity of the estuary.  

Juvenile fish from before river regulation also grew faster than those from post-dam 

populations. These results provide the first direct evidence that river diversion has 

changed the life history of a marine fish and probably contributed to its population 

decline. These data document that river flow, acting on growth rates, has substantially 

affected the population biology of T. macdonaldi and the productivity of the former 

estuary.  
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Introduction 

The increasing scarcity of fresh water resources has resulted in the draining many of 

the world’s rivers before they complete their course to the ocean (Drinkwater and Frank, 

1994; and Gleick, 2003).  Such diversions have created environmental problems 

downstream.  Dams, diversions and over allocation of river water have well-known 

physical impacts on estuaries (Livingston et al., 1997; Gillanders and Kingsford, 2002; 

Nixon, 2003; Staunton-Smith et al., 2004), but their ecological effects on estuarine and 

marine ecosystems are just now becoming understood (Grimes and Kingsford, 1996; 

Gillanders and Kingsford, 2002; Nixon, 2003).   

Our lack of understanding the importance of river flow to estuary health is alarming. 

Approximately 60% of the fish landed by the American fishing industry spend part of 

their life in estuaries (Owen and Chiras, 1995).  Documenting the cumulative effects of 

reduced river flows on marine fisheries is important for better, more comprehensive 

fisheries management, as well as for a more accurate assessment of the true cost of dams 

and river regulation.  The potential impacts of the cessation of rivers to oceans on marine 

fisheries are an important social and economic concern because marine fisheries are the 

key contributor to coastal economies and an important source of protein for the human 

diet (FAO, 2004).  

Declines in marine catch have been attributed to declines of river flow in many 

estuaries (Grimes and Kingsford, 1996; Cisneros-Mata et al., 1995; Nixon, 2003; 

Staunton-Smith et al., 2004; Rowell et al., 2005).  But few studies have determined the 

mechanism behind such declines in fisheries catch.  Much of the difficulty in determining 
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the cause of reduced catches is due to the lack of life history and ecological information 

for marine ecosystems prior to their disturbance (Grimes and Kingsford, 1996; Dayton et 

al. 1998).   

The Colorado River, in the southwestern United States is an excellent example of a 

river that once had a large influence on a marine system, the upper Gulf of California.  

Since dams and diversions, the river no longer reaches its estuary.  Several marine 

species in the upper Gulf of California have declined along with Colorado River flow 

(see Flanagan and Hendrickson, 1976; Cisneros-Mata et al., 1995; Rodriguez et al., 

2001;Rowell et al., 2005); perhaps the most notable is the endangered Totoaba 

macdonaldi.   

The totoaba fishery began early in the 1900’s when the fish was harvested for its gas 

bladder (Chute, 1930).  Later, its meat was sold in the U.S.A.(Craig, 1926) as white 

seabass.  In 1940 active management began by establishing a closed season to protect the 

massive aggregation of spawning individuals in the Colorado River estuary (Cisneros-

Mata et al. (1995).  By 1955, the mouth of the Colorado River was declared a biological 

refuge and fishing of totoaba and shrimp were prohibited (Berdegué, 1955).  However, 

totoaba catches continued to decline and in 1975 totoaba was declared endangered by 

both Mexico and the U.S.A. (Cisneros-Mata et al., 1995).   

Conservation efforts have had limited success, even though  totoaba’s spawning and 

nursery grounds have been protected in the core zone of a biosphere reserve since 1993. 

Although the cessation of the Colorado River flow has been cited as one of the causes for 

the decline of totoaba (Flanagan and Hendrickson 1976, Cisneros-Mata et al. 1995), the 
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evidence is circumstantial: totoaba catch declined as the flow of the river declined.  

Fishing pressure on totoaba along with incidental bycatch of juveniles in shrimp trawls 

are also threats to tototaba populations (Cisneros-Mata et al., 1995).    We seek to provide 

empirical evidence to support the hypothesis that the diversion of Colorado River water 

has adversely affected the estuary’s habitat, making it less suitable for juvenile T. 

macdonaldi.  This alteration of the estuary could partially explain the fish’s lack of 

recovery.   

Totoaba macdonaldi (Gilbert, 1891) is the largest (up to 2m in length) species in the 

family Sciaenidae and is a long-lived marine predator (Flanagan and Hendrickson, 1976).  

It is endemic to the northern Gulf of California and spawns only in the mouth of the 

Colorado River. The spawning season of this iteroparous fish is not well defined: early 

records document the spawn to occur from February to early June (Nakashima 1916, 

Craig 1926, Berdegué 1955); more recent records indicate the spawn is limited to an 

intense pulse in the later part of the former fishing season, March (Cisneros-Mata et al. 

1995).  Information from incidental catches suggests that juveniles stay in the upper Gulf 

of California for the first two years, and later migrate south (Nakashima, 1916; Flanagan 

and Hendrickson, 1976; Cisneros-Mata et al., 1995).  Natural history information is 

limited, but otolith analyses indicate that totoaba currently reach sexual maturity between 

5 and 7 yrs of age, live up to 27 yrs (Román-Rodriguez and Hammann.1997) and length 

at sexual maturity is estimated between 1.2 and 1.3 meters (see  refs in Cisneros-Mata et 

al. 1995).   
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Because of totoaba’s large size, it is thought to be one of the top predators in the 

upper Gulf.  Adult dietary information suggests that while migrating from the southern 

Gulf to spawn in the Colorado River estuary, they follow and feed on schooling sardines 

(Nakashima, 1916; Flanagan and Hendrickson, 1976).  Stomach contents of adults during 

spring confirm this and add several other fish species to the list (see Román-Rodriguez 

1990).  Dietary information for young of the year is even more scant, but suggests that 

prey consist of mainly small crustaceans (shrimp) and small fish (unpublished data M. 

Román, 2005).  

In the absence of ecological and life history information in the era before the dams, 

we couple techniques from paleoecology, geochemistry, and fisheries science to 

determine how reduced river flows have affected this fish.  We compare otoliths from 

shell middens (~1065 – 4580 BP) with recently collected specimens to test if the 

Colorado River estuary was an important habitat for totoaba.  We use oxygen isotope 

ratios in otoliths of Totoaba macdonaldi from shell middens to reconstruct the fish’s 

habitat and growth in the era before the dams. 

The oxygen isotope ratio (or "18O) in the annual rings of otolith aragonite can 

discriminate between river, estuarine and oceanic habitats (Dufour et al., 1992; Meyer-

Rochow et al., 1992; Rowell et al., 2005). Oxygen isotope ratios of otolith carbonate is 

controlled by the "18O composition and temperature of the ambient water (Kalish, 1991; 

Thorrold et al., 1997).  For fish living in normal seawater, temperature variation produces 

a limited range in otolith "18O values (Rowell et al., 2005). Because river water can have 

a much more negative "18O value than seawater, the addition of river water in an 
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estuarine setting is apparent in otolith carbonate as an offset toward values more negative 

than can be accounted for by temperature variation (Ingram et al., 1996; Dettman et al., 

2004, Rowell et al., 2005). When "18O values are less than the typical cycle established 

by seasonal temperature variation, they are unequivocal indicators of the presence of 

river water (e.g., Ingram et al., 1996; Rodriguez et al., 2001; Dettman et al., 2004).   

The carbon isotope ratio ("13C) of otolith carbonate is a function of the carbon 

isotopic ratio of the dissolved inorganic carbon (DIC) in seawater and "13C in the diet of 

the fish (Kalish, 1991; Thorrold et al., 1997; Jamieson et al., 2004).  The proportions that 

these two sources contribute change with metabolic activity (Jamieson et al. 2004), which 

is influenced by both temperature and ontogeny (Kalish et al., 1991; Weidman and 

Millner, 2001; Wurster, 2005).  In addition, the "13C of ambient DIC may vary due to 

temperature or productivity, and dietary "13C may change because of seasonal availability 

of the fish’s prey.  Most studies report a positive relationship between "18O and "13C 

(Kalish, 1991; Thorrold et al., 1997), explained by the increasing contribution of 

metabolically derived "13C (depleted in 13C; in marine systems = ~ -20.0 ‰) with warmer 

temperatures. We use "13C in otoliths to determine differences between pre-dam and 

post-dam diet.    

Methods 

Study area 

The Colorado River estuary once received water from the 391,000 km2 watershed 

covering much of southwestern North America.  Annual flow from the Colorado River 

into the Gulf of California ranged between 8 x109 and 30.8 x109 m3 yr - 1 (Harding et al., 
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1995), creating an estuary that extended 70 km into the upper Gulf of California (Fig. 1) 

(Lavín and Sánchez, 1999).  Prior to diversions, the river’s freshwater plume created 

approximately 4,000 km2 of brackish-water habitat in the upper Gulf of California 

(Carbajal et al., 1997; Lavín and Sánchez, 1999) (Fig.1).  The river also supplied the 

estuary and upper Gulf of California with sediments and nutrients (Alvarez and Jones, 

2002).  Since about 1960, the Colorado River has failed to reach the Gulf, with the 

exception of years of high precipitation, because its water is completely diverted for 

human uses (Hernández-Ayón et al., 1993; Lavín and Sánchez, 1999; Gleik, 2003; Glenn 

et al., 2006). 

The Colorado River estuary is now a negative estuary (Lavín et al., 1998; Alvarez and 

Jones, 2002), where decreases from the head to the mouth of the estuary. The 

combination of arid environment, high evaporation rates (Bray 1988), and decreased river 

flow has resulted in salinities between 36-40 ‰ in the upper Gulf (Hernández-Ayón et 

al., 1993; Lavín and Sánchez, 1999; Calderon-Aguilera et al., 2003).  The estuary is 

shallow (1-40 m), with a tidal range of up to 10 meters (Carbajal et al., 1997; Lavín and 

Sánchez, 1999), creating a well-mixed and turbid area (Hernández-Ayón et al., 1993). 

While productivity is considered high in the area today (Millan-Nunez et al. 1999) it 

appears to be sustained by tidal mixing of pre-dam river sediments and the addition of 

fertilized irrigation runoff (Hernández-Ayón et al.,1993).   

Sampling 

We sampled otoliths from five pre-dam T. macdonaldi and five recent T. macdonaldi.  

The pre-dam otoliths are from two sites along the upper Gulf of California coast.  Four 
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specimens loaned by SCRIPPS Institution of Oceanography Marine Vertebrate 

Collection (SIO50-119) were collected in 1955, near San Felipe, Baja California, Mexico 

from a midden dated (14C age yr BP)  by one marine shell (AA-17766 at 1,885 ± 90) and 

three charcoal dates (AA-17768 at 1220 ±50; AA-17769 at 1075 ±50; and AA-17770 at 

1065 ±50 (Goodfriend and Flessa, 1997).  The upper and lower 2# range for the four 

dates extends from 1280 to 805 cal yr BP according to Stuiver and Reimer (1993, version 

5.0) using Hughen et al. (2004) and Reimer et al. (2004) for the marine and terrestrial 

calibrations, respectively. The fifth pre-dam specimen (S2005- 06) was donated by 

Tecnológico de Monterrey, Campus Guaymas to the University of Arizona Natural 

History Museum and was collected near Puerto Peñasco, Sonora, Mexico.  This specimen 

was dated directly (AA- 56966) at 4,580 +130 14C yr BP, with a 2# range of 5584 to 4880 

cal yr BP (Stuiver and Reimer (1993, version 5.0),using Hughen et al. (2004) for 

calibration.  The post-dam otoliths (S2005-01 through 05) were collected in 1987 and 

1990 for age validation and growth study (see Román-Rodríguez and Hammann, 1997), 

and later donated by Instituto del Medio Ambiente y el Desarrollo Sustentable del Estado 

de Sonora to the University of Arizona Fish Collection.   

Methods for mounting and sampling sagittal otoliths are well established for 

investigations of age and environmental conditions (e.g. Secor et al. 1995; Stevenson and 

Campana, 1992).  Otoliths were cut dorso-ventrally into 1 mm sections using an Isomet 

low-speed saw equipped with a diamond blade. Otolith sections were mounted on glass 

slides and polished using 0.05 & grit.   
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Isotopic analysis 

Sub-annual samples of otolith carbonate were taken from the perimeter (the 

terminal year) to the core (the natal otolith) using a micromill drill (with a 0.3 mm drill 

bit).  Thin layers of the otolith were milled following internal growth increments, starting 

at the otolith perimeter and moving toward the core.  This sampling technique results in a 

series of sub-annual samples from which we constructed a continuous, high-resolution 

stable isotope history of otolith chemistry throughout the fish’s life.  Samples of 

aragonite, weighing between 30–60 µg, were heated to 180°C in a vacuum oven for one 

hour to remove volatile material.  Oxygen and carbon isotope ratios in carbonates are 

expressed in permil units ("18O, "13C) relative to the Vienna Pee Dee Belemnite (VPDB) 

standard.  Otolith carbonate was analyzed at the Stable Isotope Laboratory of the 

Department of Geosciences, University of Arizona, using a Finnigan MAT 252 mass 

spectrometer equipped with a Kiel-III automated carbonate sampling device.  

Standardization of oxygen and carbon isotope ratios was based on normalization to 

published ratios of NBS 19 and NBS 18. Analytical error was + 0.1 ‰. 

Statistical analyses 

We compared annual maximum and minimum "18O values in early years (1 through 

3) of development between pre- and post-dam otoliths to test if T. macdonaldi use the 

Colorado River estuary as nursery habitat.  Comparing the extreme "18O values for 

sequential years instead of mean annual or seasonal values, takes advantage of the high 

resolution that micromill sampling provides and controls for potential biases produced by 

varying growth rates. Because "18O and temperature have an inverse relationship, we can 
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assign seasons to these annual extremes (maxima = winter, minima = summer). If totoaba 

use the estuary habitat created by Colorado River water, we expect pre-dam otoliths will 

have significantly lower "18O values during summer river flow than post-dam otoliths.  

This is because both high temperature and added fresh water drive otolith oxygen isotope 

ratios to more negative values. Because post-dam otoliths are from fish spawned during 

no-flow conditions, their annual cycle in "18O values should reflect only the range of 

thermally-driven isotopic variation (see Rowell et al., 2005). We use a repeated measures 

test to compare differences between the pre-dam and post-dam environmentally-

influenced isotopic signatures for juvenile years (1 through 3).         

To test the hypothesis that altered estuarine habitat from diminished Colorado River 

flows caused major changes in the totoaba’s diet, we compare the "13C values of pre and 

post-dam otoliths. We compare the "13C values associated with seasonal periods 

identified with the oxygen isotope cycle in the otolith (winter and summer) for years 1 

through 3. We use a repeated measures test to compare differences between the pre-dam 

and post-dam seasonal "13C values.  Any difference in "13C values must be the result of a 

change in the "13C of the two sources of otolith carbon (DIC or dietary carbon) or a 

significant shift in the proportion of the two.   

Differences in pre and post-dam "13C were further analyzed to determine if a 

mechanism other than a change in source "13C can explain the "13C variation in otoliths.   

We identify three mechanisms that can contribute to differences in summer and winter 

"13C values of pre and post-dam totoaba otoliths: temperature, metabolism, and 
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productivity. These factors are not mutually exclusive; differences could result from a 

combination of variables influencing "13C.  We use a linear mixed model with 

corresponding "18O values (temperature proxy), annual growth rate (metabolism proxy), 

summer "18O values (river proxy for river induced productivity), age of fish and pre and 

post-dam as fixed main effects, non- significant interaction terms were removed.  Below 

we give an explanation of each mechanism and the expected relationships with otolith 

"13C, how each mechanism could contribute to differences between pre and post-dam 

values. 

1. Temperature: Several studies (e.g., Kalish et al., 1991; Thorrold et al., 1997) 

have shown that "13C values in ototliths are inversely related to temperature.  

The mechanism driving the observed relationship between "13C and 

temperature has yet to be determined.  Thorrold et al. (1997) suggests that it 

may be a kinetic effect: when temperature increases, the heavier isotope (13C) is 

discriminated against and the resulting "13C value is lower.  Alternatively, the 

correlation may be driven by biological effects that co-vary with temperature 

(Kalish, 1991; Thorrold et al., 1997).  

 If temperature only is responsible for a difference between pre and post-dam 

"13C values, then "13C values should be in phase with associated "18O.  

Isotopically negative river water inputs may be detectable in the summer 

samples, but any influence on the "18O should not change the general positive 

trend expected between "18O and "13C values, because both warmer and river 
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water will drive the "18O in the same direction (more negative).  Therefore, 

testing for a positive relationship between "18O and "13C values is still a valid 

means for looking for a temperature-driven effect on "13C values.  That said, we 

do not believe temperature is likely to differ significantly between treatments 

because, on average, surface water temperatures of the past (~4,000 ybp) do not 

differ sufficiently from today’s to account for a significant shift in "13C.  Also, 

each group (pre and post-dam) includes fish from different cohorts, reducing the 

chances that one year of anomalous temperatures could strongly influence 

observed trends.  

2. Metabolism: Metabolic rate is reported to strongly influence the amount of 

diet-derived carbon in otoliths (Kalish et al., 1991; Weidman and Millner, 

2001; Wurster 2005).  Wurster et al. (2005) found that an increase in metabolic 

rate causes an increase in metabolically derived carbon in otoliths, shifting the 

ratio of DIC-derived to diet-derived "13C, resulting in lower otolith "13C values.  

Diet-derived "13C is almost always more negative than DIC-derived "13C, 

resulting in a "13C  profile showing  more depleted values in the early years, 

while fish are growing more rapidly  and increasingly enriched values with 

increasing age and slowing of growth (Kalish, 1991; Weidman and Millner, 

2001; Jamieson et al., 2004).   

We use annual growth rate as an index of metabolism.  If a shift in 

metabolism is partially responsible for the difference in "13C between pre and 
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post-dam otoliths, we expect to see a negative relationship between annual 

growth rate and "13C values.   

3. Productivity: An increase in productivity causes a positive shift in "13C of 

phytoplankton and species in higher trophic levels (Schindler et al., 1997; 

Goericke et al., 1994). If the delivery of nutrients by the river caused an 

increase in productivity, more positive "13C values from diet-derived carbon 

should appear in pre-dam otoliths.  The response time for recording 

productivity may be lagged several months behind the peak depending on 

turnover rates of prey tissues and the number of links in the food chain (Post, 

2002).  In this case, we expect to see a negative relationship between "18O 

values in the summer (time of maximum river flow) and the following winter 

"13C values. In other words, the more river water delivered to the estuary 

during summer, the larger the productivity pulse during the months to follow.  

This productivity is then recorded by the fall/winter carbonate in the otolith.  

Because we know "13C in totoaba otoliths is predominately derived from diet in 

the first year of development (Rowell et al. in prep) and this is also observed in 

other species    (Kalish, 1991; Weidman and Millner, 2001; Jamieson et al., 

2004), changes in juvenile diet "13C should be easily detectible. 

Growth rates 

We compare the rate of growth during the first three years of life in pre-dam and post-

dam totoaba to test the hypothesis that totoaba grew faster when they lived in the 
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brackish waters of the pre-dam Colorado River estuary.  In addition, we measured and 

plotted otolith growth for years 4 -10 (when available). We did not compare growth in 

these years because of low sample sizes.  Growth is measured by the width of the annual 

bands, identified by the seasonal oxygen isotopic values.  The first year is measured from 

the natal core to the location of the first winter value (i.e. maximum "18O).  Years two 

and three are measured from winter to winter "18O values. We use an Anova to compare 

each annual growth between pre- and post- dam.   

Because the relationship between totoaba standard length and otolith size is known 

(Román-Rodriguez and Hammann, 1997), we express growth rates as the increase in 

standard length (SL) per year.  Román-Rodriguez and Hammann (1997) fit the 

relationship between otolith radius (axis from the core of the otolith along the sucal 

groove to the perimeter) and standard length (cm) to a Gompertz curve, resulting in the 

equation: 

 

SL= 30.92 ( exp 3.86 ( 1 – exp ( - 0.99 * radius1 ) ) ) 

          [ r2 = 0.98, n = 94 ] 

Use of standard length instead of increment width allows us to express growth rates in 

a manner useful in fishery biology.  Looking at fish SL with age allows us to estimate age 

at first reproduction.  In indeterminate growers such as fish, age at first reproductions is 

the point when more energy and resources are put into reproduction than growth.  This 

point is when the growth curve reaches an asymptote.  In totoaba, size at first 

reproduction is commonly around 1.3 m (see Cisneros-Mata et al. 1995 and Román-
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Rodriguez and Hammann 1997).  Age at first reproduction can also be estimated using 

isotopic profiles – the plateau in "18O and "13C values with decreased annual otolith 

growth (Schwartcz et al., 1989; and Begg and Wiedman, 2001).    
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Colorado River effects on growth 

If the Colorado River Estuary was an important nursery habitat, then during the years 

that fish made use of this habitat there should be a negative relationship between "18O 

and growth rate. The more negative the "18O values, the faster the growth for that year.  

To test this, we used an ANCOVA using year and treatment (pre and post-dam) as main 

effects and the most negative "18O values  as a covariate as well as all interaction terms; 

growth is the dependant variable.  We removed non-significant interaction terms, 

resulting in a final reduced model.   

Results 

Isotopic profiles 

The "18O values from all Totoaba macdonaldi otoliths show distinct cycles from the 

natal core to the perimeter.  These cycles match the visible pattern of annual rings.  

Maximum "18O values occur in white bands and minimum "18O values occur in clear 

bands.  The "18O profiles clearly differ between the pre and post dam totoaba.  The pre-

dam otoliths "18O values range from +0.58‰ to –5.49‰ VPDB (Fig. 2 a-e) and the post-

dam otoliths oxygen "18O values range +1.03‰ to –2.17‰ VPDB (Fig. 3 a-e). The range 

of values is greatest during the first three bands for pre-dam specimens and the first 5 

bands for post-dam specimens. The "18O values in the juvenile years range from +0.69‰ 

to –5.49‰ VPDB for pre-dam otoliths and +0.41‰ to –2.17‰ VPDB for post-dam fish.  

The isotopic variation decreases to less than 1‰ after the fourth year.   
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Similarly, the "13C profiles also show cycles from the natal core to the perimeter that 

differ strongly in the pre- and post-dam otoliths.  The maximum "13C values occur in the 

first two or three bands and attenuate in the later years.  Again the pre-dam otoliths have 

more variation in "13C values, ranging from +1.77‰ to -5.2‰ VPDB (Fig. 4 a-e) and the 

post-dam otoliths oxygen "13C values range +1.99‰ to -3.14‰ VPDB (Fig. 5 a-e).  

Juvenile !18O 

Pre-dam summer "18O values are significantly more negative in the first year two 

years of life (F1,25= 24.5, p<0.0005)(Fig. 6a-b).  Pre-dam "18O summer values averaged -

3.2‰ and post-dam -1.6‰. The differences appear stronger in the first year and decrease 

with age.  Winter "18O values do not differ significantly between pre and post-dam fish 

for any of the years (F1,22= 0.019, p=0.891).   

Juvenile !13C 

During the first three years of otolith growth, summer "13C values do not differ in pre 

and post-dam otoliths (F1,27= 0.026, p= 0.872).  Pre-dam winter "13C values are 

significantly higher than post-dam values (F1,27= 7.06, p= 0.014) (Fig. 7a-b). The 

differences between pre and post-dam winter "13C values are not explained by the 

associated "18O (temperature), or growth rate (metabolism) (See Table 1).  The factor that 

that explains the variation in winter "13C are the "18O values from the previous summer 

(F1,19= 5.95, P=0.025)(See Table 1).  Winter "13C values are negatively correlated with 

the previous summer "18O values in pre-dam otoliths (R2 = 0.481, F= 11.113, P=0.006) 

(Fig. 8).   
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Growth rates 

Fish grew faster before the dams.  During the first year of development, pre-dam 

totoaba grew two times faster than post-dam fish (F1,9,= 6.85 p=0.03) ((Fig. 9).  Years 

two and three showed no significant differences in the rate of growth of pre- and post-

dam fish (Table 1).  Pre-dam totoaba completed the bulk of their growth in the first two 

years (calculated avg. SL 1333 cm) of life, whereas post-dam fish did not reach the size 

of sexual maturity until sometime between their fifth and seventh year (calculated 

average SL 1306 - 1350 cm) (Fig. 10).   

Oxygen isotopes explain most of the variation in growth (p < 0.005) between pre-dam 

and post-dam fish. However there is a significant interaction between "18O and year, 

which means the effect of "18O varies between years (Table 2).  We therefore tested the 

relationship for each year of growth separately.  Oxygen isotope ratios have a 

significantly negative relationship with growth, especially in the first two years of growth 

(Fig. 11).   

Discussion 

Isotopes 

Pre-dam "18O profiles are noticeably different than post-dam profiles.  The greater 

variance in the first years of pre-dam "18O values suggests that young T. macdonaldi 

inhabited more isotopically heterogeneous waters than post-dam fish.  This heterogeneity 

is characteristic of river-influenced estuaries, where isotopically distinct continental and 

marine waters mix (Ingram et al., 1996; Dettman et al., 2004; Rowell et al., 2005).  In 

contrast, post-dam otolith "18O profiles are within the range that can be explained by the 
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seasonal temperature cycle (see Rowell et al., 2005).  The post-dam fish grew during 

years when no river water in excess of Mexico’s agricultural use was delivered by the 

U.S.A.   

In the summer, when high temperature drives the "18O of otolith carbonate to the 

most negative values, juvenile pre-dam fish have significantly lower "18O values than 

post-dam fish. This difference cannot be caused by higher summer temperatures; the -

2.7‰ difference implies water temperatures in this nursery habitat would have exceeded 

39, C  -- 10, C warmer than at present (using the relationship between "18O and 

temperature in Rowell et al., 2005).  Such extreme temperatures occur only in very 

shallow, isolated, hypersaline, evaporative pools – habitat unsuitable for juvenile fish. 

The very negative values observed in pre-dam summer otolith carbonate indicate the 

presence of Colorado River water in the estuary. The Colorado River delta is the only 

region within the northern Gulf of California that experienced significant fresh-water 

input (Dettman et al., 2004; Glenn et al., 2006).  Therefore, the low values in otoliths 

from pre-dam fish are clear evidence that the Colorado River estuary was an important 

nursery and growing habitat for the now-endangered juvenile T. macdonaldi.   

The use of this brackish habitat apparently decreased with age, as indicated by the 

"18O values in the third summer, where pre-dam values are similar to the post-dam 

values.  The winter "18O values of pre- and post-dam otoliths do not differ, suggesting 

that either low river flows during the winter did not have a large influence on the oxygen 

isotope ratio of the estuary region, or that the Colorado River estuary was not important 

winter habitat for totoaba.   
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"13C values decrease with age in most otolith life history profiles for both pre-dam 

and post-dam fish: juvenile values are more enriched in 13C than those from later in life.  

This pattern contrasts with many studies which report a positive trend from marine diet –

derived "13C (marine derived "13Cvalues are depleted in 13C; ~ -22‰) toward ambient 

DIC values (commonly more positive) with age, the result of a shift in the proportion of 

diet versus DIC derived carbon in the otoliths (Kalish, 1991; Thorrold et al., 

1997;Weidman and Millner, 2001; Jamieson et al., 2004). As reproduction begins and 

growth slows, less diet-derived carbon contributes to the carbonate in the fish (Kalish, 

1991; Weidman and Millner, 2001; Jamieson et al., 2004).  It appears that the same 

ontogenetic shift in "13C sources is reflected in totoaba otoliths, but the diet-derived 

source "13C values are different than commonly reported in other systems.  We believe 

that the ontogenetic shift from diet-derived carbon to DIC-derived carbon in otoliths, 

coupled with totoaba’s migration from the shallow, productive upper Gulf to deeper 

waters after maturation are responsible for the trend toward more depleted "13C values 

with age. Because warm, shallow waters are known to be more enriched than deep ocean 

waters (Kroopnick, 1980; Jamieson et al., 2004), a shift to more 13C-depleted waters 

could result in the observed pattern.   Totoaba are thought to migrate south, following 

schools of sardine during the Fall and Winter, to the central Gulf of California (near the 

border of Sonora and Sinaloa), (Cisneros- Mata et al., 1995).   

We suspect the significantly more positive winter "13C values (yr 1=0.86 ‰; and yr 2 

= 0.96‰) in pre-dam times are strongly influenced by a change in diet "13C between pre-

dam and post-dam fish. Juvenile totoaba otoliths are particularly sensitive to changes in 
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metabolic "13C; during the first two months of otolith development, more than 60% of 

otolith "13C in totoaba is derived from diet "13C (Rowell et al., in prep).  Summer "13C 

values (as identified by the "18O minima) were not significantly different, but they have a 

higher variance, possibly depicting more heterogeneity in the summer diet or water DIC.   

We found no significant relationship between winter "13C values and temperature ("18O) 

or metabolism (otolith growth rate).  While this shows that temperature and metabolism 

are not responsible for the large difference between pre and post-dam otoliths, it does not 

demonstrate that these two factors have no influence, directly or indirectly, on the winter 

"13C. 

Although we cannot reject the possibility that ambient DIC has become more 

negative in "13C due reduced river flow, we expect the discrepancy to be greatest during 

the pre-dam summers, when large river flows contributed more to the DIC pool.  We did 

not find this.  Similarly an over-all shift in ambient DIC would be recorded in both 

seasons. Even though high variability in the summer "13C values may mask some 

differences, we detected no differences, suggesting any changes in river-sourced DIC are 

not responsible for the observed difference in winter "13C value.  Therefore, the 

difference in pre-and post-dam winter "13C values is most likely caused by differences in 

diet and/or productivity.  An explanation for these differences must incorporate an 

explanation for the most notable difference between the pre- and post-dam values: the 

consistently more positive "13C values in the winter (i.e. low river flow) season in pre-

dam otoliths. 
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Several factors could contribute to a change in the "13C of diet since diversions have 

stopped river flow to the Colorado River estuary.  Like many altered systems however, 

there is little pre-dam ecological information, thus limiting our ability to determine what 

factor or factors are responsible for this change.  Here we explore two scenarios: (1) a 

change in totoaba’s trophic level since the dams were emplaced and (2) a decrease in 

productivity since diversions.   

In most food chains, there is a between 0.8 - 0.4‰ increase in "13C of the consumer 

for every step up in trophic level (Vander Zanden and Rasmussen, 2001; Post, 2002).  If 

diminished Colorado River flow reduced the trophic level at which totoaba feeds, we 

would expect a decrease in "13C values since diversions. Although we do see almost a 

one per-mill decrease from pre- to post-dam values, the difference in "13C is observed 

only in the winters of the first two years of life.  After the second year, pre-dam winter 

values decline and are no different than post-dam values.  It seems unlikely that totoaba 

once fed at a higher trophic level only in the winters of the first two years of life.  This 

would be unusual behavior for an omnivorous predator.  Differences in otolith "13C are 

not well-explained by a post-dam decrease in totoaba’s trophic level.  

Alternatively, high river flow during pre-dam conditions may have affected 

productivity.  This idea is supported by the strong negative relationship between summer 

"18O and the following winter "13C values in pre-dam otoliths.  That pattern suggests a 

strong and direct relationship between the amount of summer river flow (greater flow = 

more negative "18O values) to the nursery habitat and productivity (higher productivity = 

more positive "13C values). The lagged response of the carbon might be explained by 
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algae preferentially taking up 12C during large summer or fall phytoplankton blooms, 

causing ambient waters become more positive in "13C values over time (McKenzie,         

).  Algae that grow later in the season are more enriched in 13C than those growing in the 

beginning of the season, especially in areas of high concentration, as in phytoplankton 

bloom), due to overall enrichment of the ambient DIC pool (Goericke et al., 1994).  In 

extremely productive areas the demands on aqueous CO2
 can exceed availability, and the 

surface water carbon cycle incorporates significant quantities of 13C-rich atmospheric 

CO2
 (Schindler et al., 1997).  This productivity-driven enrichment can be observed higher 

in the food chain (Schindler et al., 1997), which may cause the lag in the carbon isotope 

response observed in totoaba. Schindler et al. (1997) observed enriched "13C values in 

piscivorous fish up to a year after experimentally enriching lakes with nutrients.   

In summary, the differences in the winter "13C between pre and post-dam otoliths 

appear to document a change in the "13C of food resources in juvenile habitats.  Increased 

productivity, driven by river flow into the Colorado River estuary, is the most-supported 

mechanism for increased pre-dam "13C winter values in years when the totoaba lived in 

the estuary.. When the river stopped, so did the delivery of sediment and nutrients. The 

result is likely the absence of seasonal, post-flood blooms. Post-dam winter habitats 

recorded in the first and second year of totoaba otoliths appear to be significantly less 

productive. 

The upper Gulf of California is still considered a highly productive environment, 

currently supplemented by the resuspension of pre-dam river sediments during tidal 

mixing and the addition of fertilized irrigation runoff (Hernández-Ayón et al., 1993; 
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Millán-Núñez et al ,1999).  We can only speculate on the spatial and temporal extent of 

productivity levels that must have followed a pre-dam seasonal flood, but it was 

apparently higher than today’s.  Farther south in the Gulf of California, Beman et al. 

(2005) found that nutrients (albeit, anthropogenic in this case) delivered by the Yaqui 

River stimulated phytoplankton productivity at minimum 54 km2 into the Gulf of 

California.  

Growth 

T. macdonaldi has undergone a drastic shift in life history since upstream dams and 

diversions were built.  Today’s yearling totoaba are approximately half the size of totoaba 

before diversions of river flow. The reduced growth rate of post-dam totoaba results in a 

delayed sexual maturation by three to five years.  Because both sexual maturation and 

predation rates are size-dependant, more rapid growth in the first year most likely 

enhances recruitment and survivorship, resulting in a larger population – an important 

implication for the management of this over-fished species.  

River flow influences totoaba growth rates. The mechanism for faster growth in pre-

dam T. macdonaldi in association with brackish water is not yet clear but, increased 

growth in less saline waters occurs in other sciaenids (Baltz et al., 1998; Lankford and 

Targett, 1994).   In addition, increased productivity from river-derived nutrients may 

have increased secondary productivity or increased food quality enough to sustain higher 

growth rates.  

Age at first reproduction a critical stage long-lived fishes (Reynolds, 2005).  Human-

caused shifts in sexual maturation have been documented where intense fishing has led to 
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selection for maturation at a younger age and a smaller size, thereby lowering fecundity 

(Conover and Hunch, 2002; Olsen et al., 2004). In this case, we document a delay in 

sexual maturation from human-caused habitat degradation.  Diversion of river water 

appears to have drastically constrained maturation of this large, endangered fish.  

Delaying reproduction, while keeping size at first reproduction constant, will have a 

negative effect on population size. Interestingly, effects of habitat degradation on the life 

history is more apparent than any sings of influence we might expect to see from intense 

fishing of large reproducing individuals.   

We document here that reducing river flow to the ocean can directly affect the life 

history and population of a marine fish. Diverting water for human uses has caused 

habitat degradation, delaying totoaba maturation by three to five years.  River 

management and fisheries management should consider the importance of the delay of 

age at first reproduction as a result of compromised nursery habitat.  

Conclusions 

Before water diversions, Colorado River flow was the defining influence on its 

estuary and must have had profound effects on its ecology and environment. The large 

and seasonal flows likely triggered a spectrum of abiotic and biotic responses in the 

native flora and fauna.  We document that the endangered totoaba is one (of likely many) 

species that depended on Colorado River flows to provide a brackish estuarine habitat.  

The "18O and "13C in the fish’s otoliths demonstrate that before river regulation, juveniles 

inhabited and grew faster in the brackish and highly productive estuary generated by 

Colorado River flows.   
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Diversion of the Colorado River has compromised the habitat of T. macdonaldi.  

Colorado River flow once created an extensive and highly productive estuary critical to 

this now-endangered species’ nursery grounds. Reduced flows since upstream diversions 

have reduced this habitat and caused increased salinity and lower productivity.  

The combination of over-fishing and diversion of the Colorado River have resulted in 

the endangerment of T. macdonaldi.  Even though the totoaba fishery has been closed for 

25 years and a reserve has been established in the mouth of the river, T. macdonaldi has 

not recovered.  A recovery plan for this fish should consider restoration of its nursery 

habitat by providing a minimum flow of Colorado River water and a hydrologic regime 

that mimics the historic flows (i.e. higher flows in the late spring and early summer).  

Incorporating river flow into restoration efforts for totoaba will benefit many other 

species in the upper Gulf of California.  For example, increased flows could increase 

shrimp catches in the northern Gulf (Galindo-Bect et al., 2000), restore extremely 

depleted populations of the endemic bivalve mollusk Mulinia coloradoensis 

(Kowalewski et al., 2000; Rodriguez et al., 2001), and increase the size of nursery habitat 

for Gulf corvina, Cynoscion othonopterus (Rowell et al., 2005), as well as a host of non-

commercial estuary–dependant species (e.g., the endemic delta silverside, Colpichthys 

hubbsi, Atherinopsidae). 

Our data demonstrate that reconnecting rivers to their estuaries could greatly benefit 

marine fisheries and marine ecosystems.  The importance of river flow to marine fisheries 

adds a layer of complexity to both river management and fisheries management.   
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List of figures 

Figure 1. Colorado River mouth and upper Gulf of California with the estimated extent of 

the original Colorado River estuary according to Lavín and Sánchez (1999) and Carbajal 

et al. (1997).  Stars indicate shell midden locations, where otoliths were collected. 

Figure 2 a-e. "18O (VPDB) values profiles of pre-dam otoliths with distance (µm) from 

core otoliths to the perimeter on x-axis.  

Figure 3 a-e. "18O (VPDB) values profiles of post-dam otoliths with distance (µm) from 

core otoliths to the perimeter on x-axis.  

Figure 4 a-e.  "13C (VPDB) values profiles of pre-dam otoliths with distance (µm) from 

core otoliths to the perimeter on x-axis.  

Figure 5 a-e. "13C (VPDB) values profiles of post-dam otoliths with distance (µm) from 

core otoliths to the perimeter on x-axis. 

Figure 6 a and b. Pre and post-dam T. macdonaldi otolith "18O (VPDB) values for the 

first three years; a) Annual winter (maxima) "18O values are not significantly different 

between pre-dam otoliths (filled circles) and post-dam otoliths (open circles).  b) Summer 

(minima) "18O values are highly significantly different between pre and post-dam otoliths 

in the first year and differences decrease with age.  

 

Figure 7 a and b. Differences between pre-dam and post-dam "13C (VPDB) values for the 

first three years; a) Annual winter (defined by "18O maxima) "13C values are significantly 

different between pre-dam otoliths (filled circles) and post-dam otoliths (open circles).  
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Differences seem to decrease with age.    b) Annual summer (defined by "18O minima) 

"13C values are not significantly different between pre and post-dam otoliths. 

Figure 8. Linear regressions for annual summer (minima) "18O (VPDB) values and the 

following winter (defined by "18O maxima) "13C (VPDB) values for pre-dam otoliths 

(filled circles) and post-dam otoliths (open circles) for the first three (juvenile) years of T. 

macdonaldi. 

Figure 9. Pre-dam otolith (filled bar) and post–dam otolith (open bar) annual growth 

(µm) Pre-dam otoliths had significantly more growth during the first year (F1,9,= 6.85 

p=0.03).   

Figure 10. Estimated growth (standard length (cm)) of pre- and post-dam T. macdonaldi 

otoliths, measured by otolith annual increment width per year, and calculated from the 

known relationship between totoaba otolith size and fish standard length (Román-

Rodriguez and Hammann 1997).  Dotted line represents n=2.  Pre-dam fish grew 

significantly faster than post-dam fish.  

Figure 11. Linear regressions for annual summer (minima) "18O (VPDB) and otolith 

growth (µm) for pre-dam otoliths (filled circles) and post-dam otoliths (open circles) for 

the first three (juvenile) years of T. macdonaldi. 
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 Figure 2. 
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Figure 3. 
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Figure 4 
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Figure 5. 



163 

  

Summer

Year

0 1 2 3 4

"  
18

O
 V

PD
B

 ( +
 1

 s
e)

-6

-5

-4

-3

-2

-1

0

Winter

Year

0 1 2 3 4

"  
18

O
 V

PD
B 

( +
 1

 s
e)

-6

-5

-4

-3

-2

-1

0
a. b.

**

 

Figure 6. 
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Figure 7.  
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Table1. Summary F statistics and p values for ANOVA tests comparing pre and post-dam 
growth for year 1, 2 and 3.  Pre-dam otoliths grew significantly more than post-dam fish. 
 

  
 
 
 
 

 
Table 2. Summary F statistics and p values for a ANCOVA predicting otolith growth.  
Summer "18O values have the most significant relationship with annual growth and year 
and "18O show a significant interaction, but year alone does not explain otolith growth.   
 
Factor F P 
Treatment (Pre/Post) 0.129 0.723 
Year (1,2 and 3) 0.899 0.421 
Summer !18O  12.91 0.002** 
Year* summer !18O 6.216 0.007* 
Treatment* summer !18O .532 0.474 
Treatment*year 0.002 .998 
Treatment*year* summer 
!18O 

0.002 .998 

 
Table 3: Summary F statistics and p values for an ANCOVA predicting winter "13C 
values.  The summer "18O values have the most significant relationship with winter "13C 
values.   
 
Factor F P 
O18 summer 5.95 0.025* 
O18 winter 0.27 0.820 
Growth 1.98 0.174 
Year 0.14 0.872 
Treatment 0.37 0.557 
Treatment * year 1.26 0.321 
 
 

 

 

Growth µm F P 
year 1 6.85 0.03 
year 2 0.27 0.62 
year 3 0.21 0.66 
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APPENDIX E 

Table of !18O and !13C data from corvina and totoaba otoliths 

Specimen ID !13C VPDB 
!18O 
VPDB 

!13C 
sd 

!18O 
sd 

Dist. um 

Co 3 -3.30 -0.39 0.06 0.06 NA 
Co 4 -3.11 -1.49 0.07 0.14 NA 
Co 6 -3.08 -2.16 0.03 0.04 NA 
Co 7 -2.15 -1.94 0.06 0.09 NA 
Co 8 -3.27 -1.60 0.09 -0.12 NA 
Co 9 -0.58 -1.44 0.02 0.05 NA 
Co 10 -2.70 -1.04 0.03 0.05 NA 
Co 11 -3.33 -0.99 0.03 0.07 NA 
Co 12 -3.15 -1.23 0.10 0.14 NA 
Co 13 -3.23 -0.80 0.02 0.10 NA 
Co 14 -1.79 -1.65 0.09 0.02 NA 
Co 15 -2.77 -1.47 0.09 0.22 NA 
Co 16 -1.78 -2.73 0.03 0.07 NA 
Co 18 -2.36 -2.01 0.08 0.18 NA 

      
Co 5 -2.22 -2.00 NA NA 0.00 
Co 5 -2.46 -2.26 0.03 0.07 106.00 
Co 5 -0.68 -2.99 0.14 0.21 212.00 
Co 5 -2.43 -1.98 0.05 0.04 318.00 
Co 5 -3.80 -4.09 0.05 0.06 424.00 
Co 5 -2.75 -1.10 0.04 0.05 530.00 
Co 5 -3.37 -1.10 0.05 0.10 636.00 
Co 5 -2.05 -0.36 0.04 0.05 748.00 
Co 5 -2.43 -0.32 0.03 0.05 860.00 
Co 5 -3.90 -1.30 0.03 0.03 943.00 
Co 5 -3.91 -1.27 0.11 0.15 1026.00 
Co 5 -5.00 -1.51 0.03 0.07 1109.00 
Co 5 -5.19 -1.75 0.02 0.05 1192.00 
Co 5 -5.46 -1.94 0.03 0.06 1275.00 
Co 5 -5.72 -2.00 0.04 0.07 1358.00 
Co 5 -5.68 -2.17 0.04 0.06 1441.00 
Co 5 -4.18 -1.57 0.07 0.17 1524.00 
Co 5 -4.04 -1.41 0.07 0.11 1607.00 
Co 5 -4.69 -1.35 0.01 0.05 1690.00 
Co 5 -3.68 -1.13 0.04 0.02 1749.00 
Co 5 -3.36 -0.29 0.03 0.04 1808.00 
Co 5 -3.44 -0.08 0.04 0.05 1867.00 
Co 5 -2.77 0.19 0.08 0.10 1926.00 
Co 5 -4.37 -0.63 0.00 0.05 1985.00 
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Co 5 -5.26 -1.18 0.03 0.09 2044.00 
Co 5 -5.37 -1.17 0.04 0.07 2103.00 
Co 5 -5.65 -1.60 0.03 0.04 2162.00 
Co 5 -5.62 -1.65 0.04 0.03 2207.00 
Co 5 -5.63 -1.34 0.03 0.06 2252.00 
Co 5 -3.47 -0.18 0.20 0.27 2297.00 
Co 5 -2.46 -0.33 0.05 0.12 2342.00 
Co 5 -2.41 0.30 0.02 0.06 2432.00 
Co 5 -3.50 0.29 0.10 0.16 2477.00 
Co 5 -3.19 0.92 0.18 0.09 2522.00 
Co 5 -4.94 0.21 0.04 0.18 2567.00 
Co 5 -5.36 -0.69 0.03 0.06 2612.00 
Co 5 -3.86 0.31 0.18 0.27 2648.00 
Co 5 -6.58 -1.16 0.04 0.03 2684.00 
Co 5 -5.66 -0.24 0.04 0.21 2720.00 
Co 5 -5.60 -0.78 0.06 0.06 2792.00 
Co 5 -3.67 0.07 0.11 0.32 2864.00 
Co 5 -3.78 0.10 0.12 0.10 2900.00 
Co 5 -3.08 0.24 0.12 0.21 2936.00 
Co 5 -3.36 0.11 0.08 0.15 2972.00 
Co 5 -3.47 0.23 0.02 0.06 3019.00 
Co 5 -3.75 -0.08 0.08 0.06 3066.00 
Co 5 -4.59 -0.33 0.07 0.16 3113.00 
Co 5 -4.90 -0.31 0.02 0.05 3160.00 
Co 5 -4.22 0.15 0.02 0.08 3207.00 
Co 5 -3.64 0.21 0.04 0.04 3254.00 
Co 5 -3.31 0.32 0.04 0.07 3301.00 
Co 5 -3.33 0.14 0.03 0.06 3395.00 
Co 5 -3.51 0.58 0.06 0.03 3488.00 

      
Co 2 -2.35 -1.41 0.05 0.05 0.00 
Co 2 -2.77 -1.46 0.04 0.02 214.00 
Co 2 -2.77 -1.72 0.05 0.14 428.00 
Co 2 -2.76 -2.05 0.03 0.07 642.00 
Co 2 -3.27 -2.22 0.03 0.10 856.00 
Co 2 -3.39 -1.54 0.07 0.10 1070.00 
Co 2 -3.00 -1.05 0.01 0.07 1155.00 
Co 2 -2.74 -0.41 0.09 0.04 1240.00 
Co 2 -2.20 0.10 0.07 0.04 1325.00 
Co 2 -3.76 -0.97 0.06 0.10 1410.00 
Co 2 -5.11 -1.91 0.03 0.04 1495.00 
Co 2 -6.02 -2.53 0.11 0.17 1580.00 
Co 2 -6.39 -2.39 0.05 0.07 1665.00 
Co 2 -6.51 -2.39 0.02 0.04 1750.00 
Co 2 -6.51 -2.47 0.07 0.07 1835.00 
Co 2 -6.33 -2.58 0.06 0.03 1920.00 
Co 2 -5.84 -2.50 0.03 0.10 2005.00 
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Co 2 -5.58 -2.20 0.04 0.07 2090.00 
Co 2 -5.25 -1.76 0.08 0.06 2175.00 
Co 2 -4.56 -1.31 0.07 0.07 2260.00 
Co 2 -3.10 -0.46 0.06 0.14 2345.00 
Co 2 -2.52 -0.20 0.07 0.07 2430.00 
Co 2 -2.59 -0.10 0.03 0.04 2515.00 
Co 2 -3.61 -0.60 0.05 0.06 2600.00 
Co 2 -4.56 -0.85 0.10 0.13 2651.00 
Co 2 -5.56 -1.39 0.10 0.16 2702.00 
Co 2 -6.04 -1.82 0.04 0.06 2753.00 
Co 2 -6.45 -2.01 0.09 0.09 2804.00 
Co 2 -6.31 -2.10 0.05 0.07 2855.00 
Co 2 -6.15 -2.34 0.07 0.04 2906.00 
Co 2 -5.36 -2.07 0.05 0.10 2957.00 
Co 2 -4.77 -1.63 0.03 0.04 3008.00 
Co 2 -3.80 -1.02 0.06 0.08 3059.00 
Co 2 -2.72 -0.50 0.05 0.05 3110.00 
Co 2 -2.07 0.02 0.11 0.27  
Co 2 -2.26 0.02 0.12 0.13 3212.00 
Co 2 -3.22 -0.25 0.08 0.09 3263.00 
Co 2 -4.64 -0.58 0.11 0.22 3303.00 
Co 2 -3.11 -0.04 0.02 0.09 3343.00 
Co 2 -5.71 -1.32 0.10 0.17 3383.00 
Co 2 -6.73 -1.89 0.11 0.25 3423.00 
Co 2 -6.91 -1.85 0.08 0.13 3463.00 
Co 2 -6.06 -1.20 0.02 0.05 3503.00 
Co 2 -5.67 -1.06 0.13 0.08 3543.00 
Co 2 -5.38 -1.06 0.10 0.14 3584.00 
Co 2 -5.16 -0.82 0.11 0.04 3625.00 
Co 2 -4.16 -0.01 0.03 0.09 3666.00 
Co 2 -4.34 -0.12 0.10 0.20 3707.00 
Co 2 -4.35 -0.13 0.03 0.03 3748.00 
Co 2 -4.06 -0.31 0.08 0.09 3789.00 
Co 2 -4.36 -0.61 0.08 0.07 3830.00 
Co 2 -5.34 -1.14 0.02 0.03 3871.00 
Co 2 -6.27 -1.15 0.03 0.08 3912.00 
Co 2 -5.41 -0.70 0.12 0.11 3944.00 
Co 2 -4.16 -0.17 0.05 0.19 3976.00 
Co 2 -4.16 -0.17 0.05 0.19 3976.00 

      
Co1 -3.73 -1.32 0.43 0.05 0.00 
Co1 -4.07 -1.42 0.05 0.04 113.00 
Co1 -4.16 -1.65 0.02 0.07 226.00 
Co1 -3.89 -1.71 0.03 0.05 339.00 
Co1 -3.60 -1.81 0.05 0.06 452.00 
Co1 -2.94 -1.83 0.05 0.04 565.00 
Co1 -2.88 -2.02 0.02 0.06 678.00 
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Co1 -3.02 -2.03 0.03 0.04 791.00 
Co1 -2.94 -1.60 0.02 0.03 904.00 
Co1 -2.54 -1.02 0.01 0.04 1017.00 
Co1 -2.03 -0.28 0.04 0.04 1130.00 
Co1 -1.92 -0.02 0.02 0.02 1243.00 
Co1 -2.68 -0.67 0.04 0.04 1356.00 
Co1 -4.32 -1.50 0.03 0.07 1469.00 
Co1 -5.20 -1.86 0.02 0.07 1582.00 
Co1 -5.65 -2.16 0.03 0.01 1695.00 
Co1 -5.61 -2.33 0.06 0.06 1808.00 
Co1 -5.06 -2.08 0.04 0.01 1921.00 
Co1 -4.52 -1.56 0.03 0.07 2034.00 
Co1 -4.30 -1.16 0.03 0.05 2074.00 
Co1 -3.62 -0.67 0.08 0.10 2114.00 
Co1 -3.49 -0.47 0.01 0.04 2154.00 
Co1 -4.30 -1.11 0.04 0.06 2194.00 
Co1 -5.40 -1.67 0.04 0.03 2234.00 
Co1 -6.31 -2.12 0.05 0.08 2274.00 
Co1 -7.07 -2.66 0.04 0.05 2314.00 
Co1 -7.32 -3.00 0.07 0.10 2354.00 
Co1 -7.64 -2.97 0.04 0.07 2394.00 
Co1 -7.77 -2.83 0.03 0.03 2434.00 
Co1 -7.07 -2.67 0.04 0.04 2474.00 
Co1 -6.41 -2.29 0.08 0.07 2514.00 
Co1 -5.97 -1.84 0.04 0.06 2554.00 
Co1 -5.71 -1.26 0.05 0.06 2594.00 
Co1 -4.21 -0.37 0.05 0.10 2634.00 
Co1 -3.46 0.10 0.02 0.02 2674.00 
Co1 -3.22 0.19 0.08 0.12 2714.00 
Co1 -2.31 0.54 0.06 0.10 2754.00 
Co1 -4.28 -0.31 0.04 0.03 2794.00 
Co1 -6.66 -1.13 0.04 0.39 2834.00 
Co1 -6.93 -1.28 0.05 0.03 2874.00 
Co1 -5.98 -1.00 0.03 0.06 2901.00 
Co1 -6.10 -0.84 0.09 0.04 2928.00 
Co1 -5.80 -0.99 0.03 0.01 2955.00 
Co1 -4.22 -0.18 0.02 0.08 2982.00 
Co1 -3.64 -0.07 0.01 0.03 3009.00 
Co1 Na Na Na NA 3036.00 
Co1 -3.26 0.03 0.05 0.08 3063.00 
Co1 -4.12 -0.26 0.04 0.02 3090.00 
Co1 -4.74 -0.38 0.05 0.07 3117.00 
Co1 -5.63 -0.88 0.03 0.02 3144.00 
Co1 -5.33 -0.73 0.03 0.03 3171.00 
Co1 -4.92 -0.63 0.03 0.07 3198.00 
Co1 -5.31 -0.62 0.03 0.02 3225.00 
Co1 -4.62 -0.45 0.05 0.06 3252.00 
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Co1 -4.52 -0.02 0.07 0.09 3279.00 
Co1 -3.09 NA 0.07 NA 3306.00 
Co1 -3.26 0.15 0.04 0.06 3333.00 
Co1 -3.10 0.02 0.02 0.04 3360.00 
Co1 -3.51 -0.14 0.04 0.06 3384.00 
Co1 4.11 -0.03 0.06 0.11 3408.00 
Co1 -1.84 NA 0.07 NA 3432.00 
Co1 -1.80 0.01 0.02 0.06 3456.00 
Co1 -1.66 -0.11 0.04 0.09 3480.00 
Co1 -1.63 -0.14 0.03 0.05 3504.00 
Co1 -1.85 0.00 0.02 0.07 3528.00 
Co1 -1.85 -0.25 0.04 0.13 3552.00 
Co1 -1.27 0.09 0.03 0.08 3576.00 

      
Co17 -2.42 -1.32 0.02 0.03 0.00 
Co17 -2.80 -1.37 0.03 0.07 134.00 
Co17 -3.12 -1.71 0.05 0.04 268.00 
Co17 -3.04 -1.99 0.02 0.04 402.00 
Co17 -2.63 -2.14 0.02 0.05 536.00 
Co17 -2.20 -2.89 0.08 0.05 670.00 
Co17 -2.33 -2.87 0.04 0.06 804.00 
Co17 -2.25 -2.54 0.20 0.33 851.00 
Co17 -1.77 -1.14 0.03 0.10 898.00 
Co17 -1.34 0.21 0.05 0.09 945.00 
Co17 -1.38 0.25 0.02 0.06 992.00 
Co17 -1.80 0.10 0.03 0.10 1039.00 
Co17 -3.14 -0.48 0.04 0.01 1086.00 
Co17 -4.24 -0.86 0.07 0.09 1133.00 
Co17 -4.38 -1.23 0.06 0.08 1180.00 
Co17 -4.29 -1.51 0.05 0.07 1227.00 
Co17 -4.48 -1.76 0.02 0.09 1274.00 
Co17 -4.68 -2.24 0.07 0.07 1321.00 
Co17 -4.85 -2.53 0.03 0.04 1368.00 
Co17 -4.71 -2.44 0.05 0.07 1415.00 
Co17 -4.48 -2.40 0.06 0.09 1462.00 
Co17 -5.05 -2.29 0.05 0.06 1509.00 
Co17 -5.54 -2.07 0.03 0.05 1556.00 
Co17 -4.38 -1.50 0.04 0.08 1603.00 
Co17 -2.90 -0.48 0.05 0.09 1650.00 
Co17 -2.54 -0.24 0.11 0.24 1680.00 
Co17 -2.51 0.27 0.12 0.08 1710.00 
Co17 -2.57 0.29 0.11 0.04 1740.00 
Co17 -3.49 -0.04 0.04 0.28 1770.00 
Co17 -4.98 -0.84 0.16 0.14 1800.00 
Co17 -5.54 -1.40 0.04 0.15 1830.00 
Co17 -7.81 -2.66 0.15 0.25 1860.00 
Co17 -8.98 -2.68 0.06 0.14 1890.00 
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Co17 -11.61 -3.23 0.06 0.04 1920.00 
      

UA 2005-04 -0.30 -0.27 0.01 0.10 0.00 
UA 2005-04 -0.31 -0.49 0.03 0.07 147.00 
UA 2005-04 0.05 -0.94 0.03 0.07 294.00 
UA 2005-04 0.25 -0.87 0.03 0.10 441.00 
UA 2005-04 -0.17 -1.29 0.05 0.07 588.00 
UA 2005-04 -0.09 -1.28 0.01 0.04 735.00 
UA 2005-04 0.57 -1.34 0.04 0.08 882.00 
UA 2005-04 0.54 -1.37 0.04 0.07 1029.00 
UA 2005-04 -1.29 -1.21 0.02 0.02 1176.00 
UA 2005-04 -0.50 -1.62 0.02 0.05 1323.00 
UA 2005-04 -0.50 -1.49 0.04 0.07 1470.00 
UA 2005-04 -0.35 -1.20 0.02 0.06 1617.00 
UA 2005-04 -0.18 -0.43 0.02 0.03 1764.00 
UA 2005-04 -0.43 0.10 0.02 0.06 1911.00 
UA 2005-04 -0.36 0.19 0.02 0.05 2058.00 
UA 2005-04 -0.26 0.16 0.03 0.05 2352.00 
UA 2005-04 -0.34 0.01 0.03 0.03 2499.00 
UA 2005-04 -0.99 -0.33 0.02 0.03 2646.00 
UA 2005-04 -1.82 -1.06 0.02 0.05 2702.00 
UA 2005-04 -2.41 -1.64 0.01 0.06 2758.00 
UA 2005-04 -2.31 -1.62 0.02 0.03 2814.00 
UA 2005-04 -1.95 -1.35 0.01 0.04 2870.00 
UA 2005-04 -1.92 -1.20 0.07 0.15 2926.00 
UA 2005-04 -1.97 -0.91 0.05 0.06 2982.00 
UA 2005-04 -1.81 -0.64 0.02 0.09 3038.00 
UA 2005-04 -1.58 -0.46 0.02 0.06 3094.00 
UA 2005-04 -0.66 -2.17 0.03 0.09 3206.00 
UA 2005-04 -2.17 -1.17 0.06 0.07 3318.00 
UA 2005-04 -2.09 -1.02 0.12 0.14 3374.00 
UA 2005-04 -2.00 -1.17 0.04 0.02 3430.00 
UA 2005-04 -1.55 -0.61 0.06 0.05 3486.00 
UA 2005-04 -1.10 -0.50 0.02 0.07 3542.00 
UA 2005-04 -0.55 -0.35 0.03 0.07 3598.00 
UA 2005-04 -0.22 -0.63 0.03 0.06 3654.00 
UA 2005-04 -0.39 -0.60 0.02 0.03 3710.00 
UA 2005-04 -0.85 -0.88 0.05 0.14 3766.00 
UA 2005-04 -1.29 -1.21 0.02 0.02 3822.00 
UA 2005-04 -1.30 -0.72 0.04 0.08 3878.00 
UA 2005-04 -0.88 -0.41 0.03 0.06 3990.00 
UA 2005-04 -0.76 -0.79 0.02 0.07 4102.00 
UA 2005-04 -1.10 -0.78 0.02 0.15 4214.00 
UA 2005-04 -1.12 -0.25 0.02 0.06 4326.00 
UA 2005-04 -1.03 -1.02 0.03 0.12 4355.00 
UA 2005-04 -1.07 -1.19 0.12 0.08 4384.00 
UA 2005-04 -1.30 -1.19 0.06 0.11 4442.00 
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UA 2005-04 -1.35 -0.73 0.02 0.10 4413.00 
UA 2005-04 -1.15 -0.45 0.06 0.06 4442.00 
UA 2005-04 -1.30 -0.38 0.02 0.03 4471.00 
UA 2005-04 -1.23 -0.63 0.03 0.03 4500.00 
UA 2005-04 -1.28 -0.69 0.05 0.05 4529.00 
UA 2005-04 -1.17 -0.88 0.06 0.10 4558.00 
UA 2005-04 -1.10 -0.94 0.02 0.09 4587.00 
UA 2005-04 -1.27 -0.67 0.02 0.05 4645.00 
UA 2005-04 -1.37 -0.26 0.04 0.04 4703.00 
UA 2005-04 -1.74 -0.27 0.09 0.12 4761.00 
UA 2005-04 -1.88 0.37 0.05 0.02 4819.00 
UA 2005-04 -1.79 -0.39 0.01 0.08 4877.00 
UA 2005-04 -1.94 0.44 0.05 0.04 4906.00 
UA 2005-04 -1.70 -0.26 0.02 0.07 4935.00 
UA 2005-04 -1.66 0.97 0.04 0.10 4964.00 
UA 2005-04 -1.61 -0.02 0.03 0.04 4993.00 
UA 2005-04 -1.95 1.03 0.06 0.02 5022.00 
UA 2005-04 -2.00 0.94 0.02 0.05 5080.00 
UA 2005-04 -1.74 -0.34 0.03 0.07 5109.00 
UA 2005-04 -2.14 -0.52 0.03 0.09 5167.00 
UA 2005-04 -2.42 -0.51 0.03 0.03 5225.00 
UA 2005-04 -2.10 -0.23 0.02 0.07 5283.00 
UA 2005-04 -2.25 -0.43 0.02 0.04 5341.00 
UA 2005-04 -2.12 -0.48 0.03 0.02 5428.00 
UA 2005-04 -2.18 -0.07 0.02 0.05 5515.00 
UA 2005-04 -2.37 -0.05 0.04 0.04 5573.00 
UA 2005-04 -2.37 -0.64 0.04 0.07 5631.00 
UA 2005-04 -2.53 -0.31 0.01 0.06 5660.00 
UA 2005-04 -2.23 -0.06 0.02 0.05 5689.00 
UA 2005-04 -2.13 -0.94 0.06 0.06 5718.00 
UA 2005-04 -1.82 -0.25 0.02 0.07 5776.00 
UA 2005-04 -1.89 0.02 0.08 0.05 5805.00 
UA 2005-04 -1.72 -0.56 0.07 0.14 5834.00 
UA 2005-04 -1.54 0.71 0.04 0.07 5863.00 
UA 2005-04 -1.36 0.68 0.01 0.04 5921.00 

      
UA 2005-02 -0.41 -1.57 0.03 0.05 0.00 
UA 2005-02 -0.22 -0.50 0.04 0.04 720.00 
UA 2005-02 -0.78 -1.42 0.02 0.02 972.00 
UA 2005-02 -1.29 -1.53 0.01 0.05 1224.00 
UA 2005-02 -0.80 -0.03 0.03 0.03 1476.00 
UA 2005-02 -2.27 -1.88 0.02 0.03 1728.00 
UA 2005-02 -1.82 -1.10 0.04 0.04 1980.00 
UA 2005-02 -0.83 -0.18 0.01 0.06 2232.00 
UA 2005-02 -0.94 -1.16 0.01 0.04 2358.00 
UA 2005-02 -1.67 -1.20 0.02 0.04 2610.00 
UA 2005-02 -0.65 -0.02 0.03 0.03 2862.00 
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UA 2005-02 -0.72 -0.90 0.02 0.03 2948.00 
UA 2005-02 -0.95 -1.33 0.06 0.05 3034.00 
UA 2005-02 -1.07 -0.63 0.03 0.03 3120.00 
UA 2005-02 -0.81 0.09 0.02 0.04 3206.00 
UA 2005-02 -1.99 -0.52 0.04 0.03 3292.00 
UA 2005-02 -1.17 0.07 0.02 0.07 3378.00 
UA 2005-02 -1.61 -0.25 0.02 0.03 3464.00 
UA 2005-02 -1.74 0.14 0.02 0.08 3550.00 
UA 2005-02 -2.20 -0.04 0.03 0.02 3636.00 
UA 2005-02 -1.40 -0.04 0.02 0.02 3937.00 
UA 2005-02 -1.51 -0.05 0.08 0.14 4023.00 
UA 2005-02 -1.82 0.03 0.02 0.05 4109.00 
UA 2005-02 -1.74 -0.23 0.02 0.07 4195.00 
UA 2005-02 -1.61 -0.24 0.07 0.17 4281.00 
UA 2005-02 -1.41 -0.22 0.02 0.03 4367.00 
UA 2005-02 -1.58 -0.25 0.02 0.02 4453.00 
UA 2005-02 -1.00 -0.06 0.06 0.11 4539.00 
UA 2005-02 -1.18 0.02 0.03 0.08 4566.00 
UA 2005-02 -1.07 0.10 0.03 0.05 4593.00 
UA 2005-02 -1.21 -0.11 0.03 0.04 4647.00 
UA 2005-02 -0.89 0.09 0.01 0.06 4701.00 
UA 2005-02 -1.01 -0.03 0.04 0.07 4755.00 
UA 2005-02 -1.04 0.17 0.01 0.05 4809.00 
UA 2005-02 -1.33 -0.23 0.06 0.10 4863.00 
UA 2005-02 -1.44 -0.28 0.05 0.13 4890.00 
UA 2005-02 -1.38 0.19 0.16 0.21 4917.00 
UA 2005-02 -1.65 -0.11 0.03 0.01 4971.00 
UA 2005-02 -1.63 -0.02 0.03 0.02 5025.00 
UA 2005-02 -1.93 -0.21 0.04 0.03 5106.00 
UA 2005-02 -2.15 -0.30 0.07 0.19 5133.00 
UA 2005-02 -2.25 -0.14 0.18 0.17 5160.00 
UA 2005-02 -2.36 -0.29 0.00 0.04 5187.00 
UA 2005-02 -2.48 -0.36 0.02 0.05 5214.00 
UA 2005-02 -2.46 -0.34 0.20 0.32 5241.00 
UA 2005-02 -2.29 -0.39 0.02 0.08 5268.00 
UA 2005-02 -2.32 -0.28 0.08 0.17 5295.00 
UA 2005-02 -2.73 -0.62 0.11 0.02 5349.00 
UA 2005-02 -2.36 -0.11 0.06 0.10 5403.00 
UA 2005-02 -2.55 -0.04 0.19 0.13 5430.00 
UA 2005-02 -2.51 -0.16 0.10 0.21 5457.00 
UA 2005-02 -2.58 -0.41 0.08 0.07 5484.00 
UA 2005-02 -2.42 -0.06 0.03 0.08 5511.00 
UA 2005-02 -2.35 0.08 0.03 0.04 5538.00 
UA 2005-02 -2.42 -0.07 0.01 0.04 5565.00 
UA 2005-02 -2.55 -0.04 0.03 0.05 5592.00 
UA 2005-02 -3.14 -0.52 0.07 0.13 5619.00 
UA 2005-02 -2.53 -0.40 0.10 0.10 5646.00 
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UA 2005-02 -2.37 -0.05 0.03 0.03 5673.00 
UA 2005-02 -2.35 -0.15 0.02 0.06 5700.00 

      
      

UA 2005-03 1.99 -2.06 0.02 0.04 0.00 
UA 2005-03 -0.27 -0.38 0.03 0.06 180.00 
UA 2005-03 -0.04 -0.13 0.10 0.14 360.00 
UA 2005-03 -0.93 -1.14 0.05 0.06 720.00 
UA 2005-03 -1.41 -1.61 0.02 0.03 900.00 
UA 2005-03 -1.44 -1.79 0.02 0.01 1080.00 
UA 2005-03 -1.17 -2.01 0.09 0.09 1260.00 
UA 2005-03 -0.87 -1.99 0.02 0.05 1440.00 
UA 2005-03 -0.81 -1.24 0.02 0.04 1592.00 
UA 2005-03 0.14 0.40 0.03 0.10 1744.00 
UA 2005-03 -0.17 -0.43 0.04 0.04 1896.00 
UA 2005-03 0.88 -1.31 0.01 0.06 2048.00 
UA 2005-03 0.45 -1.04 0.06 0.16 2200.00 
UA 2005-03 0.10 -0.53 0.00 0.03 2352.00 
UA 2005-03 -0.52 0.20 0.01 0.09 2504.00 
UA 2005-03 -0.71 -1.28 0.04 0.09 2656.00 
UA 2005-03 -0.28 -0.78 0.07 0.08 2808.00 
UA 2005-03 0.07 -0.01 0.03 0.11 2904.00 
UA 2005-03 -0.78 -1.25 0.03 0.13 3000.00 
UA 2005-03 -0.35 -0.68 0.03 0.05 3096.00 
UA 2005-03 -0.01 0.02 0.05 0.11 3192.00 
UA 2005-03 -0.46 -0.84 0.04 0.09 3288.00 
UA 2005-03 -0.31 -0.04 0.02 0.10 3384.00 
UA 2005-03 -1.46 -0.84 0.04 0.05 3480.00 
UA 2005-03 -1.22 -0.82 0.03 0.07 3576.00 
UA 2005-03 -0.69 -0.01 0.01 0.04 3642.00 
UA 2005-03 -0.79 -0.41 0.01 0.04 3708.00 
UA 2005-03 -1.28 -0.46 0.04 0.06 3774.00 
UA 2005-03 -1.13 0.04 0.04 0.06 3840.00 
UA 2005-03 -1.10 -0.39 0.02 0.08 3906.00 
UA 2005-03 -1.26 -0.54 0.02 0.04 3972.00 
UA 2005-03 -1.25 -0.22 0.01 0.02 4038.00 
UA 2005-03 -1.51 -0.47 0.01 0.08 4104.00 
UA 2005-03 -1.67 -0.74 0.03 0.05 4170.00 
UA 2005-03 -1.50 -0.69 0.01 0.06 4200.00 
UA 2005-03 -1.17 -0.20 0.05 0.13 4236.00 
UA 2005-03 -1.74 -0.25 0.06 0.02 4302.00 
UA 2005-03 -1.93 -0.17 0.04 0.04 4368.00 
UA 2005-03 -1.69 -0.27 0.02 0.09 4434.00 
UA 2005-03 -1.44 -0.05 0.06 0.10 4500.00 
UA 2005-03 -1.31 -0.09 0.03 0.06 4533.00 
UA 2005-03 -1.21 -0.02 0.05 0.06 4599.00 
UA 2005-03 -1.27 -0.04 0.07 0.04 4632.00 
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UA 2005-03 -1.40 0.05 0.03 0.05 4665.00 
UA 2005-03 -1.55 0.14 0.03 0.06 4698.00 
UA 2005-03 -1.68 0.21 0.04 0.08 4731.00 
UA 2005-03 -1.72 0.22 0.06 0.12 4764.00 
UA 2005-03 -1.83 -0.04 0.02 0.09 4797.00 
UA 2005-03 -1.50 0.28 0.03 0.07 4830.00 
UA 2005-03 -1.48 -0.02 0.01 0.07 4863.00 
UA 2005-03 -1.48 -0.03 0.02 0.06 4896.00 
UA 2005-03 -0.98 -0.07 0.03 0.09 4929.00 
UA 2005-03 -0.81 0.33 0.02 0.04 4962.00 
UA 2005-03 -1.14 0.14 0.07 0.07 4995.00 
UA 2005-03 -0.84 0.68 0.63 0.15 5028.00 

      
UA 2005-01 -1.56 -0.51 0.02 0.07 0.00 
UA 2005-01 -2.50 -0.98 0.06 0.06 249.00 
UA 2005-01 -1.89 -1.37 0.03 0.08 747.00 
UA 2005-01 -0.96 -1.99 0.07 0.11 1245.00 
UA 2005-01 0.26 -1.60 1.38 0.03 1521.00 
UA 2005-01 -0.20 -0.20 0.01 0.08 1797.00 
UA 2005-01 -1.12 -1.02 0.02 0.07 2073.00 
UA 2005-01 -0.93 -0.94 0.02 0.10 2349.00 
UA 2005-01 -1.71 -1.04 0.06 0.05 2625.00 
UA 2005-01 -1.91 -1.78 0.01 0.03 2703.00 
UA 2005-01 -0.36 -0.04 0.03 0.07 2781.00 
UA 2005-01 -1.33 -0.74 0.02 0.05 2859.00 
UA 2005-01 -1.84 -0.71 0.03 0.05 2898.00 
UA 2005-01 -1.86 -0.73 0.03 0.04 2976.00 
UA 2005-01 -1.23 -0.04 0.03 0.06 3015.00 
UA 2005-01 -0.73 0.22 0.02 0.06 3054.00 
UA 2005-01 -1.51 0.06 0.02 0.05 3093.00 
UA 2005-01 -2.15 -0.83 0.06 0.12 3132.00 
UA 2005-01 -2.54 -0.90 0.02 0.05 3171.00 
UA 2005-01 -2.44 -1.04 0.02 0.09 3210.00 
UA 2005-01 -1.57 -0.34 0.03 0.05 3288.00 
UA 2005-01 -1.23 -0.23 0.04 0.05 3366.00 
UA 2005-01 -2.38 -0.83 0.04 0.09 3444.00 
UA 2005-01 -2.60 -0.75 0.09 0.07 3483.00 
UA 2005-01 -1.99 -0.36 0.03 0.04 3522.00 
UA 2005-01 -1.71 0.17 0.02 0.04 3561.00 
UA 2005-01 -1.30 -0.18 0.02 0.06 3600.00 
UA 2005-01 -1.02 -0.19 0.02 0.07 3639.00 
UA 2005-01 -1.14 -0.22 0.02 0.06 3678.00 
UA 2005-01 -1.33 -0.25 0.02 0.03 3717.00 
UA 2005-01 -1.37 -0.19 0.02 0.15 3756.00 
UA 2005-01 -1.43 -0.03 0.08 0.07 3795.00 
UA 2005-01 -1.61 -0.31 0.03 0.05 3834.00 
UA 2005-01 -1.76 0.34 0.02 0.02 3873.00 
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UA 2005-01 -1.85 -0.24 0.03 0.07 3912.00 
UA 2005-01 -1.83 -0.21 0.04 0.07 3951.00 
UA 2005-01 -1.90 -0.57 0.02 0.04 3990.00 
UA 2005-01 -1.79 -0.34 0.04 0.08 4029.00 
UA 2005-01 -1.77 -0.45 0.03 0.07 4068.00 
UA 2005-01 -1.91 -0.29 0.04 0.06 4107.00 
UA 2005-01 -2.06 -0.38 0.04 0.05 4146.00 
UA 2005-01 -2.03 -0.16 0.06 0.09 4185.00 
UA 2005-01 -1.87 -0.20 0.02 0.08 4224.00 
UA 2005-01 -1.90 -0.10 0.03 0.09 4263.00 
UA 2005-01 -1.78 -0.09 0.03 0.06 4341.00 
UA 2005-01 -1.67 -0.14 0.07 0.06 4425.00 
UA 2005-01 -1.78 -0.16 0.03 0.10 4509.00 
UA 2005-01 -1.79 -0.14 0.01 0.07 4593.00 
UA 2005-01 -2.22 -0.47 0.04 0.13 4677.00 
UA 2005-01 -2.00 -0.04 0.02 0.09 4761.00 
UA 2005-01 -1.90 0.08 0.03 0.06 4845.00 
UA 2005-01 -1.84 0.07 0.02 0.06 4929.00 
UA 2005-01 -1.83 -0.04 0.02 0.04 5013.00 
UA 2005-01 -1.66 0.15 0.01 0.08 5097.00 
UA 2005-01 -1.75 -0.08 0.04 0.10 5181.00 
UA 2005-01 -1.53 0.20 0.01 0.01 5265.00 
UA 2005-01 -1.51 0.18 0.03 0.07 5349.00 
UA 2005-01 -1.39 0.28 0.01 0.11 5433.00 
UA 2005-01 -1.48 0.28 0.03 0.08 5517.00 
UA 2005-01 -1.35 0.28 0.07 0.03 5601.00 

      
UA 2005-05 -2.44 -0.98 0.03 0.03 0.00 
UA 2005-05 -1.89 -0.69 0.02 0.05 135.00 
UA 2005-05 -2.23 -0.74 0.03 0.05 270.00 
UA 2005-05 -2.20 -0.94 0.04 0.20 405.00 
UA 2005-05 -2.28 -1.14 0.03 0.06 540.00 
UA 2005-05 -1.70 -1.29 0.02 0.08 675.00 
UA 2005-05 -2.04 -1.30 0.01 0.02 810.00 
UA 2005-05 -1.57 -1.47 0.05 0.09 945.00 
UA 2005-05 -1.25 -1.60 0.02 0.05 1080.00 
UA 2005-05 -0.26 -1.63 0.03 0.07 1215.00 
UA 2005-05 0.93 -1.66 0.03 0.04 1350.00 
UA 2005-05 1.15 -1.64 0.05 0.04 1485.00 
UA 2005-05 1.27 -1.37 0.02 0.06 1620.00 
UA 2005-05 1.68 -1.48 0.02 0.04 1755.00 
UA 2005-05 0.70 -1.64 0.03 0.07 1890.00 
UA 2005-05 -0.31 -1.47 0.03 0.04 2025.00 
UA 2005-05 -0.59 -0.86 0.02 0.01 2160.00 
UA 2005-05 -0.87 0.31 0.03 0.12 2295.00 
UA 2005-05 -0.82 0.31 0.03 0.14 2334.00 
UA 2005-05 -0.93 0.03 0.04 0.06 2334.00 
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UA 2005-05 -1.00 -0.31 0.05 0.11 2373.00 
UA 2005-05 -1.14 -0.73 0.16 0.28 2373.00 
UA 2005-05 -0.98 -0.78 0.01 0.04 2412.00 
UA 2005-05 -1.39 -1.04 0.04 0.08 2412.00 
UA 2005-05 -1.59 -1.17 0.08 0.15 2490.00 
UA 2005-05 -0.61 -0.02 0.05 0.08 2604.00 
UA 2005-05 -0.73 0.01 0.07 0.04 2682.00 
UA 2005-05 -1.56 -0.43 0.02 0.02 2760.00 
UA 2005-05 -2.11 -1.27 0.04 0.05 2838.00 
UA 2005-05 -2.01 -1.46 0.06 0.09 2916.00 
UA 2005-05 -1.34 -0.47 0.02 0.03 2994.00 
UA 2005-05 -1.07 0.05 0.07 0.12 3072.00 
UA 2005-05 -0.78 -0.01 0.05 0.05 3150.00 
UA 2005-05 -1.95 -1.10 0.02 0.03 3228.00 
UA 2005-05 -2.02 -1.46 0.03 0.04 3306.00 
UA 2005-05 -1.37 0.10 0.03 0.06 3384.00 
UA 2005-05 -1.50 -0.31 0.02 0.05 3494.00 
UA 2005-05 -0.70 0.23 0.04 0.04 3604.00 
UA 2005-05 -0.71 -0.45 0.04 0.02 3714.00 
UA 2005-05 -1.91 -1.18 0.03 0.11 3879.00 
UA 2005-05 -3.38 -1.38 0.03 0.03 3989.00 
UA 2005-05 -2.95 -1.46 0.04 0.08 3989.00 
UA 2005-05 -2.64 -1.17 0.02 0.08 4099.00 
UA 2005-05 -1.83 -0.63 0.04 0.01 4099.00 
UA 2005-05 -0.89 -0.07 0.03 0.05 4177.00 
UA 2005-05 -1.15 -0.17 0.02 0.05 4216.00 
UA 2005-05 -1.47 -0.22 0.02 0.03 4255.00 
UA 2005-05 -1.44 -0.24 0.02 0.07 4294.00 
UA 2005-05 -1.60 -0.24 0.04 0.04 4333.00 
UA 2005-05 -1.64 -0.21 0.02 0.05 4372.00 
UA 2005-05 -1.69 -0.12 0.07 0.10 4411.00 
UA 2005-05 -1.45 0.01 0.03 0.17 4450.00 
UA 2005-05 -1.57 -0.26 0.02 0.02 4489.00 
UA 2005-05 -1.18 0.24 0.02 0.02 4528.00 
UA 2005-05 -1.29 0.04 0.04 0.05 4567.00 
UA 2005-05 -1.12 0.12 0.01 0.03 4606.00 
UA 2005-05 -1.06 -0.05 0.02 0.07 4645.00 
UA 2005-05 -1.20 0.07 0.04 0.05 4684.00 
UA 2005-05 -1.24 0.01 0.06 0.07 4723.00 
UA 2005-05 -1.18 0.08 0.03 0.02 4762.00 
UA 2005-05 -1.17 0.19 0.02 0.06 4801.00 
UA 2005-05 -1.36 -0.08 0.02 0.05 4840.00 
UA 2005-05 -1.12 0.04 0.02 0.04 4879.00 
UA 2005-05 -1.15 0.21 0.10 0.14 4918.00 
UA 2005-05 -1.39 -0.04 0.02 0.07 4957.00 
UA 2005-05 -1.33 -0.05 0.03 0.07 4996.00 
UA 2005-05 -1.25 0.38 0.04 0.05 5035.00 



181 

UA 2005-05 -1.16 0.18 0.02 0.08 5113.00 
UA 2005-05 -1.43 -0.08 0.01 0.04 5152.00 
UA 2005-05 -1.57 0.04 0.08 0.16 5191.00 
UA 2005-05 -1.25 0.06 0.12 0.68 5230.00 
UA 2005-05 -1.56 0.36 0.06 0.07 5269.00 
UA 2005-05 -1.45 0.28 0.02 0.05 5308.00 
UA 2005-05 -1.40 0.30 0.04 0.02 5347.00 
UA 2005-05 -1.32 0.19 0.02 0.06 5386.00 
UA 2005-05 -1.12 0.35 0.03 0.07 5425.00 
UA 2005-05 -1.20 0.26 0.01 0.04 5464.00 
UA 2005-05 -1.56 -0.36 0.04 0.02 5503.00 
UA 2005-05 -1.35 0.13 0.07 0.06 5542.00 
UA 2005-05 -1.27 0.23 0.02 0.04 5581.00 
UA 2005-05 -1.26 0.28 0.07 0.08 5620.00 
UA 2005-05 -1.23 0.09 0.02 0.06 5659.00 
UA 2005-05 -1.12 0.31 0.05 0.10 5698.00 
UA 2005-05 -1.19 0.19 0.02 0.02 5737.00 
UA 2005-05 -1.28 0.20 0.10 0.14 5776.00 
UA 2005-05 -1.25 0.06 0.03 0.05 5815.00 
UA 2005-05 -1.18 0.21 0.06 0.06 5854.00 
UA 2005-05 -1.18 -0.03 0.04 0.06 5893.00 
UA 2005-05 -1.21 -0.01 0.04 0.06 5932.00 
UA 2005-05 -1.09 0.12 0.02 0.07 5971.00 
UA 2005-05 -1.11 0.21 0.05 0.05 6010.00 
UA 2005-05 -1.37 0.01 0.11 0.16 6049.00 
UA 2005-05 -1.68 -0.12 0.03 0.07 6143.00 
UA 2005-05 -1.99 -0.44 0.01 0.03 6190.00 
UA 2005-05 -1.66 0.10 0.02 0.06 6237.00 
UA 2005-05 -1.90 -0.14 0.07 0.06 6284.00 
UA 2005-05 -2.07 -0.43 0.04 0.03 6331.00 
UA 2005-05 -1.93 0.09 0.03 0.02 6378.00 
UA 2005-05 -1.93 -0.23 0.04 0.04 6378.00 
UA 2005-05 -2.00 -0.31 0.01 0.03 6425.00 
UA 2005-05 -1.99 -0.17 0.03 0.02 6472.00 
UA 2005-05 -1.93 -0.14 0.02 0.03 6519.00 
UA 2005-05 -2.17 -0.68 0.02 0.01 6566.00 
UA 2005-05 -1.90 -0.28 0.04 0.10 6613.00 
UA 2005-05 -1.71 0.20 0.07 0.09 6660.00 
UA 2005-05 -1.71 0.07 0.03 0.08 6754.00 
UA 2005-05 -1.65 -0.15 0.02 0.09 6754.00 
UA 2005-05 -1.87 -0.13 0.06 0.17 6801.00 
UA 2005-05 -1.95 -0.11 0.03 0.07 6848.00 
UA 2005-05 -1.69 0.48 0.04 0.07 6895.00 
UA 2005-05 -1.75 -0.06 0.04 0.08 6895.00 
UA 2005-05 -1.75 0.06 0.05 0.11 6942.00 
UA 2005-05 -1.79 0.26 0.10 0.15 6989.00 
UA 2005-05 -1.80 -0.14 0.03 0.04 6989.00 
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UA 2005-05 -1.44 0.13 0.02 0.05 7036.00 
UA 2005-05 -1.59 -0.14 0.02 0.05 7083.00 
UA 2005-05 -1.21 0.15 0.05 0.09 7083.00 
UA 2005-05 -1.19 0.28 0.03 0.10 7130.00 
UA 2005-05 -1.29 0.26 0.06 0.14 7177.00 

      
SIO-119-02 -1.69 -2.18 0.03 0.09 0.00 
SIO-119-02 -2.45 -3.96 0.09 0.07 247.00 
SIO-119-02 -2.71 -4.52 0.04 0.16 494.00 
SIO-119-02 -2.64 -4.74 0.02 0.09 741.00 
SIO-119-02 -2.29 -4.79 0.03 0.04 988.00 
SIO-119-02 -0.74 -4.29 0.01 0.04 1482.00 
SIO-119-02 0.53 -2.97 0.03 0.06 1976.00 
SIO-119-02 1.21 -1.04 0.05 0.09 2470.00 
SIO-119-02 1.30 -0.28 0.02 0.08 2472.00 
SIO-119-02 1.56 -2.15 0.07 0.04 2966.00 
SIO-119-02 1.56 -3.94 0.02 0.04 3213.00 
SIO-119-02 1.42 -4.98 0.03 0.06 3707.00 
SIO-119-02 1.23 -5.49 0.04 0.15 3851.00 
SIO-119-02 1.37 -5.48 0.09 0.06 3995.00 
SIO-119-02 1.65 -4.46 0.05 0.10 4139.00 
SIO-119-02 1.66 -2.25 0.04 0.07 4427.00 
SIO-119-02 1.58 -3.13 0.01 0.04 4715.00 
SIO-119-02 1.47 -5.34 0.10 0.12 5003.00 
SIO-119-02 1.65 -5.43 0.06 0.02 5291.00 
SIO-119-02 1.70 -3.49 0.05 0.08 5477.00 
SIO-119-02 1.34 -3.36 0.10 0.16 5519.00 
SIO-119-02 1.13 -1.72 0.08 0.07 5561.00 
SIO-119-02 0.67 -1.29 0.01 0.03 5603.00 
SIO-119-02 0.17 -1.18 0.03 0.04 5645.00 
SIO-119-02 -1.01 -1.27 0.02 0.02 5687.00 
SIO-119-02 -1.26 -1.40 0.06 0.02 5729.00 
SIO-119-02 -1.25 -1.58 0.01 0.08 5771.00 
SIO-119-02 -1.46 -1.68 0.03 0.04 5813.00 
SIO-119-02 -1.19 -1.37 0.05 0.07 5855.00 
SIO-119-02 -1.16 -1.53 0.05 0.06 5897.00 
SIO-119-02 -0.71 -0.52 0.03 0.08 5939.00 
SIO-119-02 -2.36 -1.50 0.03 0.03 6062.00 
SIO-119-02 -2.50 -1.61 0.03 0.05 6103.00 

      
SIO-119-01 -1.00 -1.08 0.12 0.08 0.00 
SIO-119-01 -1.06 -1.55 0.11 0.15 272.00 
SIO-119-01 -0.82 -2.48 0.05 0.26 544.00 
SIO-119-01 -0.84 -2.85 0.12 0.10 816.00 
SIO-119-01 -0.39 -3.60 0.02 0.03 1088.00 
SIO-119-01 -0.13 -4.33 0.03 0.06 1360.00 
SIO-119-01 0.15 -4.45 0.13 0.24 1632.00 
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SIO-119-01 -1.29 -2.19 0.03 0.10 1904.00 
SIO-119-01 -0.56 -1.57 0.00 0.05 2176.00 
SIO-119-01 -0.11 -0.24 0.08 0.11 2448.00 
SIO-119-01 -0.50 0.65 0.02 0.04 2720.00 
SIO-119-01 -1.47 -0.60 0.04 0.09 2992.00 
SIO-119-01 -1.40 -0.89 0.04 0.03 3264.00 
SIO-119-01 -1.02 -0.43 0.15 0.07 3347.00 
SIO-119-01 -0.24 0.31 0.04 0.04 3430.00 
SIO-119-01 -0.05 0.69 0.03 0.01 3513.00 
SIO-119-01 -0.62 0.32 0.07 0.04 3596.00 
SIO-119-01 -1.65 -0.22 0.01 0.03 3679.00 
SIO-119-01 -2.50 -0.36 0.02 0.04 3762.00 
SIO-119-01 -2.02 -0.03 0.02 0.09 3845.00 
SIO-119-01 -1.03 0.32 0.14 0.07 3928.00 
SIO-119-01 -1.79 -0.09 0.03 0.08 4011.00 
SIO-119-01 -3.52 -0.65 0.02 0.05 4094.00 
SIO-119-01 -3.38 -0.44 0.01 0.02 4177.00 
SIO-119-01 -1.55 0.14 0.05 0.11 4260.00 
SIO-119-01 -2.31 -0.34 0.05 0.05 4343.00 
SIO-119-01 -3.75 -0.81 0.03 0.06 4407.00 
SIO-119-01 -5.21 -1.36 0.01 0.03 4471.00 
SIO-119-01 -4.84 -1.12 0.03 0.07 4535.00 
SIO-119-01 -2.99 -0.57 0.17 0.10 4599.00 
SIO-119-01 -1.35 0.11 0.02 0.07 4663.00 
SIO-119-01 -1.71 0.01 0.07 0.13 4727.00 
SIO-119-01 -2.22 -0.16 0.08 0.06 4791.00 
SIO-119-01 -1.69 0.06 0.03 0.09 4855.00 
SIO-119-01 -0.87 0.52 0.10 0.06 4919.00 
SIO-119-01 -1.14 0.42 0.01 0.08 5047.00 
SIO-119-01 -1.38 0.31 0.17 0.18 5111.00 
SIO-119-01 -1.72 0.19 0.06 0.01 5175.00 
SIO-119-01 -1.99 0.25 0.04 0.11 5239.00 
SIO-119-01 -1.67 0.25 0.11 0.09 5303.00 
SIO-119-01 -1.80 0.11 0.06 0.11 5367.00 
SIO-119-01 -2.27 -0.15 0.04 0.02 5431.00 
SIO-119-01 -1.24 0.27 0.02 0.03 5559.00 
SIO-119-01 -1.06 0.23 0.12 0.14 5623.00 
SIO-119-01 -0.88 0.32 0.04 0.09 5751.00 
SIO-119-01 -0.40 0.58 0.02 0.05 5815.00 
SIO-119-01 -0.84 0.32 0.04 0.20 5943.00 
SIO-119-01 -0.69 1.00 0.02 0.08 6007.00 
SIO-119-01 -0.94 0.34 0.08 0.09 6038.00 
SIO-119-01 -1.47 0.11 0.04 0.09 6069.00 
SIO-119-01 -1.58 0.42 0.01 0.07 6131.00 
SIO-119-01 -1.12 0.23 0.02 0.09 6162.00 
SIO-119-01 -1.94 -0.87 0.05 0.08 6224.00 
SIO-119-01 -1.27 -0.35 0.01 0.08 6348.00 
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SIO-119-01 -1.47 -0.34 0.10 0.19 6472.00 
SIO-119-01 -0.43 0.70 0.02 0.11 6534.00 
SIO-119-01 -0.89 0.05 0.06 0.13 6596.00 
SIO-119-01 -1.04 -0.13 0.07 0.05 6658.00 
SIO-119-01 -1.00 -0.14 0.09 0.15 6720.00 
SIO-119-01 -0.96 -0.16 0.03 0.04 6782.00 
SIO-119-01 -1.37 -0.46 0.03 0.05 6844.00 
SIO-119-01 -2.23 -0.17 0.13 0.09 7030.00 
SIO-119-01 -1.73 0.09 0.13 0.10 7154.00 
SIO-119-01 -1.65 0.07 0.09 0.08 7216.00 
SIO-119-01 -1.97 -0.01 0.05 0.08 7278.00 
SIO-119-01 -1.89 0.06 0.01 0.04 7340.00 
SIO-119-01 -1.33 -0.28 0.02 0.03 7402.00 
SIO-119-01 -1.31 0.06 0.02 0.10 7464.00 
SIO-119-01 -1.26 0.07 0.07 0.14 7526.00 

      
SIO-119-03 -0.83 -2.03 0.12 0.07 0.00 
SIO-119-03 -1.17 -2.49 0.06 0.13 280.00 
SIO-119-03 -1.18 -2.79 0.02 0.03 420.00 
SIO-119-03 -1.13 -2.68 0.02 0.03 560.00 
SIO-119-03 -1.05 -2.46 0.02 0.02 700.00 
SIO-119-03 -0.25 -2.77 0.06 0.07 980.00 
SIO-119-03 0.08 -2.34 0.10 0.07 1260.00 
SIO-119-03 0.32 -1.19 0.03 0.06 1540.00 
SIO-119-03 0.42 0.44 0.04 0.02 1947.00 
SIO-119-03 0.28 0.35 0.16 0.17 2074.00 
SIO-119-03 -0.08 -0.04 0.03 0.07 2201.00 
SIO-119-03 -0.40 -0.49 0.05 0.11 2328.00 
SIO-119-03 -1.11 -1.48 0.04 0.03 2582.00 
SIO-119-03 -1.34 -2.12 0.02 0.04 2709.00 
SIO-119-03 -1.24 -2.20 0.03 0.04 2836.00 
SIO-119-03 -1.05 -2.42 0.06 0.06 2963.00 
SIO-119-03 -0.61 -2.41 0.04 0.07 3090.00 
SIO-119-03 -0.42 -2.40 0.09 0.11 3217.00 
SIO-119-03 -0.13 -1.75 0.09 0.18 3344.00 
SIO-119-03 0.24 -1.05 0.03 0.04 3471.00 
SIO-119-03 0.29 -0.65 0.04 0.06 3518.00 
SIO-119-03 0.11 0.17 0.06 0.08 3565.00 
SIO-119-03 -0.92 -1.06 0.04 0.02 3753.00 
SIO-119-03 -1.21 -1.45 0.05 0.08 3800.00 
SIO-119-03 -1.77 -2.23 0.02 0.04 3894.00 
SIO-119-03 -1.86 -2.71 0.08 0.07 3941.00 
SIO-119-03 -1.64 -2.74 0.02 0.04 4035.00 
SIO-119-03 -1.59 -2.91 0.02 0.05 4082.00 
SIO-119-03 -1.53 -2.83 0.06 0.15 4129.00 
SIO-119-03 -1.36 -2.74 0.05 0.03 4176.00 
SIO-119-03 -0.99 -2.44 0.04 0.17 4223.00 
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SIO-119-03 -0.76 -2.13 0.03 0.12 4270.00 
SIO-119-03 -0.45 -1.32 0.08 0.16 4316.00 
SIO-119-03 -0.25 -0.99 0.04 0.05 4362.00 
SIO-119-03 0.22 -0.67 0.02 0.05 4408.00 
SIO-119-03 -0.05 -0.75 0.05 0.06 4454.00 

      
SIO-119-04 -2.16 -4.28 0.05 0.08 0.00 
SIO-119-04 -1.89 -3.47 0.13 0.27 270.00 
SIO-119-04 -0.81 -2.43 0.05 0.08 540.00 
SIO-119-04 -0.52 -2.48 0.08 0.11 810.00 
SIO-119-04 0.09 -2.01 0.04 0.10 1080.00 
SIO-119-04 0.30 -0.47 0.03 0.04 1350.00 
SIO-119-04 0.43 -0.55 0.10 0.17 1620.00 
SIO-119-04 1.64 -2.77 0.07 0.16 1890.00 
SIO-119-04 1.74 -3.39 0.12 0.14 2160.00 
SIO-119-04 1.40 -3.61 0.08 0.16 2281.00 
SIO-119-04 1.18 -3.90 0.14 0.12 2402.00 
SIO-119-04 1.20 -4.07 0.04 0.09 2523.00 
SIO-119-04 1.18 -4.05 0.05 0.19 2644.00 
SIO-119-04 1.26 -3.13 0.10 0.10 2765.00 
SIO-119-04 1.77 -1.94 0.01 0.04 2886.00 
SIO-119-04 1.74 -0.94 0.03 0.05 3007.00 
SIO-119-04 1.39 -0.10 0.03 0.07 3128.00 
SIO-119-04 0.49 0.22 0.05 0.07 3249.00 
SIO-119-04 -0.58 0.06 0.04 0.02 3370.00 

      
UA 2005-06 -1.44 -4.17 0.08 0.02 0.00 
UA 2005-06 -1.96 -4.66 0.03 0.09 209.00 
UA 2005-06 -2.21 -4.77 0.04 0.04 418.00 
UA 2005-06 -2.12 -4.51 0.02 0.08 627.00 
UA 2005-06 -2.49 -4.92 0.05 0.05 836.00 
UA 2005-06 -2.33 -5.11 0.01 0.05 1045.00 
UA 2005-06 -2.48 -5.47 0.04 0.08 1254.00 
UA 2005-06 -2.10 -4.96 0.08 0.06 1463.00 
UA 2005-06 -2.17 -5.42 0.06 0.09 1672.00 
UA 2005-06 -1.99 -5.23 0.05 0.03 1881.00 
UA 2005-06 -1.82 -5.08 0.04 0.03 2090.00 
UA 2005-06 -1.52 -4.62 0.03 0.04 2299.00 
UA 2005-06 -1.33 -4.08 0.08 0.03 2508.00 
UA 2005-06 -0.79 -2.93 0.06 0.12 2717.00 
UA 2005-06 -0.40 -2.14 0.05 0.07 2926.00 
UA 2005-06 -0.18 -1.03 0.03 0.02 3135.00 
UA 2005-06 0.20 -0.60 0.04 0.04 3215.00 
UA 2005-06 0.15 -0.38 0.01 0.09 3375.00 
UA 2005-06 0.06 -0.18 0.01 0.04 3455.00 
UA 2005-06 -0.16 -0.29 0.06 0.09 3535.00 
UA 2005-06 -0.18 -0.31 0.07 0.10 3615.00 
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UA 2005-06 -0.35 -0.66 0.04 0.11 3695.00 
UA 2005-06 -0.54 -1.36 0.03 0.04 3855.00 
UA 2005-06 -0.54 -1.34 0.03 0.12 4015.00 
UA 2005-06 -0.64 -1.02 0.03 0.06 4175.00 
UA 2005-06 -0.55 -0.42 0.06 0.04 4255.00 
UA 2005-06 -0.87 -0.51 0.02 0.02 4328.00 
UA 2005-06 -0.83 -0.31 0.07 0.02 4401.00 
UA 2005-06 -1.18 -0.98 0.08 0.09 4474.00 
UA 2005-06 -0.87 -0.45 0.04 0.04 4547.00 
UA 2005-06 -1.13 -0.60 0.07 0.07 4620.00 
UA 2005-06 -0.84 -0.22 0.04 0.06 4693.00 
UA 2005-06 -1.27 -0.55 0.08 0.12 4766.00 
UA 2005-06 -0.98 0.04 0.03 0.03 4839.00 
UA 2005-06 -0.88 -0.12 0.02 0.04 4912.00 
UA 2005-06 -0.55 0.03 0.04 0.07 4985.00 
UA 2005-06 -0.63 -0.17 0.04 0.08 5058.00 
UA 2005-06 -0.56 0.08 0.07 0.05 5131.00 
UA 2005-06 -0.85 -0.26 0.07 0.11 5204.00 
UA 2005-06 -0.70 0.15 0.02 0.05 5277.00 
UA 2005-06 -1.12 -0.19 0.06 0.12 5350.00 
UA 2005-06 -1.28 0.06 0.02 0.07 5423.00 
UA 2005-06 -1.56 -0.04 0.03 0.04 5496.00 
UA 2005-06 -1.74 0.00 0.03 0.05 5569.00 
UA 2005-06 -1.88 0.03 0.02 0.08 5642.00 
UA 2005-06 -1.59 0.01 0.07 0.18 5715.00 
UA 2005-06 -1.84 -0.10 0.04 0.05 5788.00 
UA 2005-06 -1.59 0.16 0.02 0.02 5861.00 
UA 2005-06 -1.34 -0.09 0.04 0.03 5934.00 
UA 2005-06 -1.03 0.26 0.03 0.03 6007.00 
UA 2005-06 -1.20 -0.09 0.04 0.07 6080.00 
UA 2005-06 -1.00 -0.02 0.07 0.04 6153.00 
UA 2005-06 -1.18 -0.35 0.01 0.04 6226.00 
UA 2005-06 -0.89 0.22 0.04 0.05 6299.00 
UA 2005-06 -1.21 0.00 0.03 0.07 6372.00 
UA 2005-06 -1.01 0.35 0.01 0.05 6445.00 
UA 2005-06 -1.16 0.01 0.01 0.05 6518.00 
UA 2005-06 -0.87 0.88 0.04 0.04 6591.00 
UA 2005-06 -1.27 0.07 0.01 0.06 6638.00 
UA 2005-06 -1.41 -0.30 0.02 0.03 6685.00 
UA 2005-06 -1.06 -0.36 0.06 0.11 6732.00 
UA 2005-06 -1.27 -0.10 0.10 0.02 6779.00 
UA 2005-06 -1.21 -0.12 0.02 0.06 6826.00 
UA 2005-06 -1.27 0.16 0.04 0.03 6873.00 
UA 2005-06 -1.37 -0.74 0.04 0.05 6920.00 
UA 2005-06 -1.38 0.05 0.02 0.06 6967.00 
UA 2005-06 -1.32 0.15 0.05 0.05 7014.00 
UA 2005-06 -1.54 0.02 0.01 0.06 7061.00 
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UA 2005-06 -1.42 0.26 0.06 0.08 7108.00 
UA 2005-06 -1.76 0.08 0.03 0.06 7155.00 
UA 2005-06 -1.74 0.08 0.01 0.07 7202.00 
UA 2005-06 -1.92 -0.17 0.00 0.04 7249.00 
UA 2005-06 -1.74 -0.07 0.02 0.02 7296.00 
UA 2005-06 -1.94 -0.12 0.02 0.06 7343.00 
UA 2005-06 -1.81 -0.11 0.02 0.03 7390.00 
UA 2005-06 -2.11 -0.19 0.04 0.03 7437.00 
UA 2005-06 -1.92 -0.06 0.04 0.05 7484.00 
UA 2005-06 -1.89 0.11 0.01 0.02 7531.00 
UA 2005-06 -2.00 -0.21 0.11 0.08 7578.00 
UA 2005-06 -1.79 -0.02 0.05 0.08 7625.00 
UA 2005-06 -1.84 -0.14 0.01 0.09 7672.00 
UA 2005-06 -1.65 0.01 0.01 0.09 7719.00 
UA 2005-06 -1.86 0.03 0.01 0.04 7766.00 
UA 2005-06 -1.84 0.06 0.03 0.02 7813.00 
UA 2005-06 -1.95 0.00 0.03 0.05 7860.00 
UA 2005-06 -1.85 -0.03 0.02 0.03 7907.00 
UA 2005-06 -1.79 0.18 0.05 0.07 7954.00 
UA 2005-06 NA NA NA NA 8001.00 
UA 2005-06 -1.78 0.17 0.04 0.02 8048.00 
UA 2005-06 -1.96 -0.20 0.03 0.08 8095.00 
UA 2005-06 -1.69 0.10 0.04 0.05 8142.00 
UA 2005-06 -1.82 -0.16 0.03 0.03 8228.00 
UA 2005-06 -1.61 -0.12 0.04 0.04 8314.00 
UA 2005-06 -1.42 0.01 0.02 0.10 8400.00 
UA 2005-06 -1.40 -0.15 0.05 0.06 8486.00 
UA 2005-06 -1.41 0.19 0.03 0.05 8572.00 

      
UA 2005-07 -3.88 -2.07 0.03 0.09 NA 
UA 2005-08 -2.85 -1.99 0.07 0.14 NA 
UA 2005-08 -4.35 -2.00 0.03 0.05 NA 
UA 2005-09 -3.38 -1.96 0.03 0.25 NA 
UA 2005-09 -3.27 -2.05 0.02 0.04 NA 
UA 2005-10 -2.10 -2.85 0.06 0.07 NA 
UA 2005-10 -3.67 -2.06 0.04 0.06 NA 
UA 2005-11 -2.37 -1.86 0.06 0.15 NA 
UA 2005-12 -2.42 -2.30 0.03 0.07 NA 
UA 2005-12 -3.75 -2.03 0.10 0.27 NA 
UA 2005-13 -3.16 -2.31 0.08 0.10 NA 
UA 2005-13 -5.47 -2.36 0.09 0.07 NA 
UA 2005-14 -4.21 -2.51 0.03 0.03 NA 
UA 2005-14 -3.93 -2.25 0.09 0.17 NA 
UA 2005-15 -3.75 -2.74 0.03 0.06 NA 
UA 2005-15 -3.51 -2.32 0.05 0.08 NA 
UA 2005-16 -3.66 -2.75 0.04 0.09 NA 
UA 2005-16 -3.85 -2.24 0.04 0.07 NA 
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UA 2005-17 -3.86 -2.18 0.08 0.27 NA 
UA 2005-17 -3.69 -2.38 0.02 0.08 NA 
UA 2005-18 -4.36 -2.39 0.05 0.05 NA 
UA 2005-18 -3.94 -2.18 0.03 0.03 NA 

 


